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ABSTRACT

Several approaches such as self-assembled monolayers and layer-by- layer 

assembled multilayer films are being used as tools to study the interactions of cells with 

biomaterials in vitro. In this study, the layer-by-layer assembly approach was used to 

create monolayer, bilayer, trilayer, five, ten and twenty-bilayer beds of eleven different 

biomaterials. The various biomaterials used were poly(styrene-sulfonate), fibronectin, 

poly-L-lysine, poly-D-lysine, laminin, bovine serum albumin, chondroitin sulfate, 

poly(ethyleneimine), polyethylene glycol amine, collagen and poly(dimethyldiallyl- 

ammonium chloride) with unmodified tissue-culture polystyrene as standard control. 

Three different cell lines -  primary bovine articular chondrocytes, and two secondary cell 

lines, human chondrosarcoma cells and canine chondrocytes were used in these studies. 

Chondrocyte morphology and attachment, viability, proliferation, and functionality were 

determined using bright field microscopy, the Live/Dead viability assay, MTT assay, and 

immunocytochemistry, respectively.

Atomic force microscopy of the nanofilms indicated an increase in surface 

roughness with increasing number of layers. The most important observations from the 

studies on primary bovine articular chondrocytes were that these cells exhibited 

increasing viability and cell metabolic activity with increasing number of bilayers. The 

increase in viability was more pronounced than the increase in cell metabolic activity. 

Also, bovine chondrocytes on bilayers o f poly(dimethyldiallyl-ammonium chloride, poly-

iii
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L- lysine, poly(styrene-sulfonate), and bovine serum albumin were substantially bigger in 

size and well-attached when compared to the cells grown on monolayer and trilayers. 

Lactate dehydrogenase assay performed on chondrosarcoma cells grown on 5- and 10- 

bilayer multilayer beds indicated that the 10-bilayer beds had reduced cytotoxicity 

compared to the 5-bilayer beds. MTT assay performed on canine chondrocytes grown on 

5-, 10-, and 20-bilayer nanofilm beds revealed increasing cell metabolic activity for BSA 

with increasing bilayers.

Micropattemed multilayer beds having poly-L-lysine, poly-D-lysine, laminin 

poly(dimethyldiallyl-ammonium chloride) and poly(ethyleneimine) as the terminating 

layers were fabricated using the Layer-by-layer Lift-off (LbDLO) method that combines 

photolithography and LbL self-assembly. Most importantly, micropattemed co-culture 

platforms consisting of anti-CD 44 rat monoclonal and anti-rat osteopontin (MPIIIBlOi) 

antibodies were constructed using the LbL-LO method for the first time. These co-culture 

platforms have several applications especially for studies of stem and progenitor cells. 

Co-culture platforms exhibiting spatiotemporal-based differentiation can be built with 

LbL-LO for the differentiation of stem cells into the desired cell lineage.
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CHAPTER 1

INTRODUCTION

Nanobiotechnology, a relatively nascent scientific field, is an interdisciplinary one 

encompassing biotechnology and nanotechnology, and several other related sciences. The 

in vivo environment is entirely different from the in vitro one. The fact that the 

dimensions in biology are in the range of nanometers makes this science a marriage of 

convenience. Attempts at replicating the in vivo environment have been made by 

researchers for diverse purposes. For example, one o f the foremost beneficiaries would be 

tissue engineering which aims at the recreation o f organs to replace diseased organs. A 

recent success has been the creation of an artificial urinary' bladder [1]. The commercial 

versions o f the artificial skin graft and artificial cartilage are Integra® and Carticel® 

respectively. The role played by artificial organs cannot be overestimated to any extent. 

The proportion of aged persons throughout the world is on a steady increase. For aged 

people and bum victims and patients with debilitating and disfiguring diseases, artificial 

organs are a boon. Thus, artificial organs generated by tissue engineering help in the 

alleviation o f pain and debility and increase the self-esteem of affected patients, thereby 

helping in curbing the loss o f man-hours and saving a great deal o f money. While there 

have been few successes in tissue engineering such as artificial skin grafts [2-7], artificial 

cartilage [8-14], there still remain huge obstacles in the creation o f artificial organs. This 

work is focused on developing ideal platforms for chondrocyte culture and co-cultures

1
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o f stem cells and progenitor cells. A combination of “bottom-up” nanoscale self- 

assembly and “top-down” microscale lithography is to be utilized for the development of 

these platforms [15].

In addition to tissue engineering, such platforms have additional applications in 

sensors [16], drug-testing [17], and drug-delivery platforms, lab-on-a-chip microsystems, 

etc.. The developing fields o f bionanotechnology and nanobiotechnology envisage the 

development o f microfluidic platforms involving nanoparticles, nanostructures, 

nanocoatings, nanoactuators, and cells. These microfluidic platforms act as an interface to 

the macroworld [18].

1.1 Physico-Chemical Influences

It is well-known that cells respond to various spatial signals within their 

microenvironment in a variety o f ways. These may be in the form of soluble molecules 

within the extracellular medium, present on the surface o f the extracellular matrix (ECM) 

such as the various ECM proteins or membrane receptors [19]. Cell-ECM interactions are 

important in the structure and function o f cells and tissues, morphogenesis o f tissues and 

organs and their maintenance, growth and development and wound healing. Tissue 

engineering requires the delivery of appropriate signals for cell proliferation and 

development, protein synthesis and cell functionality. These signals are delivered in the 

form of growth factors, cell-ECM and cell-cell interactions and from a variety of 

physicochemical and mechanical stimuli [20]. One o f the foremost success stories 

developed from the ECM family o f proteins has been the Small Intestinal Submucosa 

(SIS), which has resulted in more than 100 products to treat a variety o f clinical problems 

including urinary incontinence, hernias, chronic wounds, etc.. SIS also helps in wound
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healing and tissue remodeling [21]. The precise control and engineering o f the various 

physicochemical cues would not only lead to a better understanding o f cell biology [22] 

but also help in the understanding o f disease processes in vivo by the development of 

appropriate in vitro models.

Because cells are in a constant state o f flux in the body, they encounter a variety 

o f signals. Cells are responsive to different factors like elasticity [23, 24], mechanical 

stress [25-28], surface chemistry and topography [29-31], stiffness [24] and roughness 

[32-35]. Cell behavior is affected by all o f the above-mentioned factors.

Also, cells react to nanoscale features (5-500 ran) and differentiate between 

symmetries and asymmetries [36] producing changes in different cell characteristics like 

adhesion [37], morphology [38], and gene expression [39]. There is a possibility that cells 

use filopodia and microspikes to explore the nano features in the cells’ surrounding 

microenvironment [36], Differences in cellular behavior seem to stem from subtle 

differences in surface chemistry while some studies suggest that this is also due to the 

concomitant difference in surface topography [40-43].

1.1.1 Mechanical Influences

The role played by mechanical forces on cells cannot be underestimated as they 

are of immense importance for development o f many tissues and are linked to the 

pathologies o f many diseases such as atherosclerosis, myopathies and hypertension. It 

had been suggested that mechanical forces act as extracellular information transmitted to 

and received by tendon cells during early development [44], The findings o f many in 

vitro experimental models and experiments corroborate to an extent with the in vivo 

findings. For example, in endothelial cells, gene signaling pathways are activated by
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mechanical strain that is similar to what endothelial cells undergo upon shear stress 

induction. But, there are differences in the time course o f the responses [45]. Besides 

gene expression changes in endothelial cells as a response to shear stress, changes are 

also observed in focal adhesions and cytoskeletal organization [46].

There are differences between cell membrane based receptors and cytoskeletal 

based receptors sensing the mechanical stiffness o f cells. These differences are different 

for different types o f cells and depend on specific receptors establishing the hypothesis 

that cytoskeletal networks are individualized with a variety o f classes o f receptors with 

their own individual mechanical properties [47].

1.1.2 Chemical Influences

It is well-known that the movement o f cells is influenced by potentials in several 

factors including chemicals [48], and light [49]. But cell movement is also regulated by 

the rigidity o f the substrate. 3T3 fibroblasts exhibited a preference for stiffer substrates 

demonstrating that cell movement at the cell-substrate interface is also a purely physical 

phenomenon [50].

1.1.3 Influence of Stiffness

Myoblasts cultured on collagen strips demonstrated differential muscle striation 

formation on gels. Myosin/actin striations were evident only on normal muscle-like gels 

(passive Young’s modulus, E -12  kPa), whereas they were absent in dystrophic muscle

like gels (glass and gels either too soft or too stiff). Thus, striation is clearly dependent on 

the stiffness o f the substrates [24].
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1.1.4 Influence of Roughness

Osteoblasts form an osteogenic microenvironment on surfaces with rough 

microtopographies when compared with smooth surfaces. On rough surfaces (titanium 

surfaces with a roughness o f 4-7 pm), osteoblasts exhibited increased differentiation and 

an enhanced response to growth factors and cytokines Specifically, osteoblasts formed 

hydroxyapatite similar to in vivo conditions on microrough surfaces when compared to 

the osteoblasts grown on smooth surfaces. While the differentiation o f the cells increased 

with the increasing roughness o f the substrates, the cellular plasticity decreased. These 

findings suggest that topographical features o f the surface have a role in the osteogenesis

1.1.5 Influence of Elasticity

A recent study showed that elasticity of tissues influences the differentiation of 

mesenchymal stem cells (MSCs) with different types o f elasticity leading to development 

o f different types o f tissue. For example, soft brain-like matrices produced neurogenic 

tissue while stiff muscle-like matrices produced myogenic tissue and rigid collagenous 

bone-like matrices produced osteogenic tissue. There are concomitant changes in several 

characteristics like morphology and marker proteins [23].

1.1.6 Stem Cells

Interest in mesenchymal stem cells has increased tremendously in the recent years 

specifically due to their immense therapeutic potential. These cells have the ability to 

develop into cell lines o f different lineages such as adipocytes, chondrocytes or 

osteocytes [51]. However, the difficulty in the maintenance of the phenotype o f cells like 

chondrocytes is well-known. Stem cells can be coaxed to form and maintain the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6

phenotype o f cells with the required specific characteristics. For example, the loss o f the 

specific marker, type II collagen in chondrocytes with successive passages could be 

replaced by the development o f stem cells having the above-mentioned marker.

Also, stem cells are important in the understanding o f one o f the deadliest 

diseases, cancer. Tumorigenic cells may originate from the normal stem cells due to the 

similar signaling pathways between the normal stem cells and the ‘rogue’ stem cells 

which may turn out to be tumorigenic [52] leading to an exciting hope for cancer which 

may lie in the isolation o f the ‘rogue’ tumorigenic stem cells [53].

1.1.7 Importance of Cell Shape

The maintenance of cell shape, i.e., the phenotype, is very important and 

especially so in the case o f chondrocytes which have a very labile phenotype. Changes in 

phenotype have also been associated with diseases like sickle cell anemia where 

decreased deformability o f the red blood cell (RBC) is the chief cause [54]. The 

cardiovascular system responds to mechanical forces by changes in cell shape and gene 

expression which is dependent on the low molecular weight guanisine triphosphatases 

(GTPases) o f the Rho family [55]. Specifically with regard to chondrocytes it has been 

hypothesized that phenotypic modulation o f chondrocytes can be a therapeutic strategy 

for the treatment o f osteoarthritis. The loss o f matrix molecules like proteoglycans which 

are abundant in cartilage [56, 57], one of the chief characteristics of osteoarthritic 

cartilage is supposed to be caused by an increase in matrix metabolism by most 

researchers [58-60]. Thus it has been suggested that the stabilization o f the chondrocytic 

phenotype, coupled with redifferentiation o f the osteoarthritic chondrocytes is required to 

help correct matrix anabolism [57].
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Human and bovine capillary endothelial cells were grown on micropattemed 

substrates containing ECM-coated islands o f decreasing size to determine a ‘switch’ of 

life and death o f cells by imposing constraints on cell growth and extension. It was found 

that cell shape was the determining factor in the cell being either alive or dead without 

being dependent on the type o f ECM protein or anti-integrin antibody used for mediating 

cell adhesion [61]. The movement o f cells across a substrate has been found to be 

strongly dependent on the biophysical nature like the precise spatial arrangement o f the 

required ligands, for example: RGD sequence, YGRGD (ligand clustering required on the 

~50 nm scale) [55], the GRGDSPK peptide and ECM rigidity [62, 63]. Also in smooth 

muscle cells one o f the reasons affecting cell stmcture and phenotype through integrin- 

cytoskeleton linkages has been externally applied strain, another example o f 

mechanotransduction [64],

Cells in the body are not isolated. They exist along with other cells. Thus there are 

always interactions between two and sometimes more than two types o f cells 

necessitating the creation of co-cultures in vitro to better understand the situation o f two 

or more types o f cells in vivo. Co-cultures o f murine endothelial cells and neonatal rat 

cardiomyocytes led to the formation o f beating cardiomyocytes along with the expression 

o f cardiac markers. Similarly co-cultures o f well-differentiated human umbilical vein 

endothelial cells and rat cardiomyocytes lead to the formation o f cardiomyocytes 

expressing von Willebrand factor and sarcomeric myosin. But in the case of neural stem 

cells which differentiate into both skeletal muscle and cardiomyocytes, the rate of 

differentiation into cardiomyocytes is low [65]. Microfabricated co-cultures of 

hepatocytes and fibroblasts first established as models o f parenchymal/mesenchymal
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interactions [66] revealed that fibroblast density regulates hepatocyte function in a dose- 

dependent manner. Microfabricated co-cultures are a big improvement over ‘random’ co

cultures as they help in precise spatial localization o f two cell types and a better control 

over cell-cell homotypic interactions and the cell-cell heterotypic interface [67].

1.2 Research Need

The studies demonstrating the relationship o f cells to physico-chemical stimuli are 

continually on the increase but some salient points emerge from the above examples. To 

understand the influences o f the various physico-chemical and other kinds of stimuli on 

cell behavior, there is a need to recreate these stimuli/influences. This need is filled by in 

vitro models which ultimately lead us to a better understanding of the in vivo 

environment. Microfabrication in combination with LbL can act as a means for recreating 

the stimuli in vitro. The in vitro models utilize substrates or scaffolds for the growth of 

cells. Though great strides have been made in the advancement o f substrate technology, 

the quest for an ideal substrate that encourages cell growth and preserves cell 

functionality still eludes us. A variety o f materials are being evaluated for use as 

biomaterial scaffolds, some of the most common being polyelectrolytes and proteins. 

Several surface-modification techniques have been utilized towards this end like 

Langmuir-Blodgett (LB) technique [68, 69], Self-Assembled Monolayers (SAMs) [70- 

72] and the relatively new LbL assembly technique. The LbL technique has many 

advantages in that precise control over different characteristics like surface roughness, 

thickness, etc., can be achieved. The importance of the maintenance o f cell shape has 

been discussed above. Use o f LbL films to stabilize the phenotype o f chondrocytes and 

also testing o f materials and the number o f bilayers o f films to achieve maximum
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functionality o f chondrocytes was to be achieved in this study. Miciopattemed surfaces 

were utilized to better understand cell behavior and select a material which promoted 

maximum functionality. Cell-cell communication is an important factor in the 

maintenance of cell phenotype and functions. Co-culture platforms have been created 

using a variety o f techniques like microfabrication, SAMs, and electroactive substrates. 

However, the LbL-LO technique brings in all the advantages o f LbL assembly. The most 

exciting feature o f the LbL-LO technique is the insertion of growth factors and peptides 

in the multiple layers which can be used to influence cell behavior to the desired levels.

Listed below are some salient advantages arising out of this research. An 

achievement o f rounded phenotype of chondrocytes would help in the creation o f better 

artificial cartilage. The rounded phenotype can be achieved through a better 

understanding o f the influence o f multilayers, specifically a greater number o f multi layers 

like 5-, 10- and 20-bilayers. Previous work at Louisiana Tech has demonstrated that 

smooth muscle cells (SMCs) achieved a more natural morphology on 20-bilayers when 

compared with one-bilayer [73, 74]. A number o f hypotheses arose from this work and 

formed the base for the hypotheses to be tested in the present study. They were as 

follows:

• As the number o f bilayers in the multilayer films increases, cells grown on the 

films will adopt a more rounded phenotype, i.e. a more natural morphology.

