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INTRODUCTION 

1.1 Regenerative therapeutic strategies : Need of the hour 

The treatment strategies for degenerative diseases are passing through a 

transition period, in particular, to address the challenging issues related to patient 

compliance, socio-economic balance and therapeutic efficiency etc.~ Recently 

"miniaturization" has emerged as a buzz word to provide new direction and solve 

few of the issues related to technology improvement. 

1.1.1 Miniaturization the "buzz word" 

Miniaturization of devices has the potential benefit of enhancing the 

treatment efficiency in regenerative therapeutic strategies. The success story of 

developing miniaturized nano-systems in allied fields like electronics and 

computing, along with the advances in biological sciences, leads the facet of 

exploring nano-devices for advanced therapeutic applications. Supramolecular 

assemblies of biomaterials with certain order and defined functional properties, in 

2D and 3D form, play an important role for an optimum performance, through the 

"intelligent" intervention with altered environmental conditions, which paved the 
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platform for this facade. Unearthing the potentials of existing biomaterials at nano 

dimensions and its value addition has incredible prospect in this field. This can be 

achieved with a bottom up, top down or post synthetic modification of the 

materials and devices. 

1.1.2 Ideal biomaterial 

Ideally, biomaterials (for e.g. ceramics, metals, natural products, 

composites, and polymers) has to be biocompatible (inert or active) but essentially, 

pharmacologically inert, nontoxic, easily fabricable, sterilisable, stable, non­

carcinogenic and economical 1 • This has been explored for blood and tissue 

compatible applications both internally and externalll. Clinically they become 

part of drug delivery systems, diagnostic agents, prosthetics, tissue engineering 

scaffolds and combination products needed to treat or diagnose various stages of 

degenerative diseases and pathological conditions. Many of the degenerative 

diseases of tissues or organs lead to their functional loss, and further local to 

systemic, immune and inflammatory communication cascades. Where, age, sex, 

and other disease conditions cause further complications to this scenario. Therefore 

"replacing" the diseased tissue with medical devices or artificial organs comprised 

of biomaterials or tissue counter parts (allogenic and xenogenic) assisted with drug 

therapy and intensive patient monitoring, have been the current treatment 

methodology. 

1.1.3 Degenerative diseases & current therapeutic strategies 

In the case of degenerative diseases affecting blood vessels 3 ' 4 (during 

aneurismal disease, advanced atherosclerosis, traumatic injury) or heart valves5 

(during symptomatic valvular heart disease), surgical intervention and replacing 

the tissue with either synthetic or allogenic and xenogenic tissue substitutes (Eg:­

cephanous vein and PTFE Grafts as well as allogenic and synthetic valves) is the 

only alternative. Which have certain disadvantages such as pseudointimal 

hyperplasia, and early thrombosis in the former and lesser half-life in the later 

2 
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case. While m the case of functional organs like liver 6 • 7 (during hepatic 

encephalopathy), kidnel·9 (chronic renal failure) or pancreas 1 0• 1 1 (diabetes) total 

organ transplantation (liver and kidney) or functional restoration through 

mechanical means (dialysis of kidney, drug or hormone therapy in the case of 

pancreas) are the current approaches. This is affected by the scarcity of organs as 

well as tolerance induced by the prolonged drug therapy. Apart from that 

substitution is often unsuccessful or impossible at certain regions, where correction 

is needed than replacement of the organs (urinary bladder, and heart tissue etc.), 

and the tissue counter parts are the suggested alternative 12 • Tissue engineering and 

cell therapeutics are considered to be the future prospective in this direction. 

1.1.4 Future promises in treatment strategies 

The current tissue engineering strategies are either partial functional 

restoration of tissues as in the case of artificial pancreas or surface modification 

using endothelialisation. However immune reaction to the xenogenic tissue affects 

the patency of the implant. In this direction, allogenic or immune protected in vitro 

cultured tissue grafts are promising. Most interestingly greater success has been 

achieved with an alternative strategy of tissue regeneration through regenerative 

medicine with the help of devices at the site of injury. For that the device has to 

satisfy the following requirements, (1) Minimum invasive intervention of the 

inflammatory site, (2) Miniaturization of devices with high functional aspect ratio 

(3) Reduced non-specific biological interaction ( 4) Progressive and dynamic 

control of immune and inflammatory cascades. Development of "combination 

products" of "intelligent materials" and "bioactive agents" with "dynamic 

controlled ligand supplementation" and "chimeric-morphoneogenesis" with the 

help of porous scaffolds or injectable nano delivery systems 13 helps in regeneration 

of the diseased tissue or organ where "repair than replace" has become the slogan 

of the regenerative therapeutic strategies for degenerative diseases. Genetic 

engineering is another suggested alternative for reducing the immune reaction to 

the above mentioned therapeutic agents. 

3 
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1.1.5 Surface the culprit 

The major problem associated with these medical devices in the biological 

environment is performance failure due to non-specific biological interactions 

(Figure-1.1.5.1). This is regulated by the adsorbed proteins and the pathological 

cells at the material surface. 

S[>edfic 
Interaction 

Non- specific 
Interaction 

Figure-1.1.5.1: Mechanism of biological interaction with the material 
surface; Gross cellular activation processes. Substrate (A), Receptor (B), 
Ligand (C), Protein (D), Protein with altered conformation (E), Cell (F) 

The chemical, physical or biological stimuli in the form of, soluble or 

insoluble ligand induces chemotaxis or mechanotaxis of the cells. The extent of 

phenotypic and genotypic changes in the cells depends upon the persistence and 

amplification of this stimulus. Further dynamic environmental changes regulate the 

structure and sequence of cellular interactions and organ regeneration. 

1.1.5.1 Role of chemical stimuli 

The chemical stimuli at the surface are due to structural components of the 

biomaterials or medical devices. For convenience we can classify the chemical 

stimuli into inorganic and organic stimuli. 

4 
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1.1.5.1.1 Inorganic stimuli 

Many devices have inorganic atoms or ions as their structural components. 

For eg. In the case of ceramic containing devices highly ionic, inorganic atoms are 

available in soluble or insoluble form. Many inorganic ions play pivotal role in cell 

signaling either in the free form or as its derivatives. Soluble calcium and 

phosphate derivatives are important second messengers for many hormones or 

enzymes in intracellular signaling processes; at the same time they also form 

structural component of bone tissue. The calcium ions helps in wound healing, 

and reduces magnesium and manganese mediated adhesion and proliferation of 

tumor cells 14, however, their direct action through transcellular receptors or ion 

channels, on activation of initial pathological events is unknown 15 • Clinically, 

enhanced vascular calcification during elevated calcium concentration in end stage 

degenerative diseases has been observed16 • Calcification of cardiac devices is an 

important failure mode for heart valve and other cardiac devices. At the same time 

they form components of bone substitutes and improve hard tissue compatibility. 

Conclusively ions interact diversely with diverse biological environment and elicit 

various biological responses17. 

1.1.5.1.2 Organic stimuli 

Many devices with polymeric structure have different functional groups. 

These functional groups are either form structural component of the substrate or 

formed during degradation, which induces diverse biological interactions in the 

soluble or insoluble form. The different functional groups immobilized for a 

beneficial biological response includes carbonyl, hydroxyl, carboxyl 18 , amide, 

amine19, thiol, sulphate, sulphobetains, and phosphorylcholine20 or alkyl groups21 , 

drugs22 and vitamins23 , etc. The anionic surface inhibits cell activation by "negative 

cilia effect"24. On contrary cationic surface activates cell response to a greater extent as 

compared to other surfaces 25 . While the nonionic or zwitterionic surface 

inhibits cell adhesion and activation26. The alkyl group interacts with albumin a 

5 
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non-opsonm, and thus reduces further cellular interactions. The effect of large 

immobilized groups like drugs and vitamins depends upon their net ligand-receptor 

interaction, to elicit the biological response. The polarity and the ionic content 

regulated with the biological environment induces and or inhibits biological 

interactions based upon the site of implantation. 

The functional groups, either associated with a rigid surface or form part of 

polysaccharides (Leung et. al. 27 ) or proteins, 28 or tethered through polymeric 

chains. The length of the polymeric chain plays an important role in the varied 

biological response. Apart from the above said specific biological responses, the 

immune system has the ability to identify any kind of groups through major 

histocompatibility complex (MHC) proteins. It has been anticipated that 

zwitterionic groups are an exemption to that, but recent studies by Cobb et. al.29 , 

indicates that MHCII complex has the ability to identify zwitterionic groups also. 

1.1.5.2 Role of physical stimuli 

Various physical stimuli of different kind have been currently explored for 

potentiating different regenerative treatment strategies. In the biological 

environment shear forces significantly influences many physiological processes. 

Bain et. al 30 has demonstrated that, under shear conditions the low molecular 

weight surfactants in sub critical micellar concentrations (CMC) have least affinity 

for the surface due to kinetic barriers, and under high flow conditions it has been 

reduced. Under these circumstances, as in biological fluids where proteins and 

surfactants coexist together, the proteins have a tendency to migrate to the 

interfaces and adhere 31 . Apart from that under static conditions, above CMC, 

single tale amphiphiles have least stability at surfaces (due to stable micellar 

formation), which is further influenced, depending upon number of chains, 

cholesterol content, and hydrophobicity of the surface etc. In a different 

environment of plasma membrane, at CMC and above the surfactant layer is 

stabilized by the intervening protein molecules32. At molecular level the structural 

6 
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features of the lipids and the composite architecture of the lipids and proteins 

stabilizes the bilayer lipid membrane. The blood flow significantly influences the 

cellular motility and alignment in the case of endothelial cells as well as adhesion 

and activation in the case of secretory cells present in the blood. Bruck et. al. 33 

reviewed that, the thrombus formed on material surface under low shear conditions 

is red thrombus, while under high shear conditions it is chiefly of white thrombus. 

Thus flow, and relative composition of the constituents, and the thermodynamic 

stability of the components under low and higher concentrations do influence the 

biological interactions. Apart from that many other forces like, magnetic force for 

tissue engineering34, angiogenesis under cyclic strain35, cell mitogenic activity by 

ultra-wideband (UWB) technology 36 , gravitational forces in musculoskeletal 

development37 Hyperosmotic stress induced apoptosis38 , millimeter waves induced 

reversible phosphatidylserine extemalization 39 , temperature induced cell layer 

removal40 has been explored as part of different treatment strategies. In all these 

cases the forces are applied to the trans-membrane receptors or contractile proteins, 

which activate the G protein-coupled systems in the cell and thus influence cell 

proliferation and differentiation41 . 

1.1.5.2.1 Role of surface energetics 

Surface energetics plays· an important role in non-specific adsorption of 

proteins and other agents which alter the biological events. Adsorption to 

hydrophobic and hydrophilic surfaces has been able to explain based on these 

concepts. Lyman et. al.42 detailed the interaction of biological environment to the 

surface in terms of surface free energy. Baier et. al. 43 studied the solid critical 

surface tension and its role in biological adhesion processes. Andrade et. a!. 44 

reinforced the role of water in controlling the biological activation processes. 

Hoffman et. al. 45 Proposed that ratio of polar and nonpolar forces regulates the 

protein interaction to the material surface. Sharma et. al.46 proposed that optimum 

polar and dispersive force components are required for preferential adsorption of 

proteins to the material surface. Ikada47 et. al. studied the under water work of 

7 



Cliapter 1 Introauction 

adhesion on hydrophilic polymeric substrates and detailed its role in bioadhesion. 

However the specific interactions of proteins to surfaces could not be able to 

explain by these concepts alone. 

1.1.5.2.2 Role of surface polarity 

Polar surfaces inhibit adsorption of ions, proteins and other amphiphiles 

and enhance cellular interactions. As the difference in surface free energy between 

the material-water increases the surface will get adsorbed with ions, other 

amphiphiles and proteins. However since the protein adsorption is multivalent their 

interaction is more intense and eventually protein adsorption to the material 

dictates the cellular response. In the case of highly nonpolar surfaces the adsorbed 

protein has an altered conformation and the conformational change enhances with 

the increase in contact area. The blood plasma, serum or other tissue culture liquids 

has a high content of albumin. Albumin is a non-opsonin therefore albumin 

adsorption passivates the bioactive processes. However as the hydrophobicity of 

the surface reduces the affinity of the protein to the surface also reduces, and 

bigger opsonins will replace the adsorbed albumin. These proteins enhance cell 

response by exposing hidden functional sequences to the surface. 

1.1.5.2.3 Role of size and shape of the surfaces 

Recent studies indicate that cell response to different topographies varies 

with different cells and "contact guidance" may be utilized for specific cell 

response (For detailed review, Curtis et. al. 1999)48 . Surfaces with high nano/micro 

aspect ratio show super- hydrophobic behavior49 , and they interact differently with 

cells. Apart from that, the concave surfaces50 with micron-sized diameter show 

least cell spreading and enhance cell-cell adhesion while convex surfaces51 with 

micro sized diameters show enhanced cell spreading and activation. 

1.1.5.2.4 Stability of the interface 

The mechanical stability of the interface is another important parameter 

influencing the interfacial adsorption of various amphiphilic molecules 52. From 

8 
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adsorption, coalescence, to friction all the physical processes at surface depend 

upon the mechanical stability of the interface. It is also important in the cell 

migration over surfaces53 . Study of ECM mechanical properties and its relation in 

mechanotransduction in wound healing as well as its reduction in cancer metastasis 

gives important evidences about the role of mechanical stability of the interface in 

cell activation processes54 . Mechanical study of the ECM of different tissues and 

its modeling will be an important criterion in the development of new generation 

tissue engineering constructs 55. The traction force developed by the cells depends 

very much on the substrate rigidity56, particularly the surface rigidity. Ladoux 

et. al. has studied the mechanical activity of a single cell, sub-confluent and 

confluent monolayer of endothelial cells, and has observed maximum mechanical 

activity is in the case of sub-confluent layer of endothelial cells57 . Such studies 

indicate that the understanding about the minimum mechanical strength of surfaces 

required for cell adhesion or activation and development of surfaces for controlled 

ligand supplementation is important in controlling mechanotransduction and 

related biological events. 

1.1.5.2.5 Tensegrity of the surface 

In the biological environment, systems exist through tension rather than 

compression, except in the case of skeletal compartment. It has been understood 

that cell structure is being stabilized under tension, due to the tensegrity of its 

structure 58 . In the tissue extension of these tensional force components is extended 

from cytosketeleton of the cells to ECM proteins to the neighboring cells. The 

tissue or organ architecture is regulated by the structural advantage of cytoskeletal 

components in 3D skeleton of the cells as well as regular rearrangement of the 

components in 2D architecture of the cell membrane and ECM proteins 59 . The 

system is made dynamic with altering ECM-receptor binding and it plays critical 

role in cellular responses. Therefore it has been assumed that ECM proteins are 

physical extension of cytoskeletal proteins60 . If we look into the structural freedom 

of the tissues in performing this diverse biological responses the architecture plays 

9 



Cliapter 1 Introduction 

an important role in force transmission two and fro. This indicates that the physical 

extension of cytoskeletal proteins is extended much beyond ECM to tissue 

structure and the organ architecture are modulated precisely m the 

microenvironment by the difference in ECM proteins, indicative from the 

existence of different stages of cell life in the same microenvironment61 in vivo. 

1.1.5.3 Role of biological stimuli 

The different biological stimuli are due to the lipids, proteins and cells 

present in the biological environment. Usually the biological stimuli at material 

surface are due to an ongoing biological interaction at the material surface. 

1.1.5.3.1 Proteins 

The interaction of proteins to the material surface may be initiated either 

through non-specific or specific protein adsorption or being regulated by other 

pathological processes like calcification. The specific peptide sequences present in 

the protein molecules are responsible for the receptor mediated signal transduction. 

The exposure of these adhesion sequences should be energetically favored in the 

free form or in the bound form for a protein to initiate a receptor- ligand 

interaction. In the case of growth factors and cytokines these active peptide 

sequences are either exposed or are exposed suitably during the post-translational 

modification. In many soluble globular proteins these sequences like RGD 62 , 

YIGSR63 , IKVAV64• LRE65, REDV 66, DGEA67, GXG68 , VGVAPG69 are hidden, 

and are exposed when get adsorbed onto the material surface70• Apart from that, 

adsorption and exchange (Vroman effect) of proteins also regulate the 

transmembrane signal transduction 71 • When adsorption of a combination of 

proteins like in the plasma to surface is compared, a size related response is observed 

because more amount of smaller proteins are required to occupy a unit area as 

compared to larger proteins. These proteins are existing in an equilibrium weight­

fraction distribution within the interphase and are identical to bulk solution, 

however the absolute interphase concentration of any particular protein adsorbing 
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from a mixture is proportionately smaller to that adsorbed from a pure, single­

component solution of that protein due to competition with other constituents. 

Krishnan 72 et. al. interpreted Vroman effect as a natural outcome of protein 

reorganization to achieve an equilibrium interphase composition, dictated by a firm 

set of mixing rules. However under certain conditions, this size discrimination can 

be amplified by the natural variation in protein-adsorption avidity, depending upon 

their partition coefficient (P). Here smaller proteins (MW<50kDa) exhibits 

characteristically higher P than larger proteins (MW>50kDa)73 . But in the case of 

ligand based protein adsorption, the protein binding avidity controls the entire 

scenario of protein adsorption74. 

1.1.5.3.2 Cells 

Apart from the proteins, the phenotypic and genotypic pattern of the cells 

changes, when in contact with different materials. Even though all the different 

cells are derived from a single cell, and all the properties are conserved, they 

behave differently depending upon the environment. The literature is flooded with 

the heterogeneous cell signaling in tissue regeneration and degeneration both in vivo 

and in vitro. However evidences for homogeneous cell- cell signaling in different 

architectures like on 2D assay substrates, confluent cell sheet, tissue architecture, 

spheroids and cancer tissue for a specific material is hardly available 75 . 

1.1.5.3.3 Lipids 

Lipids form one of the major components of the biological building blocks. 

Apart from their role in membrane structure they also play an important role in 
. 1 . 76 signa processmg . 

They are amphiphilic in nature and easily occupy the interface when they are in 

the free form. In presence of structurally similar molecules they self-assemble to form 

different 2D &3D structures, which has a lot of significance in the biological milieu 

(E.g. cell membranes)77• They also found to play an important role in the existence of 
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many micron-sized organisms, under stress 78 • Based on the above said stimuli different kind 

of interactions happen at the material biology interface. 

1.1.6 The environment 

The material-biology interface is greatly influenced by the aqueous 

environment. Here the density of the neighboring solid bodies regulates dynamics 

of the aqueous environment. Therefore understanding about the physical 

parameters regulating the environmental dynamics is very important. 

1.1.6.1 Friction at the interface 

It has been observed that the water layer adjacent to the material surface 

has maximum friction79 as compared to the bulk water and is dependent upon the 

surface viscositl0. This increases with increase in interfacial energy differences 

between the material and the water81 . Surfactants seem to reduce the friction at the 

interface82 . The effect of friction is reduced with increase in flow83 . In absence of 

surfactants and flow this surface friction guides the large molecular weight 

molecules high affinity ions and other molecules to the surface to get adsorbed and 

thus initiates "surface synthesis". As this reduces, the interfacial energy differences 

and as a result friction reduces, and the system becomes more thermodynamically 

stable. However the adsorption of such agents to the surface may create more 

confined domains and holes in the surface, which induces flow differences in the 

material surface. These sites eventually act as the site for surface synthesis. But in 

mono and multi layered surfactant amphiphilic surfaces such enhanced surface 

synthesis is not observed84, as compared to surface adsorbed with protein layers85 . 