• There will be an increase in cell metabolic activity, viability and cellular function 

with an increase in the number of bilayers.

In this study, the methodology adapted to SMCs was applied to chondrocytes 

which as mentioned earlier have a very labile phenotype. This work can be applied to
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other types o f cells as well, leading to a better understanding of many diseases. Tissue 

engineering would be one o f the greatest beneficiaries o f this work as the achievement of 

a natural morphology o f cells as in the in vivo milieu would help in the creation of better 

artificial organs. The LbL technique is promising in that it can deliver the required 

growth factors, peptides and other essential items required for the proper growth and 

behavior o f cells. Also, micropatteming, especially the LbL-LO technique, can be used to 

create unique, instructional platforms for building scaffolds for chondrocyte culture, co

cultures o f stem cells and other progenitor cells. For example, platforms that can be used 

to differentiate stem cells in a spatially controlled manner can be created using the LbL- 

LO technique. These can be applied to dynamic scaffolds to be used in in vivo settings to 

generate artificial organs or correct diseases which would be a boon to tissue engineering 

in that it will help alleviate the sufferings o f thousands of diseased people.

1,3 Objectives and Novel Aspects

The discussion in the preceding sections points to the necessity o f controlling the 

phenotype o f chondrocytes which have a very labile phenotype. Also an optimal 

biomaterial on which cells exhibit the desired functionality would be o f benefit for tissue 

engineering and disease understanding. A better cell culture system for chondrocytes is 

yet another benefit accruing from this research. This work was directed towards testing 

the viability, cell metabolic activity and several other chondrocyte functions on various 

biomaterials consisting o f polyelectrolytes and polypeptides engineered using nanoscale 

LbL self-assembly.

Micromachining technologies coupled with electrostatic LbL assembly were used 

to build microfabricated substrates from the materials exhibiting optimal biocompatibility
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and cellular behavior. Making use of the microfabricated structures, chondrocytes were 

grown on a variety o f substrates to test and determine the effect o f surface characteristics 

and the nature o f cell adhesion on cultured chondrocytes. These technologies will help us 

in creating new culture methods that may more closely resemble the in vivo chondrocyte 

microenvironment. Some of the other important issues to be addressed were as follows:

What type o f substrate would enhance chondrocyte attachment, maximizing cell 

density, and maintaining differentiation? The preservation of the cell phenotype is one of 

the major targets to be achieved for creating a better artificial cartilage. The chondrocyte 

phenotype is very labile. Normally it is round, and the maintenance of this rounded shape 

was one o f the important aims.

The ultimate goal o f this project is to develop a better understanding o f the 

microenvironmental conditions that direct chondrocyte growth and alignment. The 

general significance of this project is as follows:

• A better understanding o f the influence o f varying multilayer configurations on 

cellular functions like viability and cell metabolic activity will help in the creation 

o f biomaterials tailored with specific multilayer configurations. The potential 

benefits o f such biomaterials would find applications in the field of cell and tissue 

engineering.

• Another important significance of this project is the creation o f co-culture 

scaffolds using LbL-LO technology for a better understanding o f cell-cell 

interactions and promoting stem cell differentiation into multiple lineages in a 

precisely engineered manner. This would help in the realization o f instructive 

nanoengineered platforms with good spatiotemporal control. The benefits arising
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from this would be tremendous for tissue engineering and an understanding of 

diseases associated with specific cell types, especially stem cells.

• Thus, as an added benefit from this project, research in tissue engineering, will 

assist in promoting the development o f the biomaterial industry. This research 

aims at a better comprehension o f the cell behavior in vitro by creating 

biomimetic microenvironment. Biocompatibility is also an important factor to be 

considered in tissue engineering. The improvement o f biocompatibility would 

help in the speedy evolution o f artificial organs and tissues. Current cell culture 

systems often have problems with cell adhesion, proliferation, and orientation of 

the cells. Engineering cellular behavior for tissue reconstruction has in general 

focused on the understanding o f a number o f critical cell functions mentioned 

above. The proposed project is expected to derive a better understanding of the 

various multilayer configurations on chondrocyte cell function.

1.4 Organization of Chapters

The contents o f this dissertation have been organized in a simple and clear way. 

This is a modest exploration info some aspects of the novel and growing science, 

nanobiotechnology. Chapter Two deals with a review o f the literature and presents a 

succinct discussion about the different kinds o f substrates, patterning techniques and the 

importance o f the cell biology o f chondrocytes. Chapter Three deals with the 

experimental designs followed in this work. Chapter Four elaborates the materials and 

methods used in this study. Chapter Five details the results and the discussion. This 

chapter further describes the in vitro evaluation o f primary bovine articular chondrocytes 

(PBAC), human chondrosarcoma cells and canine chondrocytes on LbL assembled films.
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Chapter Five also describes the building o f micropattemed substrates and co-culture 

scaffolds using LbL-LO techniques. This chapter is a combination o f the nanoengineering 

technique, LbL and various cellular assays performed on nanoengineered surfaces 

containing chondrocytes. Chapter Six describes the overall conclusions o f this work and 

an outline and proposal for future work.
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CHAPTER 2

BACKGROUND

Cell culture and tissue engineering require a scaffold for the growth and 

proliferation of cells. Nanotechnology, besides helping in the creation o f biocompatible 

scaffolds, can impact many unique properties to the resulting scaffolds [75]. Several 

techniques like LB films [76-78] and SAMs [79-87] have been used in the creation of 

platforms for cell culture. LhL assembly, a relatively new technique has been utilized for 

the creation of platforms for cell culture [88-91]. LbL was introduced by Decher in 1991 

[92-94]. Each of the surface modification technique mentioned above has its advantages 

and disadvantages.

A variety o f materials like polyelectrolytes and proteins have been used for 

coating surfaces. Extracellular matrix components and protein molecules are useful in the 

rendering of an in vitro environment in vivo and promoting cell adhesion. Tsuchiya et al. 

used several extracellular components and cell adhesion molecules- type I collagen, type 

II collagen, fibronectin, vitronectin, poly-L-lysine, laminin, chondroitin-4-sulfate, 

chondroitin-6-sulfate, aggrecan, and hyaluronic acid to study their effects on the adhesion 

of chondrocytes, ligament cells and mesenchymal stem cells (MSCs). But these were 

monolayer coatings. In the above study by Tsuchiya et al., fibronectin

14
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showed the most promise among all the polyelectrolytes tested, but the effects varied 

with the type of cell. The adhesion of ligament cells was far greater than that of 

chondrocytes and MSCs [95].

Another important issue has been the various studies made on the interactions 

between cells and LbL films. LbL films are very versatile having many distinct 

advantages. The LbL technique is very simple [96-98], cost-effective, and can be 

performed on a variety o f materials and surfaces. Good control over roughness, thickness 

and other characteristics can be achieved through LbL. Multilayer films and their control 

by pH [99-101], salt concentration [102, 103], and several other factors have been studied 

in detail. Also, diverse factors necessary for the growth o f cells can be incorporated in 

successive layers o f LbL films. A number of factors like DNA [92, 104-107], enzymes 

[108-111]. antibodies [112, 113], can be inserted into the films making these films unique 

and tunable platforms. These factors can be delivered to the cells in a controlled manner 

to influence the growth and behavior o f cells. Different types o f eukaryotic cells have 

been grown on LbL films and their interactions tested [73, 89, 112, 114-116]. Various 

parameters like adhesion [89, 117-122], viability [118, 123-125], morphology [123, 126- 

128], and proliferation [120, 125, 126], have been tested on multilayer films.

LbL assembly in relation to cell culture has fostered the development o f two 

major hypotheses; the first suggests that only the outermost layer o f the assembled 

nanofilms has an effect on the cells with the underlying layers having no effect at all. The 

second hypothesis hypothesizes that even the underlying layers too have an effect on the 

cells. A variety o f other factors are also important in the attachment o f the cells onto the 

nanofilms such as presence/absence o f serum in cell-culture media, etc. [102,119,129].
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An examination o f the studies on the above-mentioned topic reveals a lack of 

consensus on this issue. Approaches to grow cells on LbL films have had two major goals 

-  either making cell-adhesive or cell-resistant platforms depending on the application 

required. For example, Richert et al. demonstrated that primary chondrocyte cell adhesion 

decreases when the number o f bilayers increases to five pairs [102], This work by Richert 

et al. was aimed at promoting cell adhesion on the multilayer surfaces. Another work by 

Elbert et al. was aimed at creating bioinert surfaces. Here human fibroblast cells 

displayed poor spreading after the addition of the second and remained constant on the 

subsequent bilayers (up to 15 bilayers) [130]. Similarly, Tryoen-Toth et al. stated that 

cells could detect the influence o f only the outermost layer in a biocompatibility study 

[118]-

However, there has also been sufficient support for the other hypothesis, that cells 

are influenced by the underlying layers. In a study by Zhu et al., there was no change in 

the endothelial cell attachment on LbL-modified PLLA compared with unmodified 

control PLLA. But there were significant changes in the morphology, activity and 

proliferation o f the endothelial cells on the LbL-modified PLLA compared with control 

PLLA [131, 132], In another study by a different research group, Zhu et al. reported 

faster growth o f chondrocytes on LbL-modified poly(DL-lactide) (PDL-LA) than on 

unmodified PDL-LA virgin substrate, better chondrocyte attachment and viability on 

PEI/gelatin multilayer modified PDL-LA substrates [133, 134], Smooth muscle cells 

demonstrated more natural spread morphology when grown on 20 bilayers while 

demonstrating a less spread morphology on one bilayer [73, 74,135].
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An important aim of surface modification has been the preservation o f the cell 

phenotype. The phenotype o f cells is crucial for many cells because it is one o f the main 

characteristics which need to be preserved when building artificial organs. Hydrogels, 

like agarose and alginate, have been used to stabilize the phenotype of chondrocytes. 

Several efforts have been aimed at the preservation o f the phenotype o f chondrocytes, 

one of the chief among them being by Benya and Shafer. Benya and Shafer demonstrated 

that chondrocytes regain their rounded morphology when grown on agarose [136] 

Phenotype is all the more important in the case o f chondrocytes as these cells gradually 

lose their rounded phenotype with successive passages; i.e., they dedifferentiate. Thus, 

the chondrocytes attained a fibroblast morphology in vitro. Therefore, the achievement of 

rounded phenotype has been one o f the chief goals in chondrocyte culture ex vivo and in 

vitro. The focus in this work was directed towards retention o f the rounded phenotype. 

An attempt was also made at obtaining a biomaterial which showed optimum viability 

and cell metabolic activity to construct scaffolds using LbL-LO method [74]. With the 

LbL-LO method, scaffolds having the critical third dimension can be added. The third 

dimension is important in replicating the in vivo environment.

Polyelectrolytes and the proteins, before their use as platforms for cell culture and 

tissue engineering, need to be evaluated for their cytotoxicity which is achieved through 

different assays like Live-Dead and MTT. In addition to these, morphological analysis 

using phase-contrast microscopy and immunocytochemical analysis are also used. Once 

the required materials exhibiting the desired characteristics are identified, the next task is 

building the scaffolds.
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Several methods like contact angle measurement [114, 131], ellipsometry [137], 

attenuated total reflection (ATR-FTIR) [133], X-ray photoelectron spectroscopy (XPS) 

[125, 133, 138, 139], and atomic force microscopy (AFM) [125, 140] have been used to 

investigate the properties o f LbL films. In the present study, AFM and ellipsometry were 

utilized for the characterization o f LbL films. The results correspond with the results 

obtained by other researchers, proteins and polypeptides, did not show any appreciable 

differences in surface roughness barring a few while polyelectrolytes showed increasing 

roughness with increasing number o f bilayers [102, 141-143].

2.1 Cell Culture Substrates

Cells, once they are removed from the in vivo environment, require a platfonn for 

their attachment and growth. Different surface modification techniques have been 

adopted for the creation o f these platforms, the simplest being protein adsorption which 

takes advantage o f the characteristic property of proteins to adsorb on suitable surfaces. 

Various other surface modification techniques like nanoscale self-assembly (SAMs and 

LbL) [74, 90, 91, 138], plasma surface modification [144], etc. have been utilized to 

generate surfaces for cell culture. Different kinds of base materials have been used based 

on the requirement and the technique adapted. The most common and ubiquitous 

material, however, has been tissue culture polystyrene (TCPS) which has long been one 

o f the standard materials used in commercial cell and tissue culture substrates.
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2.1.1 Coated Substrates- Substrates 
Coated with ECM Proteins

Coated substrates using ECM molecules have been used for studying a wide 

variety o f cell functions and biocompatibility assays. Cells can be adherent like 

chondrocytes, osteoblasts, fibroblasts, etc. or non-adherent like lymphocyte-derived cell 

lines. Cell-substrate adhesion involves the binding of cell-surface receptors to a secreted 

ECM molecule immobilized on the substrate. Studies o f adherent cells have usually 

involved glass or polystyrene substrates coated with ECM proteins. ECM proteins like 

collagen, fibronectin, laminin, proteoglycans, etc., besides providing the necessary 

support and structure also provide the necessary signals for the attachment and growth of 

cells. The simple preparation technique o f these substrates using protein adsorption has 

allowed these substrates to be used commonly. One of the most commonly used ECM 

proteins in commercial TCPS substrates is Type I collagen. ECM protein-coated 

substrates are preferred due to their ability o f mimicking the ECM, but they are 

unsuitable for mechanistic studies, thus the need for substrates with precise surface ligand 

chemicals [145].

2.1.2 SAMs

SAMs, studied first by Nuzzo and Allara in 1983 [146], can be spontaneously 

formed on appropriate substrates by dipping them into solutions o f desired composition 

[147]. Some o f the unique qualities o f SAMs are their well-defined nature, accessibility, 

and design flexibility [148]. The most commonly used substrates for SAMs of 

alkanethiolates have been gold [149] and silver [150] along with several other metals. 

Most o f these metals are costly, and another major disadvantage o f silver is its rapid 

oxidization in air and its toxicity to cells [151 ]. The best advantage o f SAMs is the ability

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

to incorporate different functional groups or molecules as end groups which can be done 

either before or after monolayer deposition [145, 152]. According to the IUPAC, a 

monolayer is a single, closely packed layer o f atoms or molecules whereas bilayer is a 

multilayer two monolayers thick [153],

SAMs have been used in cell culture to produce cell adhesive or cell repellent 

platforms [79, 154], Another disadvantage of SAMs is their essentially static nature 

[155]. Recently, there have been demonstrations o f dynamic SAMs substrates utilizing 

electroactive methods [156, 157]. Electrically activated systems are attractive in that they 

are non-invasive and have well controlled effects but a drawback is their ability to 

provide only one type o f temporal variation. In biology-related work entailing complex 

entities like ECM and biological membranes where the spatio-temporal signals are 

multiple, there is a need for careful orchestration [15],

2,1.3 LbL Self-Assembly

LbL self-assembly, which utilizes the principle o f electrostatic adsorption, was 

first introduced into practice by Decher in 1991 [93, 94], This is a very versatile method 

which helps in the deposition o f alternately charged polymers or polypeptides from dilute 

aqueous solutions onto any surface irrespective o f its size, shape, or composition [117]. 

Films in the nanorange scale with highly tunable characteristics and superior control over 

thickness (-2-10 nm per layer), surface roughness, composition, conformation, porosity 

and molecular structure can be produced using this technique [15]. Besides electrostatic 

adsorption, these films have also been built based on van der Waals forces [158], 

hydrogen bonding [159], etc.. This technique has the scope for development o f unique 

instructive cell culture platforms with the ability to deliver growth factors and other
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important requirements necessary for the proper growth and attachment o f cells [160]. A 

wide variety o f eukaryotic cells has been grown on LbL films demonstrating their use in 

cell culture [90, 91, 161, 162]. The use o f LbL films has been found to help in the 

acquisition o f a more natural morphology in the case of smooth muscle cells [73, 74], 

Other cellular characteristics like adhesion [161], proliferation [163] have been found to 

be substantially influenced by LbL proving the utility o f these films.

LbL-assembled films though similar to SAMs in that the features have additional 

advantages like the diversity in the composition of the films, amorphous structure with 

interpenetrating layers. At the same time, some o f the difficulties o f LbL films are the 

difficulties in controlling the molecular arrangements and gradients [15]. But these 

difficulties are offset by the diverse number o f other features controlling the nanoscale 

architecture like the molecules assembled, the number o f layers which can be very high, 

concentration, charge density [164] and ionic strength [165].

LbL films help in the realization o f complex structures with biomimetic properties 

[117, 166, 167]. Cells cultured on LbL films have responded to the multilayers o f the 

LbL films. Retinal neural cells grown on micropattemed polyelectrolyte multilayer lines 

had a more elongated morphology compared to cells cultured on polystyrene [168]. Cells 

were found to interact with proteins embedded in LbL films through a combination of 

cellular extension up to the proteins and the local degradation o f the films [169].

The limited examples above, along with various others, are testimony to the 

ability o f the LbL films to influence the cellular behavior and their utility as cell culture 

substrates. Most o f the materials used in the LbL films are biocompatible, adding value to 

their utility. But details regarding specific interactions between cells and LbL-assembled
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materials are still missing, particularly, the influence o f the composition at the nanolevel 

and physical arrangement o f the surfaces. [15]

2.2 Micropatterned Substrates

From the discussion in the previous sections it becomes obvious that cells can 

interact with a wide variety o f natural, artificial or hybrid environmental factors through 

physicochemical cues, and respond by changes in cell morphology, adhesion, orientation 

and several other processes. Micro-nanoscale patterning offers superior control over 

many important features, especially spatiotemporal control [15]. Patterning helps in the 

control and manipulation o f cell-cell, cell-medium and cell-substrate interactions helping 

in a better understanding o f the intricate cellular processes and creation o f better 

biomaterial scaffolds [66, 91,169-176],

Cellular functions, such as adhesion, differentiation, orientation and migration 

have been found to be affected by microgrooves and ridges produced using 

micropatteming technology [177]. While the above mentioned is true, not much progress 

has been made in micropatteming methods for controlling cell adhesion [61]. Further, 

though many studies have aimed at the retention o f the phenotype o f chondrocytes, there 

is still much to be understood and achieved in this regard, especially due to the labile 

nature o f the chondrocyte phenotype. Also, a better understanding o f stem cells and 

progenitor cells like chondrocytes and osteoblasts is possible only by a superior control 

over spatial architecture and delivery o f the required factors like growth factors and 

peptides. Random co-cultures fail to achieve the control required for the homotypic and 

heterotypic cell-cell interactions and a better understanding o f the differentiation o f the 

stem cells into different lineages. Micropattemed co-cultures o f hepatocytes and
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fibroblasts and hepatocytes and parenchymal cells have helped in a superior preservation 

and modulation o f the hepatocyte phenotype [178] and improvement in hepatocyte 

functions like increased albumin secretion as a direct consequence o f the distance 

between the cell patterns [66, 179]. While there have been demonstrations o f stem-cell 

differentiation into multiple lineages [180], many questions still remain. The need for a 

fundamental understanding of the response o f stem cells to various controlled 

spatiotemporal signals is all the more due to the increasing implication o f stem cells in a 

wide variety o f diseases, notably cancer [52]. The resulting biomimetic co-culture 

systems would be ideal platforms for studying stem cell differentiation and interactions 

between stem cells and various progenitor cells.

2.3 TwoTDimensional (2-D) vs.
Three-Dimensional (3-D)

Substrates

Most o f the earliest cell cultures studies were done on flat and two-dimensional 

surfaces. These 2-D surfaces cannot replicate the 3-D in vivo settings. Thus 3-D 

substrates are more relevant for the study o f the biological activities o f the cells. 

Hydrogel-based substrates like agarose and alginate are well-exemplified 3-D matrices 

[181]. Substrates studying 3-D matrix interactions between fibroblasts and ECM 

exhibited increased cell functions and narrowed integrin usage when compared with 2-D 

substrates. Also the 3-D matrix cell adhesions showed differences in structure and 

localization in relation to traditional in vitro adhesions [182], Cells grown in 3-D matrices 

show faster morphological changes, migration and proliferation than most 2-D matrices 

or collagen gels demonstrating the importance o f dimensions and dynamicity o f matrix 

substrates in the responses o f cells to ECM [183]. The phenotype and function of
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vascular SMCs were modulated using in vitro biochemical stimulation but these effects 

were dependent on the nature o f the ECM of the 3-D matrices used for the growth o f the 

cells [184]. These limited results exemplify the importance of the substrates used for cell 

culture and growth.

Nanotechnology offers the ability to build superior biomaterial scaffolds with 

enhanced mechanical, physical, optical and other properties [177]. Different materials 

like 3-D nano fibrous scaffolds, electrospun fibers [185, 186] are some o f the examples 

resulting from nanotechnology.

2.4 Cell Adhesion

2.4.1 Cell Adhesion and Cell Culture

One o f the most important components in the above discussion o f microsubstrates

is the requirements for an adhesive surface for cells to attach, grow and maintain different 

functions. Thus cell adhesion plays an important role in cell and tissue culture. Cel] 

adhesion proteins and their receptors play a key role in different cellular processes like 

anchorage, migration and provide signals for polarity, position and differentiation [187]. 

Different kinds of cell adhesion mechanisms dictate the organization o f cells into tissues. 

Regulation o f  tissue morphogenesis is a complex interplay o f adhesion receptors, 

cytoskeleton, and the diverse network signaling pathways. There is a very strong 

relationship between the physical aspects of tissue generation with cell growth and 

differentiation required for the patterning o f cells into tissues [188].

With regard to cell culture, cell adhesion is important for the maintenance o f cell 

morphology and functionality. Chondrocytes rapidly lose their rounded configuration in 

monolayer culture and get dedifferentiated. The rounded phenotype is regained when the
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cells are grown on agarose gels [136]. But efforts are still underway to obtain 

chondrocytes o f the optimum configuration, especially in the tissue engineering of 

artificial cartilage. A variety o f hormones [189, 190], growth factors [191, 192], and 

cytokines [193-196], influence the chondrocyte phenotype. All these essential items 

mentioned above are required for the growth and maintenance of the differentiated state 

o f the chondrocytes especially in in vitro and ex vivo settings.

2.4.2 Cell Adhesion and 2D, 3D, and
Coated Culture Substrates

Different factors necessary for the adhesion and growth of cells have been 

engineered onto substrates using different technologies. Besides being necessary to better 

understand the different events o f cellular biology, these are also useful in tissue 

engineering, creation o f biosensors, drug testing, and implant coatings. Different 

materials are being continually evaluated for testing cell adhesion. Polymers have been 

excellent candidates for tissue engineering applications because o f their biocompatibility 

[197, 198]. A wide variety o f polyelectrolytes and polypeptides are being used in the 

various surface modification techniques utilized by nanotechnology [118, 199-203]. 

These studies have demonstrated the utility and advantages offered by the above- 

mentioned materials for cell culture. For example, smooth muscle cells showed 

increasing adhesion with increasing stiffness on LbL films [204], In another study, SaOS- 

2 osteoblast-like cells and human periodontal ligament (PDL) cells were grown on 

polyelectrolyte multilayers. With the exception o f PEI, all the other materials were found 

to be biocompatible for the cells [118]. Chondrosarcoma cells (HCS-2/8) grown on 

different polyelectrolyte films showed increased cell adhesion in the early stages on all 

with one exception being PSS where the cell adhesion was slightly lower [124],
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Micropattemed polystyrene substrates coated with laminin improved the cell adhesion 

and spreading o f cytoskeletal filaments significantly in rat type-1 astrocytes [205]. Thus 

it can be seen that a variety of polyelectrolytes and proteins have been used to enhance 

the adhesion o f cells on substrates.

The characteristic markers o f differentiated chondrocytes include collagens II and 

IX and aggrecans. The differentiated phenotype of chondrocytes from different animal 

species is generally associated with a round or a polygonal morphology and can be 

maintained in high-density cultures. But the round or polygonal morphology is lost and a 

spread or flattened morphology arises when chondrocytes are maintained in low-density 

cultures. The differentiated phenotype o f chondrocytes is subject to extensive modulation 

in cell culture, and the mechanisms regulating differential gene expression are just 

beginning to be known. Thus maintenance o f the rounded phenotype o f chondrocytes is a 

major factor in the retention o f the normal physiology o f the chondrocyte cell type and 

this issue still needs addressing.

2.5 Cartilage and Chondrocytes

The composition o f various connective tissues is a reflection o f the functional 

requirements. Cartilage is an example o f tissues subjected to compressional loads which 

have irregularly arranged collagen fibers and an abundant ECM composed of 

proteoglycans, ions and water. The predominant proteoglycan is a large chondroitin 

sulfate-rich molecule which forms aggregates with hyaluronic acid [56]. Cartilage is 

anerual, alymphatic and avascular. The major cell type in cartilage is a chondrocyte. 

Chondrocytes are mature cartilage cells and are specialized cells o f mesenchymal origin. 

These are metabolically active, do not normally divide after adolescence and are ascribed
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to live in a hypoxic environment due to the limited blood supply. However, Shapiro et al. 

concluded that chick growth plate chondrocytes are not oxygen deficient in vivo [206]. 

Chondrocytes have a highly labile phenotype and show two distinct phenotypes. They 

exhibit a flattened morphology during anchorage-dependent culture and spherical or 

rounded morphology during anchorage-independent culture. The differentiated phenotype 

of chondrocyte is rapidly lost during in vitro culture by a process termed 

‘dedifferentiation’.

2.6 Chondrocyte Cvtoskeleton,
Morphology, and 

Phenotype

2.6,1 Chondrocyte Cvtoskeleton

The cytoskeleton is that part of the cytoplasm that remains when organelles and 

internal membrane systems are removed. It is unique to eukaryotic cells. It is a dynamic 

three-dimensional structure that fills up the cytoplasm The cytoskeleton is responsible 

for providing cell shape, mechanical strength, and motility, chromosome separation in 

mitosis and meiosis and intracellular transport o f organelles. The cytoskeleton consists of 

three kinds o f protein filaments: microtubules, intermediate filaments and actin filaments 

(also called microfilaments). The actin cytoskeleton provides a structural framework 

helping in the cell shape and polarity in all eukaryotic cells [207]

Articular cartilage is a load-bearing component o f the body, and this loading is 

essential for the normal physiology o f the chondrocytes. The cytoskeleton has been 

pointed as the main load-bearing organelle in the chondrocyte by various studies. 

Investigations o f the 3-D structure of the chondrocyte cytoskeleton in response to 

mechanical loads have demonstrated that actin distribution is unaffected while the
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vimentin cytoskeleton is disassembled. The probable reason is the counteraction o f 

loading to the swelling pressure o f tissue [208],

Earlier studies have pointed out that the mechanical environment o f the 

chondrocytes may be altered in osteoarthritis [209], A very recent study proposes that 

microfilaments and possibly intermediate filaments are the key elements in the rendering 

of viscoelastic properties o f the chondrocytes, and the changes in the structure and 

properties o f these elements may be reflective o f the changes o f chondrocytes with 

osteoarthritis [210]. Thus, a better understanding of different types o f chondrocytes (both 

normal and diseased) would lead to therapeutic advances o f especially debilitating 

diseases like osteoarthritis.

2.6.2 Focal Adhesion Plaques

Cell ligation to ECM results in integrin aggregation triggering increased tyrosine 

phosphorylation o f various intracellular proteins [211-213]. Focal adhesions are 

specialized organelles consisting o f concentrated integrin clusters which also have 

bundles o f actin and associated cytoskeletal proteins like vinculin, talin, paxillin, etc. 

[214, 215]. Focal adhesions are the sites o f cell adhesion to a substrate. These are 

complex multimolecular assemblies which link the ECM and the cell cytoskeleton 

through membrane-bound receptors [216, 217]. These sites act as the transmitters of 

forces to the substrate [218]. A study by Balaban et al. using elastic micropattemed 

substrates revealed that the direction o f force applied at each mature focal adhesion 

correlated with the main axis o f the elongation. The disruption of focal adhesions was 

dependent on the relaxation o f the force and the force exerted by the cell through
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actomyosin contraction at its focal adhesion site determined the assembly of the cells 

[218].

2.6.3 Integrins

Integrins, a family o f cell surface receptors attach cells to the ECM and transmit 

the mechanical and chemical signals from it. These signals help in the regulation o f the 

activities o f cytoplasmic kinases, growth factor receptors, and various ion channels and 

help control the organization of the intracellular actin cytoskeleton [219], Integrins play 

cmcial roles in cell adhesion, migration, and signaling by providing transmembrane links 

between the extracellular matrix and the cytoskeleton [187]. Several studies have been 

conducted on the relevance o f integrins to chondrocytes [220-229]. These studies 

emphasize the importance o f lntegrin-mediated cell adhesion to extracellular matrices in 

providing signals essential for chondrocyte cell cycle progression and differentiation.

2.7 Patterned Self-Assembled Films

Two of the most commonly used techniques to produce patterned self-assembled 

films have been soft lithography and photolithography. Dip-pen nanolithography (DPN) 

is used for the deposition o f nanoscale features onto self-assembled nanofilms. But there 

are numerous other patterning techniques mostly used for specialized applications [15].

2.7.1 Soft Lithography

A wide variety o f soft lithographic techniques have been used along with SAMs 

and LbL self-assembly [230-232]. Soft lithography utilizes an elastomeric 

poly(dimethylsiloxane) (PDMS) stamp or mold to transfer an organic/inorganic 

monolayer or cells onto the surface o f a substrate. A wide variety of techniques have been 

developed from this such as microcontact printing (pCP) [71, 233, 234], replica molding
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(REM), microtransfer molding (pTM), micromolding in capillaries (MIMIC), solvent- 

assisted micromolding (SAMIM), 3D micromolding in capillaries (3D MIMIC) [147], 

patterning using microfluidic networks (pFN), elastomeric membranes [235, 236], 

chemically templated surfaces [32, 231], multilayer transfer printing (MTP) [237, 238].

Though the different soft lithographic techniques mentioned above have several 

advantages like rapid prototyping, lower costs, good biocompatibility, and the ability to 

pattern non-planar substrates [147], there is a limit on the repeatability o f pattern transfer 

as it depends on myriad factors like quality o f the patterns on the mold/stamp, 

hydrophobicity o f the mold/stamp and the material itself used for molding/stamping, and 

several other factors that are not repeatable. There are various other drawbacks like the 

complexity associated with 3D microfluidic systems, the constraints on the choice of 

materials and the stringent deposition conditions o f chemically patterned templates, etc, 

[15]. Some other drawbacks of the structures associated with soft lithography are their 

non-rigid nature with a risk of collapse [239].

2.7.2 Photolithography

Photolithographic techniques have been constantly and extensively refined and 

adjusted for advanced applications in integrated circuit (IC) technology and 

microelectromechanical systems (MEMS). Also, the mold/stamp used in all o f the soft 

lithographic applications is created using the conventional lithography processes [15]. 

Now, photolithography is being applied for patterning o f self-assembled nanofilms [240- 

242]. Issues o f biocompatibility have been addressed by the studies on biocompatible 

photolithographic processes [243] that utilize chemically amplified photoresists and 

dilute aqueous base developers [244-246]. Photolithography in conjunction with LbL
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self-assembly is a powerful methodology for the fabrication of well-defined structures of 

differing functionality in close proximity [247]. “LbL-LO”, a recently developed 

technique combining photolithography and LbL processes with a single lift-off (LO) step 

has been successfully utilized to create patterned multilayer nanofilms o f biomolecules 

[74], and extended to the production o f multiprotein patterns [91] for the successful 

culture and growth of SMCs and neuronal cells. The use of acetone in the LbL-LO 

methodology was not a deterrent for the adhesion and growth o f the different types of 

mammalian eukaryotic cells.

Thus, the most important advantages o f using conventional photolithography over 

soft lithography are the ease in fabrication processes, precise alignment and undistorted 

features of the patterns generated, and the unrestrained choice o f materials.
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CHAPTER 3

EXPERIMENTAL DESIGN

3.1 Laver-bv-Laver Assembly

The diagram in Figure 3.1 depicts the LbL technique. This technique has been 

described in sufficient detail in section 2.1.2 o f  Chapter Two. In the present study, LbL 

was used to build multilayer architectures o f varying configurations and chondrocytes 

from different species were tested on these multilayer beds consisting o f different 

biomaterials.