1.1.6.2 Water at the interface 

Vogler et. al 86 . has demonstrated that the structural difference of the 

interfacial water at the material-water interface also determines the biological 

response to the material surface. Depending upon the polarity of the surface, there 

exist at least two kinds of water structures one is a relatively less dense water 

region on hydrophobic surfaces with an open hydrogen bonded network and other 
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one is relatively denser water regiOn on hydrophilic surfaces with collapsed 

hydrogen bonded network due to hydrogen bonding with the polar surface. As a 

result hydrophobic surfaces support adsorption of various surfactants and proteins 

from water because expulsion of solute from solution into the interphase between 

bulk solid and solution phases is energetically favorable. Adsorption to hydrophobic 

surfaces is driven by the reduction of interfacial energetics concomitant with 

replacement of water molecules at the surface by adsorbed solute (surface 

dehydration). Hydrophilic surfaces do not support adsorption because this mechanism is 

energetically unfavorable. Recently Belfort et. al. 87 . demonstrated that the helix 

and random content (as measures of secondary structure) normalized by the 

molecular weight of a protein are significant for predicting protein adsorption and 

are likely related to protein stability at interfaces. This is exceptionally true in the 

case of hydrophobic surfaces and large molecular weight proteins. 

1.1. 7 Renewabilty of the interface 

Structural components of cells, tissues and biological interfaces are 

renewable, which intern fine tunes the biological interactions. When an artificial 

organ is implanted, its surface renewability is lost. Ebberhart et. al. proposed a 

novel approach to develop a protein based renewable surface88. Further Zwaal et 

al 89 proposed the role lipid composition and its renewability in controlling the 

pathological interactions at the cell surface. For such cases continuous 

replenishment of the fresh surface may be relevant for the controlled ligand 

supplementation at the interfaces. 

1.1.8 Mechanical stimuli vs. chemical stimuli 

Recent studies indicate that ECM proteins are physical extensions of 

cytoskeleton and the mechanical transduction plays an important role in all the cell 

adhesion and activation processes. However here there is enough evidence for 

cross-talk between the chemical and mechanical stimuli mediated signal transduction. 

The differences in mechanotransduction in 2D and 3D architecture also indicate the 
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role of modulating the signal gradience across the substrate. However more 

understanding is to be generated on the role of mechanotransduction in pathological 

processes, as this may be helpful in developing new generation of biomaterials for 

more control of tissue architecture in tissue engineering. As these chemical, physical 

and biological stimuli and its amplification due to environmental factors regulate the 

cellular activation processes resulting in implantation or inflammatory events. 

1.2 Inflammatory events at the material- tissue interface 

The material-biology interaction starts at a very early stage, upon 

implantation. Bacterial adhesion and bio-burden during manufacturing are an 

important factor that regulates the early pathological events. 

1.2.1 Implantation of devices: Site of implantation vs size of implant 

Materials for internal use are being usually implanted in any of the biological 

cavities or tissues, with or without the surgical assistance. The inflammatory or immune 

response to these materials varies depending upon the contacting tissue, size of the 

device and other physical characteristics of the material. The figure-1.2 .1.1 below shows 

the implantation of devices of different dimension into the wounds of different length. 

I II ill IV 

Figure-1.2.1.1: Implantation of devices of different dimension in to the 
wounds of different length. Tissue architecture (I); Skin (A), Blood (B), Soft 
Tissue (C), Hard Tissue (D). Injury and wound healing (II), Injury exposed 
to small devices (III), and Injury exposed to big devices (IV) 
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1.2.2 Events in an open wound 

Coagulation followed by the wound healing and tissue regeneration is the 

important event after any tissue damage, whether it is due to trauma or 

implantation of a medical device90• Differently, in the case of implantation, the 

implant surface along with the adjuvant medication regulates the normal wound 

healing, and tissue regeneration process. 

1.2.3 Wound healing and tissue regeneration 

In a wound the thrombus stops bleeding and act as a scaffold for the cells. to 

migrate and grow. The platelets and damaged cells deliver bioactive molecules 

immediately to the site91 • The neutrophils do initial cleansing and macrophages 

remove the particulate matter, and continue the synthesis of required growth 

factors and cytokines. The fibroblasts recruited by the chemotaxis, continue the 

synthesis of other growth factors and the collagen, which form the basic structural 

unit of the extra cellular matrix (ECM). ECM formation is followed by tissue 

regeneration. The figure-1.2.2.1 below shows the surface activation of cellular 

responses. 

(b)~~~!~f.~!:e r--------,~,-------+> Secretory Ftmction 
(a) Platelets 

PDGF, TGF-b,FGF-b 
Fibro:nectin 

Surface 1 
Protein layer 

(c) Fibroblasts ------?> 
Fibronectbt, La:m:i:ttin, Collagen, 
Glycosam.btoglycan. 

Extra cellular Matrix 

I 
(d) Endothelial cells______, Angiogenesis 

PDGF,U.-1 ,FGF-b. 

I 
(e) Smooth muscle cells~ Hyperplasia 

PDGF,ll.-1, Growtk&ctor 

Figure-1.2.2.1: Surface activation of cellular responses 

This normal wound-healing pattern is mimicked in many of the therapeutic 

strategies of structural restoration of the tissues in vitro or in vivo conditions. 
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1.2.4 Alteration of wound healing and tissue regeneration by the implant 

However for an implant, the blood clotting on the material surface IS 

initiated by the contact activation of the intrinsic coagulation pathway92 . This 

thrombus formation is followed by complex acute and chronic inflammatory 

reactions lead to various kinds of effects like, passivation, capsule formation or 

tissue induction, integration and rejection. The figure-1.2.3.1 shows the different 

stages of inflammatory process in a wound. 

+-Acute - Chronic- Granulation Tis: sue------.;,... 
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Time 
(Minutes, Horns, Days, Weeks) 

Figure-1.2.3.1: Time based phenomena at an inflammatory site. 
Mononuclear Leukocytes (A), Neutrophils (B), Macrophages (C), 
Neovascularisation (D), Foreign Body Giant Cells (E), Fibroblasts (F), 
Fibrosis (G). Concept conceived93and redrawn 

1.2.5 Role of agents in the environment in altering the healing process 

This is further being modulated by the flow, concentration of ions, growth 

factors, and other soluble and insoluble bioactive molecules. The extent of 

biological reaction varies differently with material size, surface properties, extend 

and duration of implantation, presence of biological fluids, vasculature, physical, 

chemical and biological stress, and site of implantation as explained earlier. This 
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deviation in normal wound healing pattern also has been extensively utilized for 

developing therapeutic strategies in degenerative diseases. 

1.2.6 Inflammatory events at cellular level 

At cellular level, the initial acute inflammation by the material is very 

important, in spite of size and shape of implant, as well as site of implantation. 

This can be considered as the first live cellular response by the material surface, in 

vivo, and is dependent upon the surface properties of the material, stress produced 

by the material to the surrounding environment, as well as the agents present in the 

surrounding environment. Therefore a close control of the above said factors gives 

opportunity for controlling the cellular response, eventually the organ and other in 

vivo response to the biomaterials. 

The competing inflammatory and immune cascades influence the cellular 

activation process at the material- biology interface, which in tum will causes lysis 

and immune rejection of the device or biomaterial. Figure- 1.2.5 .1 illustrates the 

contribution of different cascades in the immune processes. 

Cascade 

Surface 

Complement ~ Lysis 
Cascade 

Figure-1.2.5.1: Different acute inflammatory cascades during enhanced 
vascular permeability 

Since the phenotypic and genotypic pattern of the different cells depend upon 

the transmembrane signaling, which in tum depends upon the ligand- receptor 

interactions a close understanding about the kind of ligand supplementation is very 
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important in controlling the cellular responses. Various ligands are available in the 

bound or unbound form along with bound or unbound receptors. Here monovalent 

or multivalent interaction can happen between these two. The antigen- antibody, 

drug-receptor interactions are examples of monovalent interactions while cell- cell, 

cell-matrix interactions are multivalent interactions. Here the signal transduction is 

depend upon (1) The relationship between receptor-ligand chemical equilibrium 

binding parameters (2) The effects of physical forces on bond association and 

dissociation; and (3) The locus of disruption of adhesion molecules ( 4) The 

conformational state and stability of the receptor- ligand complex (5) and the 

ability of the complex to associate with other molecules. All these interactions will 

reduce the free energy parameter. 

1.2.7 Trans-membrane signaling 

In the case of trans-membrane signaling, the association of soluble or 

bound ligand with the G protein coupled trans-membrane receptors activates the 

secondary messengers which in turn initiate other precursor enzymes in the 

cytoplasm and in the nucleus. This determines the phenotypic and genotypic 

pattern of different cells. Ingber et. al 20 demonstrated the critical role of mechano­

transduction in growth, apoptosis, differentiation and motility in the case of adhesion 

dependent cells. Studies on ECM coated beads demonstrated that the focal adhesion 

points are formed within few minutes, when rounded, suspended cells are coming in 

contact with the beads, but they are transient as compared to focal adhesion points 

(FA) forming on substrates94, and they will mature on beads only if external force is 

applied95 . But mature FA is easily formed on ECM coated flat surfaces due to contractile 

transmembrane proteins96 . Therefore it has been concluded that the mechanotransduction 

plays an important role in many of the phenoty pic factors of the cells in organized tissues. 

1.2.8 Cancer cells and embryogenesis, cell response in two different saga 

Cancer cells extensively proliferate in absence of ECM stimuli. This is also 

true in the case of organogenesis along with angiogenesis. Where soluble stimuli 
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plays an important role. However the cancer cannot perform an organized 

mechanical function. Indicating that in cancer tissue the tensegrity of the organ 

architecture is lost. Ingber97 et. al. redefined cancer as a disease of epithelial­

mesenchymal interaction and extra cellular matrix regulation. 

1.2.9 Mimicking cell response in cancer metastasis and embryogenesis 

Directed cell migration is an important phenomenon in many important 

biological processes like angiogenesis, tumour metastasis, wound healing as well 

as in immune response. In this case the cell response is with respect to the 

gradience of soluble ligands98 • These factors promote cell migration by activating 

the members of the Rho family of GTPases, Rae and Cdc- 4299 guided through 

ligand receptor interaction or ECM adhesion and integrin mediated directed cell 

migration, which is further influenced by the mechanical rigidity of cell 

substrate 100. It induces actin based lamellopodia, filopodia, and fascin containing 

microspikes that drive cell extensions. 

1.2.10 Cross-talc between growth factor and mechano receptors 

Cross-talc (Figure-1.2.9.1) between the growth factor and mechano 

receptors also happens, which gives rise to a synergetic or antagonistic active response. 