Figure 3.1 LbL assembly.

3.1.1 Multilayer Architectures

Different multilayer configurations made up o f eleven different biomaterials were 

constructed using the LbL technique for use in this study. These biomaterials consisted o f 

polyelectrolytes and polypeptides. The various biomaterials used were 

poly(ethyleneimine)(PEI), poly(dimethyldiallyl-ammoniumchloride) (PDDA), 

poly(styrene-sulfonate) (PSS), polyethylene glycol amine (PEG-NH2), collagen,

32
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fibronectin, poly-L-lysine (PLL), poly-D-lysine (PDL), laminin, bovine serum albumin 

(BSA), and chondroitin sulfate (CS). Unmodified tissue-culture polystyrene (TCPS) was 

used as the standard control. Mono-, bi-, and tri-layers o f these biomaterials were 

prepared and PBAC were grown on these layers. Table 3.1 depicts the different 

biomaterials, their molecular weights, charges, the different LbL layer configurations and 

the concentrations o f the materials used.

Table 3.1 Molecular weights, pH, charges, LbL architectures and concentrations o f the
different biomaterials used in this study.

Material Molecular
weight pH Charge Monolayer Bilayer Tri layer

Concentrat
ion

P o lysty renesu libnate

(P S S ) 1000000 7 . P S S (P S S /P E I)/P S S ( P S S /P E iy P S S 2 mg/ml

Polydim etnyldiallylam m o 
niumchloride (PDDA) 150000 7 + PSS/PD D A (PSS/PDDAfe (PSS/PDDA)3 2 mg/m!

Polyethylenim ine (PE!) 750000 7 + P S S /P E I (PSS/PEI)2 (PSS/PEI)3 2 mg/mi

Fibronectin

450000 7 .4 Fibronectin

(p s s / p e i )/

Fibronectin

(P S S /P E iy

Fibronectin 100 jjg/ml

Poly-L-lysine (PLL) 84000 7.4 + P S S/PL L (PSS/PLL)2 (PSS/PLL Jj 125 pg/ml

Poly-D-lysine (PDL) 125100 7.4 + P S S /P D L (PSS/PD LJj (PS S /P D L ), 125 jjg/ml

Bovine serum  albumin 

(BSA) 66430 7.4 _ BSA (BSA/PEI)/BSA (B S A /P E iy B S A 125 ug/ml

Laminin 900000 7.4 - Laminin (PSS/PEI)/Lam inin (P S S /P E iy L am in in 86 (jg/ml

Chondroitin Sulfate (CS) 502.5 7.4 - CS (CS/PEIJ/CS (C S /P E iy C S 125 (jg/ml

Polyethy lene glycol 

am ine  (PEG-NH2) 10000 5.1 + PSS /P E G -N H 2

(PSS/PEiyPSS/
PEG-NH2

(PSS/PEiypss/
PEG-NH2 125 pg/ml

Collagen 100000 4 + PS S /C ollagen (PSS/C ollagen >2 (PSS /C ollagen  >3 1 mg/ml

As a step towards further evaluation of the effects o f varying multilayer 

architectures on different species o f chondrocytes, human chondrosarcoma cells were 

grown on 5- and 10-bilayers and canine chondrocytes were grown on monolayers, 5-, 10, 

and 20-bilayers. These multilayer beds consisted o f the same eleven different 

biomaterials which were used earlier for testing PBAC. Table 3.2 depicts the different
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biomaterials and the different LbL architectures -  monolayer, 5-, 10- and 20-bilayer 

multilayer configurations.

Table 3.2 LbL architectures o f the different biomaterials used in this study.

Material Monolayer 5-Bilayers 10-Bilayers 20-Bilayers

Polystyrenesultbnate (PSS) PSS p s s / P E i y p s s ( p s s /P E iy p s s (PSS/PEI)19/P S S
Polydimethyldiallyl- 
ammoniumchloride (PDDA) PSS/PDDA (PSS/PDDA)5 (PSS/PDDA)10 (PSS/PDDA)20
Polyethylenimine (PEI) PSS/PEI (PSS/PEI)b (PSS/PEI)10 (PSS/PEI)20
Fibronectin (FN) Fibronectin (PSS/PEiyFibronectin (PSS/PEIJg/Fibronectin (PSS/PEI)19/Fibronectin
Poly-L-lysine (PLL) PSS/PLL (PSS/PLL)5 (PSS/PLL)10 (PSS/PLL)20
Poly-D-lysine (PDL) PSS/PDL (PSS/PDL)5 (PSS/PDL)10 (PSS/PDL)20
Bovine serum albumin (BSA) BSA (BSA/PEiyBSA (BSA/PEiyBSA (BSA/PEI)19/BSA
Laminin Laminin (PSS/PEiyLam inin (PSS/PEiyLam inin (PSS/PEI)19/Laminin
Chondroitin Sulfate (CS) CS (C S/PE iyC S (C S/PE iyC S (CS/PEI)19/CS

PEG Amine (PEG-NH2) PSS/PEG-NH2
(P S S /P E iyP S S /P E G -
n h2

(P S S /P E iyP S S /P E G -
n h 2

(PSS/PEI)19/PSS/PE G -
n h 2

Collagen PSS/Collagen (PSS/Collagen )5 (PSS/Collagen)10 (PSS/Collagen
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CHAPTER 4

MATERIALS AND METHODS

4.1 Chondrocytes

4.1.1 Cell Culture

Three chondrocyte lines were used in this study -  a primary cell line, bovine 

articular chondrocytes and two secondary lines, human chondrosarcoma cells and canine 

chondrocytes. The secondary cell lines were obtained from commercial sources.

4.1.1.1 PBAC

Ham’s F-12 medium (GibcoBRL, Life technologies) containing 10% Fetal 

Bovine Serum (FBS) (Biosource, Camarillo, CA) supplemented with 1% Penicillin- 

Streptomycin (Pen-Strep) (Biosource, Camarillo, CA) was used to culture the cells. Cell 

counting was done using a hemocytometer. Trypsin (Atlanta Biologicals, Lawrenceville, 

GA) and mechanical agitation with sterile transfer pipettes were used for the dissociation 

of cells from their attachment areas.

4.1.1.2 Human Chondrosarcoma Cells

Human chondrosarcoma cells, a chondrocyte-like cell line [SW 1353, Humerus 

(HTB-94)] were obtained from ATCC (Manassas, VA). Leibovitz’s L-15 medium 

containing 10% Fetal Bovine Serum (FBS) supplemented with 1% Penicillin-
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Streptomycin (Pen-Strep) (all from Biosource, Camarillo, CA) was used to culture the 

cells. Cell counting was done using a hemocytometer.

4.1.1.3 Canine Chondrocytes

Canine chondrocytes were obtained from Cell Applications (San Diego, CA). The 

medium supplied by the company was used for culturing the cells.

4.1.2 Substrates

LbL nanofilms were deposited on 24-well plates and 96-well black well plates 

(BD Falcon, BD Biosciences, San Jose, CA). Black well plates were used in the 

absorbance and the fluorescence plate readers. Before the LbL film assembly, these plates 

were cleaned with a cleaning solution [60% de-ionized (D.I.) water, 39% ethyl alcohol 

(70%) and 1% KOH] to eliminate the cell-attachment layer on the black-well plates. The 

typical cell-attachment layer is either poly-D-lysine or type I collagen.

4.1.3 Biomaterials (Polyelectrolyte and 
Polypeptide) Preparation

All chemicals were purchased from Sigma-Aldrich unless otherwise specified.

PDDA (Mw ~ 100k-200k), PSS (Mw ~ 1M) solutions were prepared at concentrations o f

2 mg/ml with 0.5 M KC1 and a PEI (Mw ~ 750k) solution of 2 mg/ml were prepared in

deionized (DI) H2O for use in LbL self-assembly. PLL (Mw ~ 84,000), PDL were

prepared with a concentration o f 125 pgm/ml while BSA (Mw ~ 66,430), PEG-NH2 ,

chondroitin sulfate and collagen (Cohesion, Palo Alto, CA) were prepared at a

concentration o f 120 pgm/ml while laminin was prepared at a concentration of 86

pgm/ml and Fibronectin at a concentration o f 100 pgm/ml. All solutions were prepared

using deionized water with a resistivity o f 18.2 MU .cm (Millipore systems). Proteins

were vortexed before their use in the LbL process.
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Different parameters like Cell morphology and attachment, viability, cell 

metabolic activity, and functionality were determined using bright field microscopy, 

Live/Dead viability assay, MTT assay, and anti-type II collagen and aggrecan 

immunocytochemistry, respectively. PEI served as the precursor layer in all the cases.

4.1.4 Fabrication Techniques

The fabrication technique was very simple and performed using pipettes. To 

prevent infection of cells due to contamination, the entire nanofilm deposition procedure 

was performed under a laminar flow-hood adopting strict sterile techniques. For every 

layer, about 100 pi or 200 pi was used for 96- and 24-well plates respectively. PEI was 

the precursor layer in all the cases. Successive layers o f positive and negative 

polyelectrolytes/polypeptides were built upon one another to achieve the desired LbL 

configurations. The intermediate drying step with nitrogen was eliminated. After the 

completion of fabrication the multilayer plates were kept under UV light in a laminar 

flow-hood overnight. Later these plates were transferred to 4°C until further use. Before 

cell-seeding, these plates were filled with 70% ethanol for 30 minutes followed by a five 

minutes wash with HBSS (without calcium and magnesium) (Biosource).

4.1.5 Characterization Techniques

4.1.5.1 AFM

AFM has emerged as the method of choice for the evaluation o f different 

nanoengineered surfaces because o f the inherent advantages this method offers. One of 

the most important advantages o f this method is the generation o f 3-D images o f surfaces 

with resolution at nearly the atomic level [248]. In the present study, an Atomic force 

microscope (Quesant, Model 250) was used in tapping mode with silicon cantilevers to
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measure the roughness o f the different nanofilms. Silicon substrates were used for the 

film deposition.

4.1.5.2 Ellipsometrv

A spectroscopic ellipsometer (SENTECH, Model-SE 850) measured the thickness 

o f 5-, 10-, and 20-bialyer nanofilms on silicon wafers.

4.1.6 MTT Assay

A MTT assay kit (Sigma, St. Louis, MO) was used in the assay to determine 

chondrocyte cell metabolic activity [249]. An absorbance/cell number curve (calibration) 

was obtained with known cell numbers after cell-attachment. The MTT assay was 

performed on the fourth day in vitro after seeding chondrocytes. Three different densities 

were used: 500, 1000 and 1500 cells/ml. The absorbance was measured using an 

absorbance plate reader at a wavelength of 570 nm. All the results were corrected for 

background (MTT solvent at a wavelength o f 690 nm) and normalized to TCPS control 

(relative activity).

4.1.7 Live-Dead Assay

Live-Dead viability assay (Molecular Probes, Eugene, OR) was performed on the 

sixth day after seeding chondrocytes. The assay utilizes the hydrolysis o f membrane 

permeant calcein-AM fluorescence dye by esterases in live cells which leads to 

cytoplasmic green fluorescence and membrane-impermeant ethidium homodimer-1 dye 

which labels the nucleic acids o f membrane-compromised cells with red fluorescence 

[250]. The fluorescence intensity was measured at 485 nm of excitation and 530 nm of 

emission by a Tecan fluorescence plate reader and all results were normalized to TCPS 

control (% Live). Live-Dead assay was performed on the sixth day in vitro.
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4.1.8 Statistical Analyses

ANOVA and Tukey analyses were used for analyzing the interactions between 

density, layers and the different biomaterials for the different assays used. SAS statistical 

software was used for the analysis. The tests were performed with a significance level p  

equal to 0.05.

4.2 Micropatterned Surfaces

4.2.1 Substrates

Number #2 microscope cover slips (18 x 18 mm , Electron Microscopy Sciences) 

were used as the substrates for micropattems. These substrates were chosen to ease the 

LbL assembly and patterning process. To help withstand the centrifugal force during spin 

coating, the glass coverslips were attached onto silicon wafers using a PR 1813 

photoresist.

4.2.2 Chemicals

Nano-strip™ from CYANTEK corporation; positive photoresist, PR 1813, and 

positive resist developer, MF-319 from Shipley were used. All the chemicals were 

purchased from Sigma-Aldrich unless otherwise specified. All commercial chemicals 

were used in the condition they were received.

4.2.3 Preparation of Polyelectrolyte and 
Polypeptide Solutions

PDDA, PSS, PEI, collagen and CS solutions were prepared and used for the LbL

assembly as described previously in section 3.1.3.

4.2.4 Mask Design

The mask used for pattern transfer contained 80 pm wide stripe patterns separated 

by 100 pm.
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4.2.5 Fabrication

Based upon the results obtained with canine chondrocytes in chapter four, five 

different materials which showed the highest cell metabolic activity were selected. The 

five materials were PDDA, PEI, PSS, collagen and CS. The substrates were patterned 

with these five different materials as five and ten bilayers each.

4.2.6 Substrate Pretreatment

The substrates were first incubated in Nano-strip™ at 70°C for one hour followed 

by DI water rinsing and drying using N2 . This procedure removed any sort o f organic 

material and created a uniform negative charge on the substrates. Based on previous 

results with smooth muscle cells [74] and neuronal cells [91], a precursor layer o f PDDA 

was deposited onto the substrates to render a cytophobic background on the substrates. 

One point to be mentioned here is that any cytophobic material other than PDDA can also 

be used.

4.2.7 Photolithography

The glass substrates were attached onto silicon wafer pieces using photoresist and 

heated at 165°C for 5 minutes (min) to hard bake the photoresist. After this, positive 

photoresist was spun on the PDDA-coated substrates (1000 rpm-100 r s ' - lO sec, 3000 

rpm-500 r s"1 -50 sec), soft baked at 115°C for one minute, and photo-patterned using UV 

radiation (400 nm, 7 Mw cm'2) for 18 sec. At the end, the patterns were developed for 15 

sec using MF-134, and the substrates were quickly rinsed in DI water and dried using N 2 .

4.2.8 LbL Self-Assembly

The micropattemed substrates were then modified using LbL self-assembly. The 

substrates were dipped in the polyelectrolyte and protein solutions for 10 minutes and 30
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minutes respectively. Either PSS or PEI was the polyanions used in the multilayer 

configurations. After every layering step, the substrates were rinsed in DI water and then 

dried using N2 . Thus the following configurations were built -  (PSS/PDDA)5, 

(PSS/PDDA)10; (CS/PEiyCS, (CS/PEI)9/CS; (PSS/PEI)5, (PSS/PEI)1C; (PSS/Collagen)5, 

(PSS/Collagen)i0; and (PSS/PEI)4/PSS, (PSS/PEI)9/PSS.

4.2.9 Lift-Off

Lift-off was performed by sonicating the substrates in acetone for about 5-10 min. 

The photoresist and the nanofilms were removed during the lift-off process and the 

cover-slip glasses removed from the silicon wafers. The main parameters in this step 

were the sonication strength and sonication time. Surprisingly, the use o f acetone has 

been shown not to affect the biological functions o f the molecules used in the 

lithographic process [15],

4.2.10 Characterization

Phase-contrast microscopy was used to demonstrate the successful creation o f the 

micropattems.

4.3 Micropatterned Co-Culture 
Platforms

4.3.1 Substrates

43 x 70 mm microscope glass cover-slips (Thomas Scientific, USA) -  No. 2 

thickness were cut into two halves and used as the substrates for film patterning.

4.3.2 Chemicals

Nano-Strip from Cyantek, poly(diallyldiethylammonium chloride) (PDDA) (Mw 

- 1 0 0  k-200k), poly(sodium 4-styrenesulfonate) (PSS) (Mw ~ 1M), poly(ethyleneimine) 

(PEI) (Mw ~ 750 k) and vitronectin (Mw ~ 70 k) from Innovative Research were used in
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the assembly o f the patterns. Positive photoresist, PR1813, and positive resist developer, 

MF-319 from Shipley were used. The anti-CD 44 rat monoclonal (Calbiochem) and the 

mouse monoclonal anti-rat osteopontin (MPIIIBlOi) antibodies obtained from the 

Developmental Studies Hybridoma Bank were used. Solutions with concentrations o f 2 

mg/ml PDDA and PSS in 0.5 M KC1 and a solution o f 2 mg/ml PEI were prepared for 

use in LbL assembly. FITC and TRITC obtained from Sigma-Aldrich were used for 

fluorescent tagging o f proteins. Protein solutions were separated from unreacted dyes 

using disposable PD-10 desalting columns obtained from Amersham Pharmacia Biotech.