Figure-1.2.9.1: Erkl/2 activation leading to cyclin D1 expression by 
collaborative cross-talk between integrins and growth factor receptors 
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In effect it results in macroscopic effects like cell adhesion, spreading, 

phagocytosis, proliferation and differentiation depending upon the above­

mentioned molecular level interactions 101 •102 • 

1.2.11 The challenge of mimicry of embryogenesis in open wounds 

In the case of implant in an open wound first blood cells come in contact 

with the materials followed by pathological tissue counter parts, followed by the 

invasion of the repair cells, and finally respective tissue cells. Various multiple 

soluble and insoluble ligands are regulating the diverse biological events. This 

usual wound-healing model is not similar in tissue formation in the case of 

embryogenesis and cancer metastasis. Where close control of the signal 

transduction reduces change in phenotypic and genotypic pattern of the cells as 

well as reducing heterogeneous cellular migration during organ regeneration. 

Therefore a dynamic system which can respond with the tissue environment can 

mimic cell response resembling embryogenesis in open wounds, which has 

tremendous opportunity in tissue regenerative processes. The major challenge in 

this scenario is to control the actin mediated cellular activation processes. A 

detailed understanding about the current surface modification strategies and 

renewed understanding about the material-biology interface and various 

miniaturization strategies helps in addressing such challenges. 

1.3 Surface modification of materials 

Surface modification of the materials is a need when the inherent structural 

components of the material or the device cannot elicit a satisfactory biological 

response. This is mainly due to biofouling at the material surface. Biofouling is the 

undesirable physical adsorption of the various agents onto the substrate, which 

influences the functionality of an interface. This may be involved in biorecognition 

processes of the surface of devices like targeted drug delivery systems, biosensors 

etc. In the bottom up approach of miniaturization strategies, the surfaces with high 

specific binding avidity or antifouling surfaces are most desirable. Antifouling 
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surfaces attain special recognition, as it is more important in many biomedical 

applications like intraocular lens, long circulating drug delivery systems, 

biosensors, mechanical ventricular assist devices etc. The figure 1.3.1 shows a 

comprehensive picture of current surface modification strategies 

Cells 

A Non-adherent cells 

B Adherent cells 
C Secretory cells 

0 

0~ 0 

Proteins 
a Non- opsonin 

b Opsonin 
c Mitogen 

Figure- 1.3.1: Gross picture demonstrating the biological interaction at 
biomaterial surfaces and current surface modification strategies. The 
division colored with grey indicates the surface and white indicates the 
biological fluids (Blood, Inflammatory exudates, Tissue culture, Tissue 
regeneration fluids etc.). Section-1, Polar; Direct cell interaction (1), 
Growth factor adsorbed or immobilized on surface (2), Tethered growth 
factor (3), mediated cell interaction; Non-opsonin (Albumin) binding 
renewable surfaces, where least cell interaction happens (4), Cell 
membrane mimetic surfaces (5). Section-11, Optimum; Ideal surface. 
Section-III, Non-polar, Preferential albumin adsorption (1); Vroman 
effect, cell adhesion and activation (2). Section-IV Non- polar to Polar 
(Thermoresponsive), Initial protein adsorption (1), Protein mediated cell 
adhesion and cell layer removal (2) 

Surfaces with specific binding affinity for proteins, is more desirable under 

special cases like blood contacting nanomaterials for diagnostics, targeted drug 

delivery systems, guided tissue engineering etc. This acts as a switch between 

passive to active interface for molecular recognition. 
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All these processes require an understanding of the interactions that occur at the 

interface between a solid material surface and the biological environment. The 

material surface energetics play an important role in regulating the non-specific 

binding of the molecules. It has been observed that most amphiphilic biological 

molecules like lipids and proteins have specific affinity to the material-biology 

interface. The interfacial energy changes between the surface and the surrounding 

system are the driving force for these molecules to migrate to the interface, as 

explained earlier. 

The specificity and strength of adhesion depends upon the size and area of 

contact in the case of stable surfaces. As the surface to volume ratio of the system 

increases, biorecognition also increases. Most hydrophobic surfaces are highly 

biofouling, while hydrophilic surfaces are antifouling. Thus, the tailoring of 

surface chemistry by synthetic tools and nanofabrication techniques becomes an 

important avenue for the production of surfaces of biospecific binding properties 

with minimized background interferences. 

1.3.1 Modification of surfaces with supramolecular assemblies a lime light for 

miniaturization- current strategies 

Development of surfaces with supramolecular assemblies has been 

identified as one of the important strategy in bottom up synthesis of highly 

functional nano-scale surfaces. Synthetic amphiphilic molecules of varying 

dimension, which can self-assemble to varied morphologies such as vesicles, 

tubes, disks, lamellas are being explored for developing surface coatings 103 . The 

different supramolecular assemblies can also be formed out of polymeric 

amphiphiles. For. Eg. Large molecular weight peptide amphiphiles found to form 

nano-tubes and nano-vesicles104 in different solvents. Synthetic diblock polymers 

also shows bundled fibre morphology like colloids. The supramolecular structure 

depends upon the size and the shape of the amphiphiles. Apart from that peptide­

polymer conjugates also found to form colloidal architectures with defined 
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geometry 105 . Supramolecular membranes has also prepared from hybrid 

amphiphiles 106 • Catanionic surfactants also show supramolecular self-assembled 

structures like rods 107 . These structures have been explored for the surface 

modification of biomaterials. 

1.3.2 Biomimetics of cell membrane - an interesting approach to reduce 

biofouling using thin films 

The biological membranes are versatile in circumventing the adsorption­

related phenomena and are effectively participating in the biological 

communication processes. This is attributed by the membrane fluidity, packing, 

and orientation of the surface groups108. The composition of the lipids is different 

at different regions of the natural bilayer membrane, which affects the packing and 

fluidity of these membranes and contributes to the functional requirements of the 

membrane. Cell mimetic approaches have been extensively studied for the surface 

modification of biomaterials for tissue109 and blood-compatible applications 1 10 . 

1.3.2.1 Outer cell membrane mimetics 

Materials modified with phosphoryl choline group, are found to be blood 

compatible111 • The protein adsorption as well as conformational changes onto these 

phosphorylcholine-immobilized surfaces has been found to be low112• The fluidity 

of the amphiphiles of the bilayer membrane is important in the biological scenario, 

which is hindered during the covalent immobilization of the phosphorylcholine 

moieties to the surface. In natural membranes, the membrane lipids are closely 

packed at surface pressures above 20 mN/m 113 • 114 while on binary 

phospholipid/cholesterol (Chol) monolayer model systems 115 the lipids are closely 

packed at 30-35 mN/m. The stability of the natural bilayer membranes at much 

lower surface pressures reveals that apart from these two lipids other constituents 

of the membrane also play a role in the process of membrane stabilization. 

Glycolipids are found to be an integral part of myelin, which maintains the 

membrane integrity of the myelin sheath116. It is also present in trace amounts, in 
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the outer plasma membrane of the luminal surface. The phospholipids, glycolipids, 

and Chol are the three most important classes of membrane lipids. Choline lipids 

like phosphatidylcholine (PC) and sphingiomyelin (SM)) form the majority of the 

outer membrane PL 117 , are non-thrombogenic, and their different compositions 

could be explored for the surface modification of blood contacting devices. 

1.3.2.2 Inner cell membrane mimetics 

The amine PL like phosphatidylethanolamine (PE) and phosphatidylserine 

(PS) are preferentially residing to the inner side118, is thrombogenic, contributed by 

their head group structure. This asymmetry is maintained by ATP- dependent 

aminophospholipid translocases 119 , and is lost during pathological events by 

scramblases120 . This is reported for platelets121 , erythrocytes122 and fibroblasts 123 . 

It indicates that, the packing of the membrane components is playing an important 

role in regulating the membrane fluidity, which intern influences the adsorption of 

ions, proteins, cells etc. to these surfaces. This could be explored for controlled 

ligand supplementation from material surface. 

1.3.2.3 Mimesis of membrane lateral stabilization 

The integral membrane proteins, rich in ~- sheet exist in the calveolae of 

the cholesterol rich domains, which anchors the membranes to the cytoskeleton. 

The hydrophobic interaction between the integral proteins and the core of the 

bilayer membrane holds these integral proteins in the membrane bilayer. These 

factors enable these membrane surfaces to retain the fluidity, and exchangeability 

and thus the renewability of its components. Such a renewable system may interact 

more actively with the biological environment and gets easily integrated into the 

system. However, the monolayer behavior of this ternary phospholipid/ glycolipid/ 

Chol system at the air/water interface as well as on supported systems as well as its 

lateral stabilization using membrane proteins has seldom studied. The exploration 

of this lipid mono and bilayers with its structural heterogenecity, immobilized on 

surfaces may be able to have retained the functional ability of natural membranes. 