4.3.3 Mask Design

The mask used for pattern transfer contained 80 pm squares separated by a 

distance o f 80 pm.

4.3.4 Instrumentation

A Nikon (Model-Eclipse TS100) microscope was used to image and characterize 

the substrates. A lightlever (LL-AFM) with Nano-R™ SPM from Pacific 

Nanotechnology Inc. was used for fine-feature analysis and a surface profiler (KLA- 

Tencor Alpha Step IQ) was used for the surface topography analysis o f the patterns on 

the substrates.

4.3.5 Fabrication

Substrates were patterned with (vitronectin/PEIVvitronectin with anti-CD 44 rat 

monoclonal antibody atop and (fibronectin/PEIVfibronectin with mouse monoclonal 

anti-rat osteopontin (MPIIIBlOi) atop in a checkerboard (chessboard) pattern.
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4.3.6 Substrate Pretreatment, Photolithography. 
LbL Assembly, and Lift-Off

These steps were performed as described earlier [91]. The charge on the 

substrates was eliminated by using Nano-Strip. Next, a monolayer o f PDDA was built on 

the substrates. The PDDA-coated substrates were attached onto Silicon wafer pieces 

(<100>) using photoresist and photoresist was spun on the PDDA-coated substrates. 

Subsequently, LbL was performed twice with the following configurations -  

(PSS/PDDA)3/(vitronectin-FITC/PEI)4/vitronectin-FITC/anti-CD44 rat monoclonal 

antibody and (PSS/PDDA)3/(fibronectin-TRITC/PEI)4/fibronectin-TRITC/anti-rat 

osteopontin (MPIIIBlOi). The immersion times were 10 minutes each for all the 

polyelectrolytes -  PSS, PDDA and PEI. For the fluorescently labeled proteins, immersion 

times o f one hour each for the first four layers were adopted while the final layer was 

developed after over-night incubation. The adsorption times for the antibodies were one 

hour each at room temperature and the concentration o f the antibodies was 50 pmg/'ml 

each (dissolved in sterile PBS, pH 7.4).

4.3.7 Characterization

AFM was used to characterize the checker board co-cultuie patterns. Nano-R™ 

AFM was used in tapping mode (close contact mode -  2B) with silicon nitride (Si3N4) 

cantilevers. The NanoRule software accompanying the AFM was used for the analysis o f 

the acquired AFM images.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 In Vitro Evaluation of Chondrocytes on 
Laver-bv-Laver Assembled Nanofilms

5.1.1 PBAC on TCPS

PBAC were obtained from cows’ knee joints by routine pronase/collagenase 

enzymatic dissociation techniques. The joints were obtained from the abattoir at 

Louisiana Tech University. All necessary aseptic precautions were taken for the isolation 

o f cells. Cells from passages three and four were used in all experiments. Figure 5.1 

depicts passage three PBAC grown on TCPS tissue culture dishes.

(a) (b)

Figure 5.1 (a), (b) Passage Three PBAC grown on TCPS.

5.1.2 Functionality -  PBAC

Anti-type II collagen & aggrecan immunocytochemistry was performed using a 

Vectastain Avidin Biotin-conjugate kit to demonstrate the functionality o f PBAC. 

Immunocytochemical analysis was performed on these cells after fixation with 95% ethyl 

alcohol. The immunocytochemical procedure followed was as follows: The fixed cells 

were washed quickly in phosphate buffered saline-tween 20 (PBS-T)

44
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thrice followed by 3 five minutes washes each. Then, blocking treatment provided in the 

ABC kit was applied and incubated for 30 minutes at room temperature. Next, primary 

antibodies (undiluted) were applied onto the cells and incubated for one hour at 37°C 

followed by the PBS-T washings as described earlier. Following this, biotinylated 

secondary antibodies were added and incubated for one hour at room temperature 

followed by the washing steps with PBS-T. Excess buffer around the cells was wiped off, 

and Avidin Biotin-conjugate reagent complex was applied and incubated for 30 minutes 

at room temperature. At the end, 3,3-diaminobenzidine substrate was applied and the 

cells were incubated in dark. The reaction was terminated after five minutes by gently 

washing in running water. Figure 5.2 depicts the immunocytochemical results.

' j /  *  *•

50,

(c)

m

50 pm*

(d)

Figure 5.2 (a) Anti-type II collagen, (b) Anti-aggrecan immunocytochemistry o f PBAC; 
controls for (c) Anti-type II collagen and (d) Anti-aggrecan immunocytochemistry of

PBAC [arrows indicate chondrocytes].
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5.1.3 AFM-Monolaver. Bilavers, and 
Trilavers

Different surface characterization methods including fluorescence and confocal 

microscopy, surface profilometry and AFM have been used for the characterization of 

multilayer nanofilms [90, 91, 98, 106, 125, 162, 251-256]. In the present study, AFM was 

employed for surface-characterization o f the different multilayer films. The AFM data 

depicted in Table 5.1 indicate that roughness increased with increasing number o f layers 

for most o f the biomaterials except for fibronectin which displayed a decreasing trend in 

the roughness with increase in the number o f layers while laminin showed a sharp 

decrease for the bilayers and increased again for the trilayers.

Table 5.1 Average roughnesses o f the monolayer, bilayer, and trilayer nanofilms o f the 
different biomaterials [Mean ± Standard Deviation) (n=3)].

Material
Roughness (nm)

Monolayer Bilayer Trilayer
PEG-NH2 2.28 ±0.8 5.04 ± 0.79 5.51 ± 1.09
PDDA 1.64 ±0.42 3.94 ± 0.88 7.35 ± 1.15

BSA 1.37 ±0.27 6.42 ± 0.86 17.11 ± 3.54
PDL 1.76 ± 0.32 5.34 ± 0.61 9.19 ±0.19

Chondroitin Sulfate 1.18 ± 0.16 2.72 ± 1.04 9.11 ± 1.90

PEI 1.80 ± 0.26 2.49 ± 0.28 8.51 ± 2.92

Collagen 2.75 ± 0.20 6.43 ± 0.66 9.75 ± 1.08

PLL 2.37 ± 0.54 5.02 ± 0.69 8.46 ± 1.84
Fibronectin 7.08 ± 2.91 4.04 ± 0.70 6.0 ± 1.41

PSS 1.42 ± 0.15 3.38 ± 0.46 4.13 ±0.49
Laminin 10.16 ± 1.89 3.38 ± 0.71 9.82 ± 3.78
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Representative AFM images (Figures 5.3 and 5.4) o f monolayer, bilayer and 

trilayer nanofilms with PDL and CS as the terminating layers are displayed below.

36.826nm

58.319nm

(c)

Figure 5.3 AFM images o f (a) PSS/PDL, (b) (PSS/PDL)2, (c) (PSS/PDL)3.
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(c)

Figure 5.4 AFM images o f (a) (CS/PEI)/CS, (b) (CS/PEI)2/CS, and (c) (CS/PEI)3/CS. 

It can be observed from the images above that as the number o f layers increases, 

the surfaces display increasing roughness. These results corroborate the results o f other 

research findings [102, 141-143],
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5.1.4 Morphological Observations -  PBAC 
on Different Biomaterials

Morphological observations demonstrate that chondrocytes can be successfully

grown on the nanofilms. Chondrocytes tolerated nearly all the materials favorably. A

representative sample o f cells on the different biomaterials is provided in Figures 5 .5-

5.16. All the images displayed below unless otherwise specified are o f chondrocytes

seeded at density one (5000 cells/ml).

5.1.4.1 PBAC on TCPS

The cells on TCPS (Figure 5.5) have a typical fibroblast phenotype.

(a) (b)

FfferotM ic 
pnanotyp* >

50 pm
,  •-------

hours; (b), (c) After 72 hours.

I I

C»*
. '

(C)

Figure 5.5 PBAC on TCPS: (a) After 3̂
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5.1.4.2 PBAC on PEG-NH?

On PEG-NH2 (Figure 5.6), it can be observed that the cells tend to acquire a far 

less fibroblast phenotype and tend towards a slightly rounded to orthogonal phenotype 

(SROP).

50 pm

(a)

50 pm

(d)

..-III

" • m•SROP

*  n

(b)

\
SROP • fi

(e)

/

■»£ 50 pm
•Sr. ' 

(*)

Figure 5.6 PBAC on PEG- NH2: After 34 hours -  (a) On monolayer, (b) On bilayers, (c) 
On trilayers; after 72 hours -(d) On monolayer, (e) On bilayers, (f) On trilayers.
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5.1.4.3 PBAC on PDDA

PDDA (Figure 5.7), a polyelectrolyte, tends to stabilize the phenotype o f the 

chondrocytes to a SROP. Unlike PEG-NH2 , the SROP is more pronounced on both 

bilayers and trilayers after 72 hours.

(c)

Figure 5.7 PBAC on PDDA: After 34 hours -  (a) On bilayers; after 72 hours -  (b) On
bilayers, (c) On trilayers.
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5.1.4.4 PBAC on BSA

BSA (Figure 5.8) appears to stabilize the phenotype o f the chondrocytes towards a 

more rounded phenotype. The roundedness is more pronounced on monolayer and 

bilayers after 72 hours whereas one can observe SROP on trilayers.

(c)

Figure 5.8 PBAC on BSA: After 72 hours -  (a) On monolayer, (b) On bilayers, (c) On
trilayers.
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5.1.4.5 PBAC on PDL

The chondrocytes on PDL (Figure 4.9) exhibit SROP on bilayers while it is

slightly less pronounced on the trilayers.

(C)

a .

X

(d)

.. .......

(e)

50 pm

Figure 5.9 PBAC on PDL: After 34 hours -  (a) On bilayers, (b) On trilayers; after 72 
hours -  (c) On monolayer, (d) On bilayers, (e) On trilayers.
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5.1.4.6 PBAC on CS

CS (Figure 5.10), like the other proteins above, shows the similar trend o f 

chondrocytes having a more SROP and less o f a fibroblast phenotype compared with the 

other materials.

(c)

Figure 5.10 PBAC on CS: After 34 hours -  (a) On bilayers, (b) On trilayers; after 72
hours -  (c) On tilayers.
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5.1.4.7 PBAC on PEI

Figure 5.11 displays the SROP of chondrocytes on PEI.

SROP

(c)

Figure 5.11 PBAC on PEI: After 34 hours -  (a) On monolayer, (b) On bilayers; after 72
hours -  (c) On trilayers.
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5.1.4.8 PBAC on Collagen

Figure 5.12 exhibits the SROP o f chondrocytes on the different layers.

A

(c) (d)

Figure 5.12 PBAC on collagen: After 34 hours -  (a) On trilayers; after 72 hours -  (b) On 
monolayer, (c) On bilayers, (d) On trilayers.
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5.1.4.9 PBAC on PLL

Figure 5.13 displays the SROP of chondrocytes on PLL. Very few cells are 

present on trilayers with marked cell death.

(c) # (d)

Figure 5.13 PBAC on PLL: After 34 hours -  (a) On monolayer, (b) On bilayers, (c) On
trilayers; after 72 hours -  (d) On trilayers
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5.1.4.10 PBAC on Fibronectin

The chondrocytes on fibronectin (Figure 5.14) exhibit SROP.

Figure 5.14 PBAC on fibronectin: After 34 hours -  (a) On monolayer, (b) On bilayers, 
(c) On trilayers; after 72 hours -  (d) On monolayer, (e) On bilayers.
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5.1.4.11 PBAC on PSS

The chondrocytes on PSS (Figure 5.15) show a SROP on all the layers.

Figure 5.15 PBAC on PSS: After 34 hours -  (a) On monolayers(b) On bilayers, (c) On 
trilayers; after 72 hours -  (d) On bilayers, (e) On trilayers.
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5.1.4.12 PBAC on Laminin

Cells on laminin (Figure 5.16) exhibit SROP along with their typical 

characteristics. Lamellopodia and filopodia o f the chondrocytes are more pronounced on 

this material than any other. But these are more pronounced on the bi- and trilayers as 

compared to monolayers.

Figure 5.16 PBAC on laminin: After 34 hours -  (a) On monolayer, (b) On bilayers, 
(c) On trilayers; after 72 hours -  (d) On bilayers.
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Table 5.2 displays the phenotypes observed on monolayer, bilayers, and trilayers 

o f the different biomaterials used in this study. These observations are from a mixture of 

the images acquired after 34 and 72 hours. It can be observed from the above table that 

PBAC exhibit slightly rounded to orthogonal phenotype (SROP) on most o f the 

biomaterials. This raises the exciting possibility o f the utilization o f LbL-assembled 

multilayer nanofilms for the stabilization o f the phenotype of chondrocytes. But there is a 

necessity o f testing the growth of chondrocytes on multilayer nanofilms having more 

number of bilayers than the ones used in this study. Table 5.2 displays the summary of 

the morphological observations.

Table 5.2 Summary of morphological observations o f phenotypes exhibited by PBAC on 
monolayer, bilayers, and trilayers (Cell density 1 -  5000 cells/ml).

Biomaterial Monolayer Bilayers Trilayers
p e g -n h 2 SROP SROP SROP

PDDA SROP SROP SROP
BSA Rounded Rounded SROP
PDL SROP SROP Fibroblast
CS SROP SROP SROP
PEI SROP SROP SROP

Collagen SROP SROP SROP
PLL SROP SROP Cell death

Fibronectin SROP SROP SROP
PSS SROP SROP SROP

Laminin SROP SROP SROP

5.1.5 Results from Viability Studies on PBAC

Representative samples o f the growth o f bovine articular chondrocytes on 

different materials assessed using Live-dead assay are displayed in Figures 5.17-5.28. 

Only images o f live cells are shown below to highlight the differences in morphology o f 

the cells on different layered nanofilms. All the images displayed below are from the 

cells seeded at cell density one (5000 cell/ml).
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5.1.5.1 PBAC on TCPS

Figure 5.17 depicts the PBAC on TCPS. The cells have a fibroblast phenotype.

(a) (b)

Figure 5.17 (a), (b) Live PBAC on TCPS.

5.1.5.2 PBAC on PEG-NH,

Cells on PEG-amine (Figure 5.18) have SROP and are well spread. Thus PEG- 

amine is favorable for the growth and viability o f chondrocytes.

bO urn

Figure 5.18 Live PBAC on PEG-amine: (a) monolayer, (b) bilayers, (c) trilayers.
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5.1.5.3 PBAC on FDD A

Figure 5.19 displays the cells on monolayer, bilayers and trilayers o f PDDA. Cells 

on monolayer and trilayers are round and floating, but there are many live cells 

displaying SROP on bilayers. It can be observed that there is a difference in the size of 

the chondrocytes in between the different layers. For example, cells on bilayers are 

bigger in size compared to the cells on monolayer and trilayers.

50 urn

5u urn

Figure 5.19 Live PBAC on PDDA: (a) monolayer), (b) bilayers, (c) trilayers.
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5.1.5.4 PBAC on BSA

Cells on BSA (Figure 5.20) are round and floating in a few wells. Cells on 

bilayers are better-attached than cells on other layers.

Figure 5.20 Live PBAC on BSA: (a) monolayer, (b) bilayers, (c) trilayers
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5.1.5.5 PBAC on PPL

Cells on PDL (Figure 5.21) have more SROP than PEG-amine, are well attached 

and wide spread. It can be observed that the highest number o f  cells is on trilayers which 

display fibroblast phenotype while there are very few cells on bilayers.

50 pm I  ljm

(a) (b)

50 pm

(c)

Figure 5.21 Live PBAC on PDL: (a) monolayer, (b) bilayers, (c) trilayers.
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5.1.5.6 PBAC on CS

Cells on CS (Figure 5.22) are well attached and widespread. There are a few 

rounded cells, and some of the cells display SROP. The cellular extensions are longer and 

in some ways resemble cells on laminin. Cell viability is greater indicating that 

chondroitin sulfate is more favorable for chondrocyte growth and viability.

jjin

(a) (b)

(c)

Figure 5.22 Live PBAC on CS: (a) monolayer, (b) bilayers, (c) trilayers.
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5.1.5.7 PBAC on PEI

Cells on PEI (Figure 5.23) are well attached; display SROP and well spread in 

most cases indicating that PEI is favorable for chondrocyte growth and viability.

‘j U | j m

Figure 5.23 Live PBAC on PEI: (a) monolayer, (b) bilayers, (c) trilayers.
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5.1.5.8 PBAC on Collaeen

Cells on monolayer and bilayers o f collagen (Figure 5.24) are few in number 

while there is a large number o f cells present on the trilayers. It can be observed that cells 

on the trilayers are well-attached and show SROP.

b u  [ j m

Figure 5.24 Live PBAC on Collagen: (a) monolayer, (b) bilayers, (c) trilayers.
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5.1.5.9 PBAC on PLL

Cells on PLL (Figure 5.25) display SROP, are well attached and wide spread. 

Cells display slightly longer extensions on this material as well. Cell viability is more 

indicating that PLL is favorable for chondrocyte growth and viability. Cells on bilayers 

appear to be bigger in size compared to the cells on other layers.

(c)

Figure 5.25 Live PBAC on PLL: (a) monolayer, (b) bilayers, (c) trilayers
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5.1.5.10 PBAC on Fibronectin

Cells on fibronectin (Figure 5.26) display SROP, are well attached and 

widespread. Cell viability is the best among all the materials indicating that fibronectin is 

the most favorable for chondrocyte growth and viability.

50 pm I  50 urn

(a) (b)

':-0 M rn

(c)

Figure 5.26 Live PBAC on Fibronectin: (a) monolayer, (b) bilayers, (c) trilayers.
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5.1.5.11 PBAC on PSS

Cells on PSS (Figure 5.27) display SROP, are attached and well spread in most 

cases indicating that PSS is favorable for chondrocyte growth and viability. The cells on 

the bilayers are bigger in size compared to the cells on monolayer and trilayers.

‘j O  [ j m

Figure 5.27 Live PBAC on PSS: (a) monolayer, (b) bilayers, (c) trilayers.
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5.1.5.12 PBAC on Laminin

Cells on laminin (Figure 5.28) are attached in some cases and display SROP on 

monolayer and bilayers. There were a large number o f dead cells on trilayers hence they 

have been displayed here.

50 |jm

(a)

50 j j  tn

(c)

Figure 5.28 Live PBAC on laminin: (a) monolayer, (b) bilayers; dead PBAC on laminin:
(c) trilayers.

PBAC grew on all the LbL-modified biomaterials favorably. Morphological 

observations indicated that all the biomaterials tolerated the chondrocytes fairly well. On 

most o f the biomaterials tested, chondrocytes exhibited slightly rounded to orthogonal

5 0  fjm

(b)
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phenotype (SROP). On some of the materials, the chondrocytes showed a rounded 

morphology for a few days after seeding.

The most important observations were that cells on bilayers o f PDDA, PLL and 

PSS were bigger in size as compared to cells on layers o f PDDA, PLLA and PSS. Also 

cells on bilayers o f BSA showed better cell attachment when compared to cells on other 

layers o f BSA. From the live/dead morphological observations, it is suggested that PEG- 

amine, PDL, chondroitin sulfate, PEI, PLL, fibronectin and PSS were more favorable for 

the growth and viability of chondrocytes than other materials used and were even an 

improvement over the control (TCPS). Table 5.3 summarizes the morphological 

observations o f Live-Dead Images.

Table 5.3 Summary of morphological observations o f phenotypes exhibited by PBAC 
after Live-Dead Analysis on monolayer, bilayers, and trilayers (Cell density 1 -  5000

cells/ml).

Biomaterial Monolayer Bilayers Trilayers
p e g -n h 2 SROP SROP SROP

PDDA Rounded SROP Rounded
BSA Rounded SROP Rounded
PDL SROP SROP Fibroblast
CS SROP SROP SROP
PEI SROP SROP SROP

Collagen Rounded Rounded SROP
PLL SROP SROP SROP

Fibronectin SROP SROP SROP
PSS SROP SROP SROP

Laminin SROP SROP Cell death
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5.1.6 Live/Dead Data

Figures 5.29 -  5.31 depict the viability o f the PBAC seeded at the densities o f 

5000, 15000, and 25000 cells/ml respectively.

■  M onolayer

■  B ilayer 

□  T rilayer

Figure 5.29 Viability exhibited by PBAC on different biomaterials at Cell Density 1
(5000 cells/ml).

H  M onolayer 

■  B ilayer 

□  Trilayer

Figure 5.30 Viability exhibited by PBAC on different Biomaterials at Cell Density 2
(15000 cells/ml).
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■  M onolayer

■  B ilayer 

□  Trilayer

Figure 5.31 Viability exhibited by PBAC on different biomaterials at Cell Density 3
(25000 cells/ml).

5.1.6.1 Cell Density One (5000 cells/ml)

CS exhibits increasing viability o f the cells with increasing number o f layers at 

cell density one. Many materials like PEI, PSS, collagen and laminin actually exhibit a 

decrease in viability with increase in the number o f layers. The standard deviations were 

high for some o f the materials for specific types o f layers. For example, PEG-NH2 and 

PLL exhibited high standard deviation while laminin exhibits the same for monolayers. It 

has to be noted that all o f the materials which exhibit high standard deviations are 

proteins and polypeptides. At the same time, laminin shows the least standard deviation 

for bilayers. PEG-NH2 and PLL show an increase in viability only for bilayers while 

PDDA, BSA, PDL and fibronectin show a decrease in viability for bilayers compared to 

other layers.

5.1.6.2 Cell Density Two (15000 cells/mlt

Many biomaterials like PEG-NH2 , PDL, CS, collagen, fibronectin, PSS and 

laminin show increasing viability o f the cells with increasing number o f layers. No
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material exhibits decreasing viability with increasing number o f layers. PDDA, BSA, 

PLL -  these materials exhibit increased viability for bilayers while PEI shows decreased 

viability for bilayers. The monolayer for TCPS and trilayers for PEG-NH2 show high 

standard deviations.

5.1.6.3 Cell Density Three (25000 cells/mil

The consistent trend o f viability o f the cells with increasing number o f layers 

continues here, i.e., cell density three. PDDA, PDL, CS, PLL, fibronectin and PSS show 

increasing viability with increasing number o f layers. Once again as with cell density 

two, no material is showing decreasing viability with increasing number o f layers. The 

trilayers for BSA and PDL show high standard deviations. PEG-NH2, PEI and collagen 

show an increased viability for bilayers while for BSA, there is a slight decrease in 

viability for bilayers whereas there is a pronounced increase in the viability for trilayers.

Thus the following biomaterials showed the highest viabilities: Laminin, PEG- 

NH2 , PDL, PEI, TCPS, BSA, CS and Fibronectin. Table 5.4 displays the highest 

viabilities exhibited by PBAC on the different biomaterials.

Table 5.4 Highest viabilities exhibited by PBAC on the different biomaterials.

Density
(cells/ml)

Monolayer Bilayer Trilayer

5000 Laminin PEG -N H 2 PDL

15000 PEI, TCPS Laminin PEG-
amine

25000 BSA,
TCPS

PDL, CS, 
Fibronectin, 

Laminin

PDL

Studies with several eukaryotic cells have revealed the benefits o f increasing 

number o f layers through LbL on different cellular functions. For example, human
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umbilical vein endothelial cells displayed improved activity and cell proliferation on 

LbL-modified 1-, 3-, and 5- bilayers o f aminolyzed poly(L-lactic acid) (PLLA) with 

chitosan as the outermost layer compared with the control -  unmodified, virgin PLLA as 

well as TCPS. The endothelial cells also displayed good spreading and improved 

morphology. It was also found that PSS was not as effective as chitosan in promoting 

cytocompatibility due to either the former’s charge repulsion or unfavorable surface 

chemistry. But in the present study, bovine articular chondrocytes grew reasonably well 

on PSS and displayed increasing number o f live cells for cell densities two and three 

(15000 and 25000 cells/ml respectively). Previous studies with rabbit ear chondrocytes 

grown on ECM-like LbL modified PDL have revealed the benefits o f LbL assembly. Cell 

viability, total intracellular protein content, and cell morphology showed improved levels 

on PEI/gelatin multilayers modified PDL, [133, 134].

Apart from agarose gels [136], collagen and alginate gels [257, 258] too have 

been used to culture chondrocytes. Collagen gels have helped in the achievement o f the 

chondrocyte phenotype though only for short time periods [258]. Specifically, bovine 

articular chondrocytes which are the topic o f the present study maintained their 

phenotype and proliferated on collagen gels [259]. Also it was proved that bovine 

articular chondrocytes maintained a better phenotype on floating type I collagen 

compared with attached or monolayer collagen gels [260]. The Live-Dead viability 

results in the current study reveal the presence o f rounded chondrocytes on a few 

materials like PDDA, BSA, CS, and collagen. These results suggest that LbL films could 

be further modified to achieve the rounded phenotype o f chondrocytes. To maintain the 

rounded phenotype, the cells can be removed as soon as they achieve the rounded
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phenotype and then transferred onto tissue engineering substrates. This transfer could be 

done at sub-confluence levels. Also, nanofilms could be incorporated with enzymes and 

other necessary growth factors to stabilize the rounded phenotype further. The enzymes 

and other factors could be released in a sequential manner [108-110, 261, 262],

5.1.7 Live/Dead Image Analysis

Image J software was used as an adjunct to the Live-Dead viability analysis for 

counting cells from the Live-Dead Images. Each image was divided into three randomly 

selected regions, analyzed and the mean o f the resultant cell counts obtained. The results 

(Figures 5.32 -  5.34) for live cells for the different densities and layers are displayed 

below.

180-,

—  160- co
o  140 -

1  M onolayer 
■  Bilayer 
□  TrilayerS  120 -

S 100 -
8 0 -

O

TCPS PE G - PDDA BSA PDL 
NH2

PEI Collagen PLL P S S  Laminin

Figure 5.32 Live-Dead Image Analysis results o f PBAC on different biomaterials: Cell
Density 1 (5000 cells/ml).
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Figure 5.33 Live-Dead Image Analysis results o f PBAC on different biomaterials: Cell
Density 2 (15000 cells/ml).
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Figure 5.34 Live-Dead Image Analysis results o f PBAC on different biomaterials: Cell
Density 3 (25000 cells/ml).
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5.1.7.1 Cell Density One (5000 cells/mil

PDL exhibits increasing number o f live cells with increasing layers. PEI, 

collagen, fibronectin and PSS too exhibit the same behavior: increasing number o f live 

cells with increasing layers except for a slight drop in case o f bilayers. Laminin and 

PDDA exhibit the opposite behavior, decreasing number of cells with increasing layers. 

In case o f PEG-NLL, BSA and CS; bilayers exhibit the largest number o f live cells. These 

results are comparable to those obtained from Live-Dead spectrofluorometric analysis.

5.1.7.2 Cell Density Two (15000 cells/mil

PDDA, BSA, PDL, PEI, PLL and PSS exhibit an increase in the number o f live 

cells with density but exhibit large drop in numbers for the bilayers, especially PDDA, 

BSA and PEI. Fibronectin exhibits a steady decline in the number o f cells with increasing 

layers while PEG-NLL, CS, collagen and laminin exhibit the same behavior except for a 

drop in the number of cells for bilayers.

5.1.7.3 Cell Density Three (25000 cells/mil

PDDA, collagen and PSS exhibit increasing number o f live cells with increasing 

layers while BSA, CS and laminin exhibit the same behavior except for a drop in the 

number o f live cells for bilayers. In the case o f PDL, PEI, PLL and fibronectin, bilayers 

show the largest number o f live cells.
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5.1.8 MTT Data

Figures 5.35 -  5.37 depict the viability o f the PBAC seeded at the densities o f 

5000, 15000, and 25000 cells/ml respectively.

Figure 5.35 Cell metabolic activity exhibited by PBAC on different biomaterials at Cell
Density A (500 cells/ml).
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Figure 5.36 Cell metabolic activity exhibited by PBAC on different biomaterials at Cell
Density B (1000 cells/ml).
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Figure 5.37 Cell metabolic activity exhibited by PBAC on different biomaterials at Cell
density C (1500 cells/ml).

5.1.8.1 Cell Density A (500 cells/ml)

PDDA, CS, collagen and fibronectin show decreasing cell metabolic activity with 

increasing number o f layers while BSA shows increased cell metabolic activity for 

monolayers and nearly equal cell metabolic activity for both bilayers and trilayers. PLL, 

fibronectin and BSA show high standard deviations for monolayers. Once again it has to 

be noted that all o f the materials which show high standard deviations are proteins and 

polypeptides. PEG-NH2, PDL, PEI, PSS and laminin -  all these materials show increased 

cell metabolic activity for bilayers while PLL shows decreased cell metabolic activity for 

bilayers.

5.1.8.2 Cell Density B (1000 cells/mi)

PEI and fibronectin showed decreasing cell metabolic activity with increasing 

number o f layers while PEG-NH2, PDDA, PDL, CS, collagen, PLL, PSS and laminin 

showed increased cell metabolic activity for bilayers.
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5.1.8.3 Cell Density C (1500 cells/ml)

PEI showed increasing cell metabolic activity with increasing number o f layers. 

Decreasing cell metabolic activity with increasing number o f layers was observed for 

PDDA, PLL and PSS. PEG-NH2 , BSA, PDL, fibronectin and laminin too showed 

decreasing cell metabolic activity with increasing number o f layers, but in all o f these 

materials, monolayers showed the highest cell metabolic activity with the trilayers 

following and the bilayers showing the least cell metabolic activity. Collagen showed the 

highest cell metabolic activity for monolayers followed by bilayers and trilayers which 

showed almost equal cell metabolic activity. Figure 5.37 displays the cell metabolic 

activity results for cell density C. Thus, the cell metabolic activities varied with both 

density as well as the number o f layers underscoring the importance o f both. Only for 

density C, one can observe a consistent result for all the three layers. Thus the following 

materials exhibited the highest cell metabolic activities-CS, laminin, PLL, TCPS, 

fibronectin, PDL and BSA. Table 5.5 displays the highest cell metabolic activities o f 

PBAC on the different biomaterials.

Table 5.5 Highest cell metabolic activities exhibited by PBAC on the different
biomaterials.

Density
(cells/ml)

Monolayer Bilayer Trilayer

500 CS Laminin PLL, TCPS
1000 Laminin Fibronectin PDL, BSA, 

CS and 
TCPS

1500 CS CS CS
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5.1.9 Statistical Analyses

5.1.9.1 Live-Dead Assay

Table 5.6 displays the various statistics obtained by performing three-way 

ANOVA and Tukey analyses using SAS.

Table 5.6 Statistical analysis results o f Live-Dead Assay on PBAC.

3-Way ANOVA 
Statistic

Density Material Layer

2.53 (<.0001) 43.98 (<.0001) 1.17(0.3064) 6.34 (0.0021)
D e ns ityxM ate rial DensityxLayer MaterialxLayer D e ns ityxM ate rialx 

Layer
1.25 (0.2077) 13.14 (<.0001) 1.69(0.0315) 0.90 (0.6491)

Note: Each value represents the F-Statistic with the P-Value in brackets.

The above results o f the statistical analyses reveal no significant three-way 

interactions among density, biomaterial and layers for the Live-Dead Assay Data. But the 

interactions between density and layer, material and layer are significant.

5.1.9.2 MTT Assay

Table 5.7 displays the various statistics obtained by performing three-way 

ANOVA and Tukey analyses using SAS.

Table 5.7 Statistical analysis results o f MTT Assay on PBAC.

3-Way ANOVA 
Statistic

Density Material Layer

1.11 (0.2553) 2.38 (0.0949) 3.00(0.001) 3.08 (0.0479)
DensityxMaterial DensityxLayer MaterialxLayer D e ns ityxM ate rialx 

Layer
0.61 (0.9171) 5.73 (0.0002) 0.67 (0.8691) 0.55 (0.9902)

Note: Each value represents the F-Statistic with the P-Value in brackets.