----------------------------~ 24 ~----------------------------



Cliapter 1 I ntroauction 

1.3.2.4 Thin Organic Films 

Dense thin organic films of few nanometers (a monolayer) with desired 

functionalities can significantly influence surface interactions and have many 

practical and commercial applications like in the case of sensors, detectors, 

displays and electronic circuit components 124 . These thin organic films can be 

deposited on a polymer substrate by various techniques, such as thermal 

evaporation, sputtering, electro deposition, molecular beam epitaxy, adsorption 

from solution, Langmuir- Blodgett Technique, and Self- assembly 125 . Various 

agents using for surface modification of materials include, surfactants, polymer 

brushes (natural & synthetic), cyclodextrins and fullerenes, dendrimers and carbon 

nano-tubes and polymeric liquid crystals etc. However few of them only qualify 

for development of it as a thin solid film. Biological membrane lipids are 

amphiphilic linear molecules which can form thin film at the surface. The surface 

morphology of these thin solid films can be studied using atomic force microscope 

(AFM)l26_ 

1.3.2.4.1 Self-assembly of surfactants 

Surface active agents (surfactants) are a large class of molecules which 

have a significant technological & biological importance. They have a hydrophilic 

(water soluble) and a hydrophobic (water soluble) part. This amphiphilic nature of 

surfactants is responsible for their association behavior in solution (micelles, 

bilayers, vesicles etc). and their accumulation at the interphase (air/ water or oil/ 

water). During association they follow a programmed 127 or a synkinetic 

pathway128 . The programmed aggregation process, self- assembly, is the, process 

by which molecules spontaneously form supramolecular architectures 129 . In the 

synkinetic aggregation route the monomeric building blocks "synkinons" are held 

together by non-covalent interactions, which follow the synkinetic plans of the 

chemists rather than a self-organization process. The hydrophobic effect is the 

driving force for the self-assembling behavior of amphiphiles in water 130 . 
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According to Kauzmann et. al. 131 the entropy gam upon interaction of apolar 

compounds in aqueous environment by the release of structured water molecules 

during a destructive overlap of hydrophobic hydration shells, is the base for the 

hydrophobic effect. Recently it has been redefined by considering the 

thermodynamics of solvation as the favorable overlap of the hydrophobic shells of 

hydrophobic groups 132 . Above a certain concentration called critical aggregatory or 

micellar concentration (CMC), the formation of the assembly is entropically 

favored over a solution of individual molecules. Upon dispersal into water, both 

the natural and synthetic surfactants organize in such a way that the polar head 

groups become oriented towards the water, while at the same time the hydrophobic 

tails cluster together. This can lead to various superstructures such as micelles, vesicles, 

multilayers, and lyotropic liquid crystalline phases (at higher concentrations) 133 . 

More exotic aggregation morphologies have also been observed in surfactants and 

involve in the formation of chiral superstructures such as "cigars" 134 , twisted 

ribbons 135, Helices136, Tubes137, Braids138, Boomerangs139 and super helices 140 . 

The specific superstructure formed by the amphiphiles is determined by the 

combination of following factors of free energy. They are a favorable hydrophobic 

contribution caused by the clustering of the hydrophobic tails within the interior of 

the aggregates. A surface term that reflects the opposing tendencies of the 

molecules to crowd closely together minimizing the unfavorable hydrocarbon 

water interactions and to spread apart as a result of the electrostatic (head group) 

repulsion, hydration and steric hindrance. A packing term that requires that the 

hydrophobic core of the aggregate exclude water and polar head groups, which as 

a consequence, limits the possible geometry of the aggregates. The aggregation 

process also makes use of molecular information such as the shape, rigidity, and 

flexibility apart from that mass and magnetic dipole also influences the 

aggregation process. The interactions between the individual molecules within the 

aggregates can be hydrogen bonding, dipole- dipole interactions, n- n stacking; 

non- specific vander Waals repulsive steric forces or electrostatic interactions. 
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Theoretical models to predict the shape- structure relationship between the 

monomeric units and their aggregates has also been developed based on statistical 

mechanics ofphospholipids141 . These surfactant 2D monolayers can be transferred 

from the air/water interface to polymeric substrates. 

1.3.2.4.2 Langmuir-Blodgett Film Deposition 

Langmuir-Blodgett film deposition technique IS giving considerable 

advantage in the study of air/ water as well as air/ solid interfacial behavior of the 

2D thin films. Irwing Langmuir has been the first to perform systematic studies on 

floating surfactant monolayers 142. However the first detailed description of sequential 

monolayer transfer has been given several years later by Katherine Blodgett143 . 

These built up thin solid films are therefore known as Langmuir- Blodgett films. 

The most impmiant indicator of the monolayer properties of an amphiphilic 

material is given by measuring the surface pressure as a function of the area of 

water surface available for each molecule. This is carried out at constant 

temperature and is known as surface pressure-area (n-A) isotherm. Figure -

1.3.2.4.2.1; show the typical pattern of surface n-A isotherm. 
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Figure-1.3.2.4.2.1: n:- A isotherm. Gaseous state (G), Liquid Expanded (Lt) 
(LE), Liquid Condensed (Lz) (LC), Solid (S) state 
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A number of distinct regions are immediately apparent on examining the 

isotherm. These regions are called phases. A simple terminology used to classify 

different monolayer phases of fatty acids has been proposed by W. D. Harkins 144 • 

Now this is applicable to different kind of molecules at the air/ water 

interface. At large the monolayers exist in the gaseous state (G) and can on 

compression undergo a phase transition to the liquid expanded (LE) state (L1). 

Upon further compression the L1 phase undergoes a transition to the Liquid 

Condensed (LC) state (L2) and even at higher concentrations the monolayer 

reaches the Solid (S) state. If the monolayer is further compressed after reaching 

the S state the 2D layer will collapses into 3D structures. 

Apart from these interfacial studies LB apparatus could also be used for 

transferring the mono and multi layers into solid substrates. The LB deposition is 

traditionally carried out in the solid phase. Figure -1.3.2.4.2.2 demonstrates the 

orientation of the deposited monolayers. 
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Figure-1.3.2.4.2.2: Deposition of the monolayer into polymer substrates in 
the X, Y or Z direction 

However amphiphiles can seldom be successfully deposited at surface 

pressures lower than 1 OmN/m and surface pressures above 40mN/m, due to lower 

film rigidity related problems. When the solid substrate is hydrophilic, the first 

layer is deposited by raising the solid substrate from the subphase through the 
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monolayer, whereas if the solid substrate is hydrophobic the first layer is deposited 

by lowering the substrate into the subphase through the monolayer. The deposited 

(supported) monolayers can be characterized by various techniques including Transfer 

ratio. This is defined as the ratio between the decrease in monolayer area during a 

deposition stroke A1 and the area of the substrate A8• A transfer ratio of 1 and above 

has been considered as a complete wetting of the polymer surface by the 

monolayer145 • 

An alternative strategy to deposit the monolayer is Langmuir- Shaffer 

technique. This technique differs from the vertical technique described above only 

in the sense that the solid substrate is horizontally lowered in contact with the 

monolayer. 

The supported membranes have self-healing power and minimize defects 

on the surface during hydration146• Radler et. al. has studied the spreading kinetics 

~ of the self-assembled monolayer over polymer substrates from a large source of 

lipids using a fluorescent dye. They demonstrated that the spreading continues if 

the lipid reservoir is available in an air/ water interface147 and tend to self-limiting 

fingered edges (due to pinning defects) due to loss of intermolecular interactions 

within the membrane 148• This indicates that the monolayer at the edges form such 

fingered edges due to the above mentioned pinning effects. 

These thin solid films offer additional advantages of lateral movement of the 

molecules within the monolayer. This gives a time dependent renewability of the 

surfaces under water. Sackman et. al. has immobilized proteins into these 

monolayers and attempted to evaluate the adhesion induced receptor aggregation 

and adhesion plaque formation 149. 

1.3.3 Self-assembly of supramolecular architectures; Extension of colloidal 

knowledge towards development of thin films by supramolecular assembly 

The close packing of the individual structural elements in colloidal 

systems, as well as the elasticity and expandability of these colloidal systems can 
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be mimicked for enhancing the functional units per unit volume. Apart from that 

the expandability of these colloidal systems to non-uniform surfaces as well as its 

self-limiting nature could be mimicked for coating thin solid films on non-uniform 

surfaces. They also impart heterogeneous surface with domains based on the 

cholesterol concentration. This property could be mimicked for making surfaces 

with moving receptors. Here these kinds of confluent monolayers could be 

attained only in the case of linear molecules. 

However self-assembling proteins or protein like molecules is different 

from that of the linear lipid molecules. Albumin is a versatile candidate for self­

assembling over the material surface to inhibit cellular activation processes. 

1.3.4 Self-assembly of proteins 

Albumin adsorbing surfaces are famously anti-thrombogenic. Eberhart et. 

~ Al. observed that a confluent layer of conformationally intact albumin will provide 

a biocompatible, surface lead to the development of albumin self-assembled 

systems150• Further Piskin et al demonstrated that dyes could be used as a ligand 

for albumin adsorption to material surface 151 . Albumin remains passive in its 

native as well as altered conformations152 . However recent studies have observed 

that albumin with an altered conformation tend to become thrombogenic after 

getting calcified. Here the strategies to make a self-assembled monolayer of 

albumin over the material surface in its minimally altered conformation look 

impressive. We have attempted to self-assemble the albumin molecule over the 

surface using spatially oriented drug molecules153 . These strategies are based on 

the receptor-ligand interaction. One of the important advantages with these 

systems is the refreshing nature of these biological systems. 

1.3.5 Proteins like architectures through self-assembly 

Essentially globular proteins have hydrophobic interior surrounded by 

hydrophilic exterior and does catalysis, signal transduction, synthesis, transport, 

degradation, imaging and various other activities 154 • The competing physical 
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forces, like hydrophobic forces balanced by the hydrogen bonding, are regulating 

the initial self-assembly of these protein molecules. This gives them 

conformational flexibility, under altered environments. Creating such structures at 

nano-scopic level is important, as it can overcome many limitations of the proteins, 

due to high functional aspect ratio. However achieving functional proficiency in 

the synthesis of protein like globular structures is often difficult and has been 

found to be rarely successful. Attempts in this direction are progressing. Such thin 

films prepared on material surface can be explored for the miniaturization of 

biomaterials and devices. 

1.4 Miniaturization of biomaterials and devices and surface modification: 

Bottom-up vs. Top-down approach in biomaterial field 

Two complementary strategies can be used in the fabrication of 

submicroscopic supramolecular structures biomaterials. In the 'top-down' 

approach, biomaterials are generated by stripping down a complex entity into its 

component parts. This contrasts with the 'bottom-up' approach, in which materials 

are assembled molecule by molecule to produce novel supramolecular 

architectures. Surface modification of nano-sized devices is difficult in the top­

down miniaturization strategy. There fore bottom-up or post synthetic surface 

modification has been found to be more impressing and it has a lot of biomedical 

applications. This helps to reduce the signal to noise ratio in the case ofbiosensors. 

Ladoux et. al. did the force mapping in epithelial cell migration with a discrete 

array of vertical micro needles of silicone elastomer used as cantilevers on which 

cells attach and exert forces 155• The latter approach is likely to become an integral 

part of nanomaterials manufacture and requires a deep understanding of individual 

molecular building blocks and their structures, assembly properties and dynamic 

behaviors. Two key elements m molecular fabrication are chemical 

complementarity and structural compatibility, both of which confer the weak and 

non-covalent interactions that bind building blocks together during self-assembly. 