There are no three way-interactions between density, material and layer for the 

MTT assay. The interactions between density and layer are significant for this assay.
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The above results indicate the importance o f multilayers on cell behavior, more so 

in the case o f viability in this study and the probable requirement o f a multilayer 

configuration with more number o f layers like 5-, 10-, and 20-bilayers which may lead to 

the achievement o f the elusive rounded phenotype o f the chondrocytes. With this aim in 

mind, multilayer architectures consisting o f 5-, 10-, and 20-bilayers were constructed 

using LbL. Besides AFM which was used to measure the roughness o f the nanofilms, 

ellipsometry was used to measure the thickness o f the various multilayer nanofilms. For 

the ellipsometric measurements, the films were assembled on silicon wafers.

5.1.10 Biomaterial Thickness Profiles

PEG-NH2, PDDA, PEI, fibronectin, PLL, PSS showed a substantial increase in 

the thickness o f the nanofilms as the number o f bilayers progressed from five to twenty. 

Among all o f these materials, PDDA had the most thickness for all the bilayers. With 

regard to laminin, PDL, PSS, the increase was considerable. Collagen showed a slight 

increase. BSA showed a reverse trend -  there was a decrease in the thickness o f the 

layers as the number o f bilayers increased. Table 5.8 depicts the thicknesses o f 5-, 10-, 

and 20-bilayers o f the various biomaterials used in this study.

Table 5.8 Thickness profiles o f 5-, 10-, and 20-bilayers of the biomaterials [(Mean ±
Standard Deviation) (n=3)].

Material
Thickness (nm

5 Bilayers 10 Bilayers 20 Bilayers
PEG-NH2 36.99  ± 1.23 1 2 3 .0 9 1 4 .1 8 3 6 9 .2 3 1 5 .1 3
Chondroitin Sulfate 11.01 ± 1.75 34.58 ± 2.20 46 .27  1 1 .1 5
PDDA 59.61 ± 4 .07 2 5 1 .5 8 1 6 .2 8 425.91 1  8.02
PEI 40 .18  ± 1.63 1 0 1 .3 9 1 5 .3 1 259 .62  1  5.01
Fibronectin 51.12 ± 1.22 102.51 + 5 .8 5 262 .93  1  4 .93
Laminin 47 .10  + 1.12 87.52 1  5.60 2 6 1 .7 0 1 5 .0 8
Collagen 54 .39  ± 4 .29 55.72 1 4.41 62 .06  1 5.78
PDL 38.73  ± 1.14 58.63 1 4 .23 95 .75  1 5.79
PLL 37.31 ± 1.15 1 1 1 .9 5 1 4 .9 6 216 .02  1 6 .6 0
BSA 9.32 ± 0.65 7 .1 5 1 0 .4 9 6 .17  + 0.48
P S S 30.69 ± 1.58 115.98 + 4 .7 2 3 2 .8 8 1 4 .9 0
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5.1.11 Roughness Profiles of the Biomaterials

PDDA and fibronectin showed a substantial increase in the roughness with the 

increase in the number o f bilayers while PEI, laminin, PLL and PSS showed considerable 

increase. CS showed an increase in roughness up to ten bilayers but showed a decrease 

for the 20-bilayer configuration. PEG-NH2 showed a slight decrease from the five to ten 

bilayers configuration but showed a substantial jump for the 20 hilayers configuration. 

PDL and collagen showed a slight decrease in the roughness from five- to ten-bilayers 

and then showed a slight increase for the 20-bilayers configuration. BSA showed the 

same trend as displayed in the thickness profile- there was a slight decrease in the 

roughness as the number o f bilayers increased. Table 5.9 depicts the various roughnesses 

of 5-, 10-, and 20-bilayers o f the different biomaterials used in this study.

Table 5.9 Roughness profiles o f 5-, 10-, and 20-bilayers of the biomaterials [(Mean ±
Standard Deviation) («=3)].

Material
Roughness (nm

5 Bilayers 10 Bilayers 20 Bilayers
PEG-NH2 59.70 ± 5.82 58.32 ± 6.86 119.66 ±6.53
Chondroitin Sulfate 21.86 ±2.22 36.76 ± 7.03 18.15 ±6.43
PDDA 29.13 ±6.00 110.93 ± 19.23 294.21 ± 66.00
PEI 63.30 ± 12.76 74.61 ± 7.56 124.22 ±10.57
Fibronectin 62.31 ± 25.08 132.88 ± 32.20 141.82 ± 38.17
Laminin 45.62 ± 10.51 52.89 ± 10.41 180.43 ±94.57
Collagen 58.60 ± 8.98 53.60 ± 9.48 56.26 ± 8.40
PDL 54.47 ± 14.93 51.24 ±9.89 61.41 ± 2.68
PLL 52.19 ± 15.67 60.46 ± 10.60 181.30 ±68.72
BSA 3.77 ± 0.24 2.57 ± 0.24 2.55 ± 0.18
PSS 50.83 ± 17.31 129.20 ± 18.93 146.94 ± 53.85

The AFM results correspond with the results obtained by other researchers- some 

proteins and polypeptides showed no appreciable differences in surface roughness while 

polyelectrolytes showed increasing roughness with increasing number o f bilayers [102, 

141-143]. Representative AFM images o f two biomaterials are depicted below. Figures
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(5.38 and 5.39) depict AFM images o f monolayer, 5-, 10-, and 20-bilayer nanofilms with 

collagen and PDL as the terminating layers.

Figure 5.38 AFM images o f (a) (PSS/Collagen)s, (b) (PSS/Collagen)io, and (c)
(PSS/Collagen)20.

Figure 5.39 AFM images o f (a) (PSS/PDL)5, (b) (PSS/PDL)i0,and (c) (PSS/PDL) 20
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5.1.12 LDH-L Assav-Chondrosarcoma Cells

A few studies have been undertaken on chondrosarcoma cells on LbL assembled 

films [116, 119, 124, 263, 264], Divergent opinions exist as to the influence o f the LbL 

films on these cells too. Some researchers have hypothesized that the underlying layers 

have no influence on the cells at all with only the outermost layer having any effect at all 

on the cells grown; others have stated that the underlying layers too have an influence on 

the cells grown on top o f these films. Vautier et al. stated that chondrosarcoma cells 

failed to detect the underlying layers o f LbL films and detected the presence o f only the 

uppermost layer. But the horseradish peroxidase assay performed by Vautier et al. 

suggested dependence on both the underlying layers as well as the upper layer. Also 

stronger adhesion was observed on positively charged layers than on the negatively 

charged layers. The results o f Vautier et al. corresponded with those of Tryoen-Toth et al. 

in that early adhesion is promoted on positively charged surfaces [118, 124], In another 

study, adhesion o f chondrosarcoma cells was higher on PLL films compared with poly(L- 

glutamic acid) acid (PGA) films [264],

In the present study, chondrosarcoma cells were grown on 5-, and 10-bilayers and 

evaluated using the LDH-L cytotoxicity assay (Thermo Electron, Louisville, CO). The 

cells were grown until the required confluence was achieved for performing LDH-L 

assay [265, 266], The medium was collected on the fifth day and stored in black-colored 

vials at 4°C until the assay was performed. The biomaterial which exhibited the least 

cytotoxicity was collagen. Based upon visual inspection o f the results o f this assay 

(Figure 5.40), one can observe that the 10-bilayer nanofilms exhibited lesser cytotoxicity 

compared with their five-bilayer counterparts. 10-bilayers collagen (density -  25000 

cells/ml) showed the least cytotoxicity among all the materials.
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Figure 5.40 LDH-L assay profile o f chondrosarcoma cells (a) Cell Density 1 -  5000 

cells/ml, (b) Cell Density 2 -  25000 cells/ml.

5.1.13 Canine Chondrocvtes-MTT Assay

Passage two canine chondrocytes were cultured in 96-well plates containing 

mono-, 5-, 10-, and 20-bilayer nanofilms of the same biomaterials as used earlier. An 

MTT assay was performed as described earlier. An optimal density o f 2000 cells/ml was 

used for the MTT assay. Figure 5.41 exhibits the cell metabolic activity data o f the 

different biomaterials for the four types o f layers -  monolayers, 5-, 10-, and 20-bilayers.
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Figure 5.41 MTT assay profile o f canine chondrocytes grown on monolayer, 5-, 10-, and
2 0 -bilayers.

The cell metabolic activity o f canine chondrocytes on some o f the biomaterials 

displayed consistent and expected results. From the bar graphs in Figure 5.41, it can be 

clearly seen that all o f  the eleven biomaterials tested displayed lower relative MTT 

activity when compared with the control, TCPS. This indicates that canine chondrocytes 

exhibited decreased cell metabolic activity on all o f the biomaterials. It has to be 

remembered however that the TCPS used in these experiments is a bare surface devoid o f 

any attachment layer. This could have made the TCPS surface rougher resulting in 

increased cell metabolic activity on TCPS. But among the different biomaterials tested, 

BSA showed increasing cell metabolic activity with increasing number o f layers while 

PEI and fibronectin showed the same up to 10-bilayers. Twenty bilayers showed a 

decline in cell metabolic activity for PEI and fibronectin. PDDA and PSS; these materials 

too displayed increasing cell metabolic activity but only from the 5-bilayers onwards. 

The monolayers o f PDDA and PSS showed the highest cell metabolic activity among all 

the layers for these materials. PEG-amine and collagen displayed decreasing cell
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metabolic activity with increasing number o f layers while in PDL there was a general 

decrease in the cell metabolic activity with the only exception being 2 0 -bilayers which 

showed slightly higher cell metabolic activity than the ten bilayers. Among the different 

layers o f  laminin, the 1 0 -bilayers displayed the highest cell metabolic activity followed 

by 20-bilayers, monolayers and the 5-bilayers.

5.1.14 Roughness vs. Canine Chondrocyte
Cell Metabolic Activity Profiles

To understand the relationship between the roughnesses o f the surfaces o f the 

different materials (measured using AFM) used for LbL and normalized MTT activity 

(NMA) better, the data were plotted in graphical form (Figures 5.42-5.52). These graphs 

displayed some interesting points. There is a stabilization o f the roughness and the NMA 

in the range o f 5- to 10-bilayers for most o f the biomaterials. The transition from 10- to 

20-bilayers for most o f the materials undergoes either a decrease or increase. So this 

raises the question: Do the multilayer configurations have a threshold in the exhibition o f 

their characteristics in between 5- and 10-bilayers? In a previous study with primary 

chondrocytes, cell adhesion was extremely low after the deposition o f 10-bilayers [267], 

Further studies need to be conducted to assess this question.
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Figure 5.42 Roughness and normalized MTT activity for monolayer, 5-, 10-, and 20-
bilayers o f PEG-NH2.
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Figure 5.52 Roughness and NMA for monolayer, 5-, 10-, and 20-bilayers o f PSS.

5.1.14.1 PEG-NH?

The roughness and NMA exhibit a ‘mirror-image’ like behavior (Figure 5.42). 

The roughness exhibits a steep increase o f 2500% from monolayer to 5-bilayers and then 

decreases slightly from 5- to 10-bilayers by 2.31% and again exhibits a steep increase o f 

105% from 10- to 20-bilayers. At the same time the NMA exhibits an opposite behavior 

with a slightly sharp decline o f 20% from monolayer to 5-bilayers and then displays a 

steady level from 5- to 10-bilayers and then displays a sharp decline o f 63% from 10- to 

2 0 -bilayers.

5.1.14.2 Chondroitin Sulfate

There is a very sharp increase o f 3000% in roughness from monolayer to 10- 

bilayers and then a sharp decline o f 50% from 10- to 20-bilayers. At the same time there 

is a sharp decrease o f 60% in NMA from monolayer to 5-bilayers with a subsequent 

increase o f 98% from 5- to 10-bilayers and a subsequent decline o f 42% from 10- to 20- 

bilayers.
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5.1.14.3 PDDA

Roughness increases from monolayer to 20-bilayers steadily. As the roughness o f 

the materials increases, there is a sharp decline o f 6 8 % in the NMA activity from 

monolayer to 5-bilayers, but then there is a 23% increase in the activity from 5- to 10- 

bilayers and a considerable increase o f 61% from 1 0 - to 2 0 -bilayers.

5.1.14.4 PEI

For this material, both the roughness and NMA exhibit an increase from 

monolayer to 5-bilayers with this trend continuing up to 20-bilayers in case o f roughness 

while the NMA shows a decline after 10-bilayers.

5.1.14.5 Fibronectin

There is a steady but sharp increase o f 780% in roughness from monolayer to 10- 

bilayers, but then there is a subsequent small increase o f 6 % from 10- to 20- bilayers. At 

the same time, there is a steady increase o f 72% in NMA from monolayer to 5-bilayers 

with a subsequent very slight drop o f 2% from 5- to 10-bilayers and then there is a 

slightly sharp drop o f 35% from 1 0 - to 2 0 -bilayers.

5.1.14.6 Laminin

This material exhibits a steady but sharp increase o f 420% in roughness from 

monolayer to 1 0 -bilayers with a subsequent slightly sharp incline o f 241% from 1 0 - to 

20-bilayers. The NMA shows a small decline o f 9% from monolayer to 5-bilayers with a 

subsequent sharp incline o f 72 % from 5- to 10-bilayers and then a decline of 28% from 

1 0 - to 2 0 -bilayers.

5.1.14.7 Collagen

This material displays a very sharp increase o f 2000 % in roughness from 

monolayer to 10-bilayers with a subsequent slight decrease o f 8 % from 5- to 10- bilayers
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and then a slight increase o f 4% from 10- to 20-bilayers. On the other hand there is a 

sharp decline o f 56% in NMA from monolayer to 5-bilayers with a nearly steady level 

from 5- to 10-bilayers and a subsequent slight decline o f 39% from 10- to 20-bilayers. 

Figure 5.48 displays the relationship between the roughness and NMA for collagen.

5.1.14.8 PDL

This material exhibits a very sharp increase o f 3000% in roughness from 

monolayer to 5 bilayers with a slight decline o f 5% from 5- to 10-bilayers and then a 

small increase o f 19% from 10- to 20-bilayers. With regard to NMA, there is a sharp 

decline o f 64% from monolayer to 10-bilayers with a subsequent small increase o f 6 % 

from 1 0 - to 2 0 -bilayers.

5.1.14.9 PLL

There is a very sharp increase o f 2000% in roughness from monolayer to 5- 

bilayers. Subsequently, there is a small increase o f 15% from 5- to 10-bilayers while 

there is a slightly sharp incline o f 200% from 10- to 20-bilayers. At the same time, the 

NMA shows a slightly sharp decrease o f 58% from monolayer to 5-bilayers with another 

decline o f 20% from 5 to 10 bilayers and a subsequent slightly sharp incline o f 65% from 

1 0  to 2 0  bilayers.

5.1.14.10 BSA

A special characteristic about roughness worth mentioning for this material is that 

BSA is the sole material among all the materials which exhibits a small value for 

monolayer while the rest o f the materials exhibit even smaller values o f roughness. There 

is a sharp increase o f 175 % in the roughness from monolayer to 5-bilayers and then there 

is a decline o f 31% from 5- to 10-bilayers with a subsequent 1% decrease in the 

roughness from 10 to 20 bilayers. At the same time there is a slight increase o f 9% in the
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NMA from monolayer to 5 bilayers, and this increases by 35% from 5 to 10 bilayers with 

a considerable jump of 81% in NMA from 10 to 20 bilayers.

5.1.14.11 PSS

This material exhibits a steady increase in roughness from monolayer to 20 

bilayers o f 1 0 0 0 0 % while in the case o f NMA there is a sharp decrease o f 62% from 

monolayer to 5-bilayers with a subsequent increase o f 100% for 20 bilayers.

5.1.15 Statistical Analyses

5.1.15.1 MTT Assay -  Canine Chondrocytes

The two-way ANOVA and Tukey analyses conducted on the cell metabolic 

activity results o f canine chondrocytes using SAS show significant interactions between 

biomaterials and layers. Table 5.10 exhibits the results o f the statistical analysis o f canine 

chondrocytes’ cell metabolic activity data.

Table 5.10 Statistical outputs for the canine chondrocytes’ cell metabolic activity.