Using natural processes as a guide, substantial advances have been achieved at the 
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interface of nanomaterials and biology, including the fabrication of nano-fiber 

materials for 3D cell culture and tissue engineering, the assembly of peptide or 

protein nanotubes and helical ribbons, the creation of living micro-lenses, the 

synthesis of metal nano-wires on DNA templates, the fabrication of peptide, 

protein and lipid scaffolds, the assembly of electronic materials by bacterial phage 

selection, and the use of radio frequency to regulate molecular behaviors. 

Conclusion 

In this scenario post-synthetic surface modification of these nano devices 

need special consideration. The self-assembly of molecules can effectively be 

utilized for such purposes. Here a dynamic interface of self-assembled 

architectures offer significant advantage over conventional covalent surface 

modification strategies and is the subject of this thesis. 
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Relevance and Objectives of the thesis 

At this juncture we understand that, beyond the surface stimuli, how it is 

being presented is more important. If we look at plasma membrane, all the kind of 

components or surface stimuli do exist inherently, despite that it offers optimum 

performance at a said environment. 

This thesis is about an attempt to understand how controlled ligand 

supplementation can be achieved by means of dynamic interfaces of cell mimetic 

self-assembled thin films physically immobilized at the biomaterial surface. 

~ We have attempted to understand the mechanism of protein adsorption, 

conformational change, calcification, cell adhesion, spreading, colony 

formation and immune response at these surfaces. 

~ Most interestingly a cross comparison between nonspecific protein 

adsorption, preferential albumin adsorption vs. antifouling properties of 

lipid modified surfaces towards biological recognition processes are 

subjected to study. 

Studies are done on polymeric films and the knowledge has attempted to 

explore towards drug delivery using micropheres, nanoparticles and 

liposomes. 

Further its potential for controlled ligand supplementation and temperature 

dependent cell layer retrieval has been studied for tissue engineering 

applications. 
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Synopsis 

Treatment strategies of degenerative diseases, has emerged to a new 

dimension with the powerful tools of tissue engineering, regenerative medicine, 

cell therapeutics, nanotechnology and targeted drug delivery. Miniaturization has 

surfaced as the buzz word of the current era. Managing the space with respect to 

time emerged as the underlying principle. Optimizing biomimetic systems than 

individual synthetic units has become the methodology. 

For an optimum performance in a said biological environment the devices 

made of synthetic and natural ongm has to satisfy safety and efficacy 

requirements. Safety is affected, due to inflammatory and immune cascades, 

initiated at the surface. This is due to "uncontrolled ligand (as chemical, physical 

and biological stimuli) supplementation" from the surface. 

In this thesis we have done an attempt to control the ligand 

supplementation from material surface by biomimetic strategies. For that we have 

developed thin films for the post synthetic surface modification of materials, by 

mimicking biological cell membrane lipid components. We have developed cell 

mimetic monolayers (thin films) of phospholipid/glycolipid/cholesterol ternary 

lipid systems, and used for the studies. They have been laterally stabilized, 

chemically by peptide bonding, and physically using pendant polymers. Further 

mechanism of potential sub acute phase biological recognition processes has been 

studied by in vitro techniques. 

The thesis is divided into six chapters. Chapter- 1 gives a brief introduction 

about different inflammatory responses at materials surface, overall understanding 

about biological interactions at the surface, current surface modification strategies, 

biomimicry of cell membrane and other bioactive processes, strategies based on 

biomimicry towards post synthetic surface modification using thin films and their 

bottom up synthetic approach ofthe surface modification of materials.· 
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The Chapter -2 deals with the materials and methods. It gives detailed 

procedures on development of substrates, development and physical 

characterization of thin films, post synthetic surface modification of substrates and 

their characterization, stability studies, improvisation of the stability of these thin 

films by chemical and physical means. Further methods for important 

biorecognition studies like calcification, protein adsorption and cell interaction 

studies are detailed. Calcification studies have been done from metastable salt 

solutions, whereas protein adsorption studies from mixture of proteins by Sodium 

Dodecyl Sulphate- Poly Acrylamide Gel Electrophoresis (SDS-PAGE) and 

densitometry. Cell interaction studies have been done from blood cells, immune 

cells like macrophages, and polymorphonuclear cells, fibroblasts and bacteria. 

Further drug delivery and cell layer retrieval and biolubrication studies have been 

done on these thin films towards drug delivery and tissue engineering applications. The physical 

characterization have been done by using Langmier Blodgett (tB) Trough, Ultra Violet (UV­

VIS), Fourier Transform Infrared (FTIR)., Circular Dichroism (CD) spectroscopy, goniometry, 

Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM), Transmission 

Electron Microscopy (TEM) and Differential Scanning Calorimetry (DSC). 

Chapter-3 deals with the results and discussion. Where the air/water 

interfacial studies of the lipid monolayers and their air/solid transfer studies has 

been discussed with respect to substrates. Change in fluidity of the monolayers 

with the incorporation of phosphatidylethanolamine (PE) has been discussed. The 

incorporation of soluble globular proteins after the conformational change, and 

other macromolecules like Di amino Polyethylene Glycol (DAPEG) and heparin as 

well as their lateral distribution are discussed. Further optimization of deposition 

parameters with respect to substrates, composition, speed and different methods 

has been discussed. The lateral stabilization of these monolayers chemically by 

peptide bonding and physically by pendant polymers has been discussed. Change 

in surface topography with respect to composition and effect of incorporation of 

PE and other macro molecules, has been discussed and correlated with air/water 
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interfacial studies. Further biorecognition studies in terms of calcification, protein 

adsorption, and cell interactions have been discussed. Cell adhesion, activation 

spreading, colony formation, proliferation, secretary profile has been discussed 

with respect to modified surfaces towards controlled ligand supplementation. 

Cross comparison between blood cells, fibroblasts, immune cells and bacteria has 

been done to reveal the role of these modified surfaces in controlling the preacute 

phase cell recognition processes. Further drug delivery and bio lubrication on these 

surfaces has been discussed. 

The Chapter-4 deals with the conclusion. Here a comprehensive 

understanding about the following parameters has been discussed. 

1) The mechanism of protein adsorption, calcification, cell adhesion, spreading, 

colony formation and immune response at these lipid modified surfaces. 

2) Cross comparison between non-specific protein adsorption, preferential 

albumin adsorption vs antifouling properties of lipid modified surfaces towards 

biological recognition processes. 

3) Relevance of the study towards controlled ligand supplementation for tissue 

engineering and systemic drug delivery applications. 

In conclusion the cell mimetic lipid thin films could be able to control the 

ligand supplementation from material surface. 

Chapter-S deals with few immediate applications of the work. 

They are 

1) Enhancing the blood compatibility of liposomes for systemic drug delivery 

applications. 

2) Temperature depended cell layer retrieval for tissue engineering applications. 

Finally Chapter-6 deals with the future plan of exploration of thin films for 

various biomedical applications like surface modification of stents, small 

diameter vascular grafts, nanoparticles for imaging, cell layer tissue 

engineering, biolubrication, drug targeting and controlled drug delivery etc. 
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MATERIALS AND METHODS 

Materials 

The polymers Polycarbonate Bisphenol A based (M.Wt.32,000-36,000) 

(PolyC), (Poly Science Inc.), Poly methyl methacrylate, (PMMA), (M Wt 1, 00,000), 

Polyscience Inc., Warrington; Polystyrene (Tissue Culture Grade Wells) (PS) Poly 

vinyl alcohol (PYA) (SD Fine Chemicals, India) (M. Wt. 1.25kDa) (8%w/v), 

Chitosan (CHIT) of (Approx. M.Wt. 2.70 kDa) (85% deacetylated) (CIFT, India), 

Diamino Poly Ethylene Glycol (Fluka) (M.Wt. 1900) was used in the form of 

films, microspheres, nanoparticles or polymeric gels or anchors in these studies. 

Albumin (human fraction V, 96-99%), y Globulin (Cohn fraction II) 

Fibrinogen (human fraction I, over 95 % protein clottable ), Indomethacin, Aspirin, 

L-a-phosphatidylcholine (egg yolk) (PC), Ethylene divinyl carbodiimide (EDC) 

Phosphatidylethanolamine (PE), and galactocerebroside (from bovine brain) 
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(GalC) were from Sigma Chemicals Co. St. Louis Mo, USA. Cholesterol (Chol) 

was from (Himedia Pvt. Ltd, Bombay). 

Diclofenac Sodium (DIC) (was kindly supplied by Ranbaxy Lab Ltd), 

Insulin ( 40IU/ ml) (Human) was from Abbott India Ltd. 

All the solvents like, Acetone (SD Fine, India), Dichloromethane, 

Choloroform, Ethanol, Methanol, Isopropanol, Cyclohexane, n-Butanol, n-Heptane 

etc., and other reagents like Sodium Hydroxide (NaOH), Paraformaldehyde (PF), 

Calcium Chloride (Cach) etc., were from standard sources. All the cell culture 

mediums and reagents used were from standard sources. 

Development of materials and physicochemical characterization 

2.1 Development of substrates for the surface modification 

Different kind of substrates like films, microspheres, nanoparticles, 

liposomes, liposome delivering matrices were prepared for the immobilization of 

·the thin films and for their biorecognition studies. 

2.1.1 Films 

Polymeric films of polycarbonate (PolyC), poly methyl methacrylate 

(PMMA), polystyrene (PS), cross linked poly vinyl alcohol ( cPV A) and chitosan 

(CHIT) were prepared by casting and solvent evaporation method. 

2.1.1.1 PolyC, PS & PMMA films 

The PolyC, PS or PMMA substrates were prepared by, dry solvent casting 

method in a hot air oven. The PolyC & PS was dissolved in dichloromethane or 

PMMA in chloroform (10% w/v) and casted on clean glass plates to make films of 

0.1 mm thickness. The temperature of the surface balanced glass plates were 

maintained at 40°C, and closed with glass slabs during curing. An area of 5X5 cm2 

were cut and cleaned with 0.1% soap solution (Teepol), rinsed with distilled water 

and kept in distilled water for 12 hrs under stirring. Finally the PolyC and PS films 

were rinsed with ethanol, while PMMA in double distilled deionised water. The 
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clean films were then dried in a vacuum oven at 60°C for 4hrs. The dried films were 

packed aseptically, sealed in bottles and stored at ambient temperature. 