2-Way
ANOVA
Statistic

Material

1 3 . 5 0  
( < . O O O 1 )

3 6 . 4 6  
(< . OOOl)

Layer VI ate rialx
Layer

1 3 . 2 2  
(< . OOOl)

5.87 
(<.0001)

Note: Each value represents the F-Statistic with the P-Value in brackets.
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5.1.15.2 LDH-L Assay -  Chondrosarcoma Cells

Three-way ANOVA and Tukey’s conducted on the results obtained from the 

LDH-L analysis on chondrosarcoma cells revealed statistically significant differences for 

the type o f layer. The mean o f 10-bilayers (18.989) was significantly different from the 

mean o f 5-bilayers (13.636). Table 5.11 displays the results.

Table 5.11 Statistical analysis results o f LDH-L Assay conducted on PBAC.

3-Way ANOVA 
Statistic

Density Material Layer

1.28 1.47 0.79 15.67
(0.1524) (0.2279) (0.6504) (0 .0 0 0 1 )
Densityx Densityx Materialx DensityxMaterialx
Material Layer Layer Layer

1.15 0.80 0.95 0.95
(0.3308) (0.3729) (0.4942) (0.4933)

Note: Each value represents the F-Statistic with the P-Value in brackets.

5.2 Micropatterned Surfaces

Micropattemed surfaces have been created for patterning cells using many 

approaches such as SAMs [87], LbL [166, 268], These surfaces are important for 

developing tissue engineering, cell arrays, biosensors [268], co-culture sytems [6 6 , 269]. 

Different materials such as ethylene glycol (EG) [61], poly(ethylene glycol) (PEG) [113], 

albumin [235], o f which PEG has been one o f the most commonly used. PEG-amine has 

been used to create a cell-resistant platform [268]. A wide variety o f eukaryotic cells 

have been grown and studied on micropattemed surfaces [84, 87, 269-272]. In vitro 

platforms are required to study the different cellular mechanisms. But with the traditional 

platforms, sufficient control cannot be obtained over the cellular microenvironment [87] 

which requires precise spatiotemporal control. Thus, micropattemed surfaces have been 

utilized to answer several fundamental questions in cell biology and tissue engineering.
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For example, it was shown that cell function could be regulated by controlling cell shape. 

This fact was demonstrated by the growth o f hepatocytes on micropattemed surfaces. The 

authors observed decreased DNA production and increased cellular apoptosis associated 

with a decrease in the cell adhesive surfaces [273]. Also cell shape was found to be the 

regulatory factor in both cell apoptosis and growth, based on the observation o f 

increasing restriction o f the size of micropattemed islands coated with different densities 

o f ECM and growing bovine and human endothelial cells on the islands [87].

The use o f LbL for creating micropattemed surfaces brings in all the advantages 

offered by LbL -  excellent control over surface properties like thickness [268], 

roughness, simplicity and cost-effectiveness. LbL micropattemed surfaces help in 

obtaining the precise microenvironment as these surfaces can be sufficiently tuned to 

release the factors necessary for the growth o f cells and regulate them. Based on the 

requirements, polyelectrolytes and proteins can be used to create either cell-resistant or 

cell-adhesive patterns. Different eukaryotic cells have been grown on these 

micropattemed surfaces demonstrating the effectiveness o f these surfaces [166, 274]. In 

this study, micropattemed surfaces were created using LbL-LO technique [74, 90]. The 

most important advantage of the LbL-LO method is the spatiotemporal control and the 

ability to constmct well-defined structures o f differing functionality in close proximity 

[247]. In this study, Phase contrast imaging was done to characterize the micropattemed 

surfaces.

5.2.1 Phase Contrast Images of Micropatterned 
Substrates

Nearly all the micropattems with the exception o f collagen had well-defined 

borders. Also, the 10- bilayered micropattems appear better-formed than their 5-bilayered
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counterparts, which was again expected as the increased bilayers definitely lead to better

deposition o f the materials in the micropattems due to the increased thickness o f the

materials deposited. Depicted in figures 5.53-5.57 are the phase-contrast images o f the

various micropattemed substrates. The number o f bilayers is shown as a subscript while

the pattern sizes are mentioned in pm.

5.2.1.1 Micropatterned Substrates with 
PDDA as the Outermost Laver

From the morphological observations, the 5-bilayered micropattemed substrates 

appear different than their 10-bilayer counterparts. Usually, protein patterns have such an 

appearance as seen in the 5-bilayered PDDA micropattems.

(c) (d)

Figure 5.53 (a) (PSS/PDDA)5-80  pm, (b) (PSS/PDDA)5-100 pm, (c) (PSS/PDDA)i0-80
pm, (d) (PSS/PDDA)io-100 pm.
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5.2.1.2 Micropatterned Substrates with 
CS as the Outermost Laver

(c) (d)

Figure 5.54 (a) (CS/PEI)5/CS-80 gm, (b) (CS/PEI)5/CS-100 gm, 
(c) (CS/PEI)10/CS-80 pm, (d) (CS/PEI) i0 /CS-100 pm.
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5.2.1.3 Micropattemed Substrates with 
PEI as the Outermost Laver

(c) (d)

Figure 5.55 (a) (PSS/PEI)5-80  gm, (b) (PSS/PEI)5-100 gm, (c)(PSS/PEI)i0-80  pm
(d) (PSS/PEI)io-100 pm.
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5.2.1.4 Micropattemed Substrates with 
Collagen as the Outermost 
Laver

The slightly irregular borders o f collagen were expected as collagen is a protein. 

The adsorption time o f 30 minutes adapted for proteins like collagen might have been

less, which could be another reason for the slightly irregular patterns.

(c) (d)

Figure 5.56 (a) (PSS/Collagen)s-80 pm, (b) (PSS/Collagen)5-1 0 0  pm, 
(c) (PSS/Collagen)i0-80  pm, (d) (PSS/Collagen)10-100 pm.
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5.2.1.5 Micropattemed Substrates with 
PSS as the Outermost Laver

The lines which appear in figure 5.57 (c and d) are a result o f chromatic 

aberration during image-acquisition.

Figure 5.57 (a) (PSS/PEI)5/PSS-80 pm, (b) PSS/PEI)5/PSS-100 pm, 
(c) (PSS/PEI)i0/PSS-80 pm, (d) (PSS/PEIV PSS-100 pm.
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5.3 Micropattemed Co-Culture Platforms

Co-cultures have served as important models and facilitators in tissue engineering 

for studying the interactions between cells; cells and the ECM and soluble stimuli 

(growth factors, cytokines). These interactions pertain to the physiology o f the various 

organ systems in the adult and the developing embryo [6 6 ], A wide variety o f techniques 

has been utilized to construct these co-cultures. Some o f the most common methods o f 

building co-cultures have involved microfabrication techniques (photolithography) [275, 

276], SAMs, electroactive substrates [156], microfluidic networks and patterning. Each 

technique has its own advantages as well as disadvantages. New methods need to be 

explored for the attainment o f an optimal co-culture platform having maximum 

advantages and minimum disadvantages. In this study, co-culture scaffolds were built 

using the LbL-LO procedure.

Bhatia et al. were the first to use microfabrication for co-cultures o f cells. They 

devised a modification based upon previous methods for the modification o f surfaces 

with aminoethylaminopropyltrimethoxysilane coupled to glutaraldehyde and collagen. 

The differences in serum content o f cell culture media too were put to advantage by 

Bhatia et al. The most important achievement o f Bhatia et al. was the control o f both 

homotypic and heterotypic interactions. Some o f the limitations o f traditional co-cultures 

involved the lack o f variations in the local seeding density o f  the cells independently o f 

the cell number [6 6 ],

Patterned proteins have been created from a variety o f methods, with the most 

common being photolithography and soft lithography. Here, a simple approach 

combining photolithography, LbL self-assembly and photoresist lift-off was utilized to
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create checkerboard (chessboard) patterns o f antibodies on top o f polyelectrolyte-protein 

multilayers. A spatial demarcation o f five microns was achieved in between the generated 

patterns o f anti-CD 44 rat monoclonal antibody atop vitronectin and anti-rat osteopontin 

(MPIIIBlOi) antibody atop fibronectin. Different characterization techniques like 

fluorescence microscopy, surface profilometry, and atomic force microscopy were used 

to characterize the patterns generated. These patterns have many applications including 

co-culture o f cells, drug testing platforms and sensors.

5.3.1 Phase Contrast Microscopy

The single square components and double component (checker board) shown in 

Figure 5.58 have dimensions o f 80 x 80 pm2 each. It can be observed that the 

micropattems have clear-cut and defined borders indicating the proper replication o f the 

photomask.

(c) (d)

Figure 5.58 (a), (b) -  Single-component micropattems; (c), (d) -  double component
(checker board) patterns
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The double-component checker board patterns were achieved using the LbL-LO 

technology [74]. The results demonstrated here in conjunction with earlier results prove 

that LbL-LO method is ideal for patterning applications [74, 90], From the images it can 

be seen that the edges o f the patterns are not very sharp. This problem can be resolved by 

optimizing the techniques involved in photolithography and the subsequent LbL 

assembly methods.

5.3.2 AFM Analysis

AFM scans were performed at several different positions on the co-culture 

patterns. The roughnesses o f the patterns in the scans were determined. Six multiple 

measurements were made and the averages calculated (n=6 ) [91]. The images obtained 

from the AFM analysis [Figure 5.59 (a)] confirmed the adsorption and deposition o f 

proteins and antibodies. Figure 5.59 (b), (c) exhibit the edges o f co-culture pattern tiles.

(a) (b) (c)

Figure 5.59 (a) AFM image o f antibody deposited on the co-culture pattern; (b), (c)
edges o f co-culture pattern tiles.
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AFM scans confirmed the differential deposition of antibodies onto the co-culture 

patterns. Figure 5.60 reveals the differences in the average and RMS (Root Mean Square) 

roughness o f the two antibodies in the creation o f the co-culture patterns.

25

£ 20

% 1 5  O)c
■E 1 0oi

I  a

□ Average Roughness 
■ RMS Roughness

CD-44 Osteopontin

Figure 5.60 Average roughness and RMS roughness o f antibodies deposited on co-culture
platforms.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

In this dissertation, the fledgling science o f nanobiotechnology has been explored 

in relation to chondrocytes. The work presented here uses LbL self-assembly technique to 

modify surfaces with several polymers and polypeptides and examines the subsequent 

growth o f three types o f chondrocytes on these surfaces. This study’s hypotheses were 

proved for some o f the biomaterials tested, and cells on some o f the materials exhibited 

increasing cell metabolic activity and viability with increasing number o f layers.

The trend of increasing viability with increasing bilayers was the characteristic of 

the study on bovine articular chondrocytes. CS exhibited this tendency for cell density 

one (5000 cell/ml). Many materials like PEG-NH2 , PDL, CS, collagen, fibronectin, PSS 

and laminin showed increasing viability with increasing number o f layers for cell density 

two (15000 cell/ml). Similarly, for cell density three (25000 cell/ml), cell viability 

increased with the number of layers on PDDA, PDL, CS, PLL, fibronectin and PSS. This 

behavior can be utilized to create spatiotemporal differences in applications like tissue 

engineering, sensors, and co-cultures.

110
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PBAC exhibit a SROP on mono-, bi-, and tri-layers o f both polyelectrolytes and 

polypeptides. PEG-amine, PDL, chondroitin sulfate, P E I , PLL, fibronectin and PSS were 

more favorable for the growth and viability o f chondrocytes than other materials used. 

The highest viabilities occurred on laminin, PEG-NH2, PDL, PEI, TCPS, BSA, CS and 

fibronectin. The highest cell metabolic activity was observed on CS, laminin, PLL, 

TCPS, fibronectin, PDL and BSA. Further work with increased number o f bilayers needs 

to be done to understand the influence o f multilayer architectures on PBAC. The most 

important observations from the live-dead morphological image analysis were that 

chondrocytes on bilayers o f PDDA, PLL and PSS were significantly larger than cells on 

other layers o f PDDA, PLL and PSS and that cells on bilayers o f BSA were better- 

attached when compared to the cells on other layers o f BSA. This raises the question -  

Do cells on even-numbered bilayers behave differently than cells on odd-numbered 

bilayers? This question needs to be investigated further. In the present study, cells from 

passage three were used. Future studies can examine primary cells grown on the 

multilayer films right after the isolation o f the cells.

The most important conclusion from the growth o f human chondrosarcoma cells 

on 5- and 10-bilayer nanofilms was that 10-bilayer nanofilms exhibited less cytotoxicity 

compared than their 5-bilayer counterparts. O f all the materials tested, 10-bilayers 

collagen (density -  25000 cells/ml) showed the least cytotoxicity among all the materials. 

The difference between LDH-L activity o f chondrosarcoma cells seeded at a density of 

25000 cells/ml for 10-bilayer films and 5-bilayer films was statistically significant. While 

the comparison between 5- and 10-bilayers suggests that as the number o f bilayers 

increases, the cytotoxicity decreases, it remains to be seen whether this tendency
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continues with larger number o f bilayers. However, reduced cytotoxicity was observed 

with increased number o f bilayers in our studies o f chondrocytes on nanofilms.

On BSA, cell metabolic activity increased with the number o f bilayers, but for all 

o f the biomaterials, cell metabolic activity was lower than observed on the control, bare 

TCPS. This result indicates that even 20-bilayers were not enough to fully enhance the 

cell metabolic activity. However, to see whether the trend for improved metabolic 

activity with number o f layers continues and raises the activity above the control case, a 

number o f bilayers larger than 2 0  needs to be constructed and evaluated for the effects of 

multilayer architecture on cell metabolic activity. MTT is not just an indicator o f cell 

metabolic activity, it is also an indicator o f viability. Further, cytotoxicity analyses need 

to be undertaken to evaluate the cytotoxicity o f  the different biomaterials.

Whereas the results indicate that cell metabolic activity increases with the number 

o f bilayers, the results vary with the type o f species of chondrocytes. Regulation of 

phenotype is important for tissue engineering, especially for chondrocytes which have 

multiple phenotypes. In this work, an attempt was made to stabilize the phenotype of 

chondrocytes on LbL-assembled films and there were differences among the different 

nanofilms. These differences were dependent upon the seeding density and the number o f 

bilayers.

Substrates micropattemed with the LbL-LO technique may be used to engineer 

the phenotype o f chondrocytes. Another novel aspect of this work is the demonstration of 

co-culture checker board patterns using LbL- LO technology. Selective deposition o f the 

antibodies was confirmed by AFM analyses. These co-culture patterns need to be further 

evaluated by cell culture. LbL-LO technology can be used to deliver the necessary
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growth factors, enzymes to help stabilize the phenotype o f chondrocytes and other cells 

used.

6.2 Future Work

Nanofilms with increased multilayer architectures can be built to evaluate the 

influence o f multilayer nanofilms on cells. Nanofilms of up to 40-bilayers and beyond 

can be built and tested. Other species o f chondrocytes and some other cell lines can be 

used in the studies. Is there an optimum range o f bilayers (in between 5- and 10-bilayers 

for example) where cell functionality is the maximum? If so, what is the cause behind 

this? Surface roughness can be one factor involved. These questions need to be answered 

in future work. Influence of other factors like surface charge, elasticity o f the substrate 

should also be taken into consideration and studied.

Cell simulation software can be used as an adjunct to traditional cell-culture work. 

Before starting any research, the questions can be addressed using simulation software 

saving valuable reagents and time. This field is advancing slowly. At present, there are a 

few simulation software programs available. One such program, Virtual Cells, is 

maintained by the National Resource for Cell Analysis and Modeling located at the 

University o f Connecticut Health Center.

The spatiotemporal benefits offered by LbL-LO method can be used to create 

unique platforms for the differentiation o f stem cells into the desired cells by constructing 

borders at the nanoscale in between two or more types o f cells using biomaterials like 

PEG-amine and other mechano-chemical barriers. Also the factors required for the 

differentiation o f stem cells can be inserted in the LbL films during the self-assembly 

process. These unique platforms could be used as potential scaffolds in tissue engineering
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for the treatment o f diseases. Innovative treatments for diseases [277] is fast becoming a 

tradition at Louisiana Tech and hopefully continue in the future.
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