2.1.1.2 Derivatization of PMMA films for covalent immobilization of laterally 

stabilized monolayer 

The cleaned PMMA films as per the procedure 2.1.1.1 were used for the 

derivatisation. The partial hydrolysis of PMMA films, were done by treating, in 

4M sodium hydroxide for 2hrs at 85°C and is then immersed in 10% (w/v) citric 

acid solution overnight at ambient temperature. The surface hydrolysed PMMA 

was washed with double distilled water until the pH of the washing reaches 5.6. 

Further, the polymer substrate was placed in an aqueous solution containing 

Ethylene divinyl carbodiimide (EDC) (0.5M) at ambient temperature for 48hrs to 

activate the carboxyl groups until deposition of the lipid monolayer. 

2.1.1.3 Cross linked Poly vinyl alcohol (cPVA) 

The cPV A films were prepared by dry solvent casting method in a hot air 

oven. For that a PYA (10gm%w/v) in distilled water and paraformaldehyde (PF) 

(40gm% w/v) in NaOH (5gm %) in distilled water were prepared separately. PVA 

and PF solutions were mixed well in the ratio 10:3 (v/v) for 30 min using at stirrer 

at 2000 rpm and casted onto glass plates and dried at 60°C for 4 days. The dried 

films were separated by incubating in water and washed for 4 days in distilled 

water to remove the excess PF. Then washed with ethanol and dried at 60°C for 2 

days. The dried films were sealed in bottles and stored at ambient temperature. 

2.1.1.4 Preparation of Chitosan (CHIT) bare and cross linked films 

The CHIT films were prepared by using 3%w/v CHIT solution in 1.5 M 

acetic acid. It was casted on to surface balanced glass plates and dried at 40°C in a 

hot air oven. The acetic acid present in the membrane was removed by washing 

with 1N NaOH for 48hrs and then washed with plenty of water to remove the 

alkali. A piece of CHIT film 5X5 em was swollen at pH 3.0 in Neutralised 
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Phthalate Buffer (NPB) for 30min and was then neutralized with pH 5.0 Phosphate 

Buffer (PB) for cross linking with the drug. 

2.1.1.4.1 CHIT films cross linked with the drug 

This swollen polymer was then washed with copious amount of distilled 

water and incubated in 25ml of 50mg % diclofenac sodium (DIC) in Distilled 

water (DW) for 5 hrs. The loosely bound drug was removed by incubating in DW 

for 24hrs. The dried samples were packed aseptically and stored at ambient 

temperature, until used. It had been optimized that 50% of the loaded drug was 

ionically cross-linked with the polymer. 

2.1.2 Microspheres 

Porous microspheres of CHIT were prepared to develop liposome 

delivering matrices for studying the drug release across the lipid monolayers. 

2.1.2.1 Preparation of porous CHIT microspheres 

The microspheres were prepared by using CHIT 2% (w/v) in 1.5% v/v 

acetic acid solution. A quantity equivalent to 25ml of this solution was added drop 

wise with the help of a syringe with 15G needle into 200ml of ethanolic NaOH 

(10% (w/v) solution in 250ml beaker under stirring(@ 2000rpm). The stirring was 

continued for next two hrs. Thus prepared microspheres were washed extensively 

with copious amount of water to remove the alkali until the pH comes to 5.6. 

These microspheres were swollen at pH 5.5 NPB. This swollen microspheres was 

then washed with copious amount of DW. They were sequentially introduced into 

Acetone/water mixture (10/90, 30170, 50150, 70/30, 100/0) and freeze dried 

(Labconco) after removing the excess acetone, to get a porous scaffold. 

2.1.2.1.1 Ionic cross-linking of the microspheres with DIC 

For drug immobilization the above mentioned swollen micro spheres were 

incubated in lOOml ofDIC 50mg% (w/v) solution in DW for 16 hrs. The loosely 

----------------------------~40r----------------------------



Cfiapter 2 'Materiafs do 'Metfiod"s 

bound drug was removed by incubating in DW for 24hrs. Further the microspheres were 

treated similarly (2.1.2.1 ), to get a porous scaffold. 

2.1.3 Nanoparticles 

Self-assembling nanoparticles were synthesized out of pendant polymers to 

study the drug release and immunological response to the monolayers. 

2.1.3.1 Nanoparticles of pendant polymer of PVA 

Nanoparticles of pendant polymer of PVA-DIC were prepared after the 

careful selection of the polymeric backbone and the pendant groups. 

2.1.3.1.1 Selection of ligand for Pendant-PV A 

The selection of the pendant groups for the preparation of the pendant 

polymer has been done based on the in silica docking studies with albumin 

molecule. 

2.1.3.1.1.1 Extraction of structures with Arguslab 

The crystal structures of the Albumin molecule (ID No: 2BXI) 156, Aspirin 

(ID No: 1 TGM) 157 , Indomethacin (ID No: 2BXK) 158 , Diclofenac (ID No: 

1DVX) 159 were obtained from the protein data bank (PDB). The bound ligands 

were extracted with the help of Argus Lab (version 4.0.1) 160 Arguslab can do 

geometry optimizations using the UFF force field with all elements of the Periodic 

Table. It also offers geometry optimization using the MNDO, AMI or PM3 

semiempirical levels, as well as single point calculations using these. There are 

also single point semiempirical calculation facilities using Extended Huckel (for a 

bigger element coverage) or ZINDO (for excited states for UV/visible absorption 

prediction). It also has facilities for calculating electron density or orbital surfaces 

at the semiempirical levels, electrostatic potential, onto a surface etc. The water 

molecules were removed and hydrogens were added to the PDB structures 

according to the standard method. All residue deletions were also done at this time. 
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2.1.3.1.1.2 Docking using Hex 

Docking simulations were performed using Hex 3.1 docking software. A 

docking "run" with Hex 3.1 commences with the random placement of the probe 

within a search space that includes all or part of the target molecule. Flexible body 

Fourier correlation based annealing is then performed on the probe-target 

configuration, according to a fixed annealing schedule. Dockings that fall below a 

user-specified interaction energy cutoff are written to output. 

2.1.3.1.2 Preparation of Pendant Polymer PV ADIC 

A quantity equivalent to 4gm of PYA was weighed and dissolved in 50ml 

of Dimethyl sulphoxide (DMSO) and heated at 80°C for 1hr. To this 2ml of 

pyridine was added as a base catalyst. The dissolved solution was then heated to 

80°C for 1 hr. A quantity equivalent to (0.1, 0.5, and 1) gm of DIC was weighed 

and dissolved in 50 ml of DMSO (Here the drug to polymer ratio of poly vinyl 

alcohol- Diclofenac (PVADIC) pendant polymer was decided as (0.025:1) (a), 

(0.125:1)(b), (0.25: l)(c) respectively). To this 3ml of thionyl chloride was added 

slowly and kept outside for 15 min and the precipitated drug was redissolved by 

adding 50ml of acetone into the solution. This solution was transferred to the 

preheated PV A solution, slowly. The heating was continued for next 5hrs at 80°C. 

This solution was then diluted to 1000 ml with water which is further 

supersaturated with sodium chloride under stirring. The precipitated polymer 

formed as froth was separated from the surface with the help of a glass plate and 

transferred to pure water in which the polymer is insoluble. The polymer IS 

redissolved in ethanol then by (acetone: water) (1:1) and reprecipitated. 

2.1.3.1.3 Preparation of the nanoparticles out of the pendant polymer by self- assembly 

A 10% (w/v) solution of the PVADIC (b & c) was prepared in ethanol. A 

quantity equivalent to lml of this solution was diluted to 100 ml with water. Thus 

formed nanoparticles or different structures were utilized for further studies. 
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2.1.3.1.3.1Preparation of ceramic nanocrystals with drug inside the 

nanoparticles of pendant polymer 

For ceramic nanoparticle synthesis, (0.2M) calcium in the form of calcium 

chloride dehydrate and (0.12M) phosphate in the form of potassium dihydrogen 

ortho phosphate was used. All the solutions were prepared in double distilled 

deionised water under unbuffered conditions at ambient temperature. The calcium 

to phosphate ratio was maintained as 1.6 in the solution. To a 1 Oml test tube added 

1.5ml of human insulin ( 40IU/ml) and made up with nanoparticle PV ADICb 

(1 %w/v) solution in distilled water to 7.5ml. To that Diclofenac (62.5, 31.25, 

15.625 mg/ml) solution was added. To that 2.5ml of ethanol (0.25ml/ml) was 

added and exactly after 5 minutes 2.5ml of calcium solution (0.25mllml) was 

added and after mixing the 2.5ml of phosphate solution (0.25mllml) was added. 

The formed crystals remain suspended was separated after 24 hrs sedimented and 

washed three times with distilled water. 

2.1.4 Liposomes 

Liposomes of different lipid compositions were synthesized for the 

exploration of the thin solid films for drug delivery applications and to study the 

immunological response. 

2.1.4.1 Liposome of mixture of lipids of phospholipids, cholesterol and 

galactocerebroside. 

The following lipid solutions were used for the preparation of liposomes 

(1) (PC:Chol) )(1 :0.35), (2) (PC:Chol) )(1 :0. 7), (3) OCMC (PC: Chol: GalC ) 

(1:0.35:0.125), & (4) PCMCc (PC: Chol: GalC: PE) (1: 0.35: 0.125:0.29), w/w mg 

wt ratios, with respect to the concentration of PC( as per the procedure 2.2.2.1.1) 

was prepared in CH/ n- but (5:2 v/v) (71.43/ 28.57) % v/v solvent system. The 

solution was transferred to a round bottom flask and was rotary evaporated at 40°C 

and obtained a thin film of lipids. The thin lipid film was dried in a vacuum oven 

overnight to ensure complete removal of the solvent. The film was rehydrated 
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using the respective solution in PBS 7.4 and vortex mixed. 161 • They were further 

extruded using 1 OOnm poly carbonate filters to form unilamellar liposomes. 

2.1.4.2 Liposome of mixture of lipids of phospholipids, cholesterol and 

galactocerebroside, albumin, other anchors 

The following lipid solutions were used for the preparation of liposomes 

(1) OCMC-A (PC: Chol: GalC: Alb) (1:0.35:0.125: 0.008), (2) OCMC-AHP (PC: 

Chol: GalC: Alb: Hep: PEG) (1:0.35:0.125: 0.008: 0.052: 0.15) w/w mg wt ratios 

with respect to the concentration of PC (as per the procedure 2.2.2.1.1) was 

prepared in ((DIW: Acet: CH: n-but) (5.00/45.02/35.72114.26) % v/v) solvent 

system (as per the procedure 2.2.1.3). For the incorporation of albumin, its structure was 

altered as mentioned in the procedure 2.2.1.2 and incorporated into lipid solution 

as per the procedure 2.2.2.1.1. Vacuum dried along with the respective lipid 

components. The solution was transferred to a round bottom flask and was rotary 

evaporated at 40°C and obtained a thin film of lipids. The thin lipid film was dried 

in a vacuum oven overnight to ensure complete removal of the solvent. This lipid 

film was reconstituted in PBS 7.4 solution to form the liposomes. They were 

further extruded using 1 OOnm poly carbonate filters (liposoft) to form unilamellar 

liposomes. The albumin concentration in the final solution was 0.075gm/ L. 

2.1.4.3 Preparation of Albumin self- assembled liposomes 

The unilamellar liposomal suspension, prepared by using a lipid solution of 

PC: Chol (1: 0.7 & 0.35) mg% w/ v in 3ml of a mixture ofCH/ n- but (5: 2) v/v, as 

per the procedure 2.1.4.1, was further coated with the pendant polymer by 

incubation in PV ADICa (1 %w/v polymer in distilled water) solution at 10°C for 

30 min. The PV A coated liposomes are used as control. A quantity equivalent to 

2ml of polymeric solution was used for coating 2 ml of 5 gm% w/v of the 

homogenized liposome suspension, incubated at 10 oc for 2 h. The uncoated 

polymer from the liposomes was separated by filtration using Sephadex 
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(G 120/200) (Sigma, USA) column and then it is diluted with 2ml of albumin (1 00 

mg% w/v) solution. This solution was stored at 4-8 °C for further analysis. 

The final polymer concentration in the liposomal suspensiOn was 3-

4%w/w. The coating of the polymer was evaluated by a previously reported 

procedure 162 after slight modification. In short a small quantity of the polymer 

coated liposomal suspension ( 5ml) was added with 5ml of acetone to precipitate 

the liposomes and was then centrifuged (Remi C24) at 15, 000 rpm for 30 min 

(Remi centrifuge), The components like lipids inCH/ n- but (5: 2) and polymer in 

water was separated and evaluated gravimetrically. 

2.1.5 Preparation of Liposome delivering matrices (Lipomat) 

Our preliminary studies have demonstrated that the Iiposome formation is 

directly proportional to the flexibility of the monolayers, Incorporation of 

cholesterol and other agents found to reduce the liposome formation. 

The Lipomat was prepared by loading the model drug insulin and PC 

together in a porous CHIT microspheres prepared as per the procedure 2.1 .2. 1. 

For that the required amount of insulin was added to these microspheres and freeze 

dried for diffusion filling into the microspheres. The incorporation of the PC into 

the microspheres was done, after precipitating the entrapped drug with acetone. A 

solutiQn of 50mg% PC in CHI n- but (5:2 v/v) solution was added into the 

microspheres and vacuum evaporated until all the solvents were evaporated. Thus 

formed lipomat was dried completely in a vacuum oven, sealed aseptically in to 

bottles and stored at 4°C until used for further studies. 

2.1.6 Polymeric gels 

Polymeric gels ofPVA and PVADICa was prepared to study the biofriction 

ofthe lipid thin films. 
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2.1.6.1 Polymeric gels of PV A and Pendant PV A 

A 2% solution of PV A and PV ADICa was prepared in distilled water at 

40°C. They were thoroughly mixed with magnetic stirrer and kept under vacuum to 

remove any trapped air bubbles. The gels were stored in the refrigerator until used. 

2.2 Development of lipid thin films for surface modification of the substrate 

Development of lipid thin films by mimicking biological cell membrane 

was done for the post synthetic surface modification of the substrates. 

2.2.1 Development of Co-solvent system 

The heterogeneous phospholipid/ glycolipid/ cholesterol with other 

macromolecules like albumin, heparin and polyethylene glycol were attempted to 

prepare. For that a common co-solvent system which is not affecting the 

supporting substrate was developed. 

2.2.1.1 Selection of parent solvent 

A film of 2X2 em of different polymers (prepared as per the procedure 

2.1.1) was dipped in the various solvents (25ml of DCM, CF, n-hept and CH) for 

lmin and dried in air under ambient conditions. The solvents which affect the 

optical clarity of the films were discarded. 

2.2.1:2 Solubility studies of lipids 

The CH was selected as the parent solvent. The polarity of the CH was 

altered with Eth, Meth, and n-But, in specific ratios. Solubility studies of the lipid 

were done by dissolving a quantity equivalent to 25mg of the specific lipids (PC, 

Chol, GalC) into 3ml of solvent system and stirred well and kept the ampoules for 

16hrs. then the supernatant was removed, 1 ml of the supernatant was added to 

tarred ampoules and dried at 40°C to measure the quantity of lipid dissolved. 

Further mixture of lipids were prepared by dissolving sequentially the individual 

lipids in the following order GalC >PC> Chol into the co-solvent system. 
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The following lipid mixtures were prepared for the preliminary air/water 

interfacial studies (1) (PC: Chol) (1 :0.7), (2) (PC: Chol) (1 :0.35), (3) (PC: Chol: 

GalC) (1:0.35:0.125) w/w mg wt ratios with respect to the concentration of PC. 

Based on the air/water interfacial studies we have chosen (3.2.2) the particular 

lipid composition (PC: Chol: GalC) (1:0.35:0.125) as the optimized Outer Cell 

Mimetic lipid Composition (OCMC) containing the minimum essential lipid 

components for further studies. The concentration of the lipids in mixed lipid 

systems were expressed in mg wt ratios (w/w), with respect to the concentration of PC. 

2.2.1.3 Incorporation of other macromolecules into lipid systems 

The macromolecules attempted to incorporate into the lipid monolayer 

were Alb, Hep and DAPEG. Here we had selected the acetone/ water co-solvent 

system for the said purpose based on the solubility studies of Alb, Hep, and 

DAPEG. The optimized concentration of the macromolecules in the final solution 

was (PC: Chol: GalC: Alb: Hep: DAPEG) (1 :0.35:0.125: 0.008: 0.052: 0.15) w/w 

mg wt ratios with respect to the concentration of PC) 

(59.34:20.77:7.42:0.46:3.09:8.90)w/w of total solid content). Here the 

macromolecules were dissolved in DIW then the required quantity of Acet was 

added. From that 1:1 quantity CH/n-But and Acet/DIW system ((DIW: Acet: CH: 

n-but) (5.00/45.02/35.72/14.26) % v/v)) was mixed. The lipids were predissolved 

in the CH/n-but solvent system prior to mixing (as per the procedure 2.2.1.2). 

2.2.2 Interfacial studies of the lipid films using LB trough facility 

The figure 2.2.2.1 shows the schematic diagram of the Langmuir balance. 

The equipment works according to the principle of thin solid films by Langmuir 

and Blodgett (1.3.2.4.2). The trough holding the subphase (Teflon) which was 

thermostated by circulating water bath. The surface area of the trough can be 

varied by sweeping movable barriers (Delrin) 163 • The surface pressure and the 

mean molecular area were continuously monitored during the compression. 
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The surface pressure was measured by the Wilhelmy plate-method. In this 

method a measurement was made by determining the force due to surface tension 

on a platinum plate suspended so that it was partially immersed in the subphase 

(see Figure-2.2.2.1). This force was then converted into surface tension (mN/m or 

dynes/em) with the help of the dimensions of the plate. 

2.2.2.1 Air/water interfacial studies (Intramolecular interactions) 

The air/ water interfacial studies of the amphiphiles were done using KSV 
, 

5000 and 2000 (KSV, Finland) LB trough. Studies were done on a subphase of 

Milli Q water (MW) at ambient temperature conditions. 

2.2.2.1.1 Simple, mixture of lipids incorporated with anchors 

The individual PC, Chol, and GalC lipids, binary and the ternary lipid 

combinations with or without macromolecular anchors like Alb, Hep and DAPEG 

were studied at the air/ water interface at ambient temperature. The lipids were 

used without further purification. Lipid stock solutions were freshly prepared by 

dissolving the pre-weighed lipids in a known volume of spreading solvent and 

mixed in required proportions (CH/n-but) (71.43/ 28.57) (5:2) % v/v (as per the 
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procedure 2.2.1.2). The working solutions were prepared by mixing appropriate 

volumes from stock solutions. Apart from the individual lipids, the following lipid 

solutions were used for the preparation ofmonolayers (1) (PC: Chol) (1:0.35), (2) 

(PC:Chol) )(1 :0.7), (3) OCMC (PC: Chol: GalC) (1 :0.35:0.125) w/w mg wt ratios 

with respect to the concentration of PC. For the incorporation of 

phosphatidylethanolamine (PE) varying concentrations of PE (a, b& c) (PC: Chol: 

GalC: PE) (1: 0.35: 0.125: (a) 0.0725, (b) 0.145, (c) 0.29) was added. For 

macromolecule incorporated lipid systems the co-solvent was (DIW: Acet: CH: n­

but) (5.00/45.02/35.72/14.26) % v/v). The following lipid solutions were used for 

the preparation ofmonolayers (1) OCMC-A (PC: Chol: GalC: Alb) (1:0.35:0.125: 

0.008), (2) (1) OCMC-AH (PC: Chol: GalC: Alb: Hep) (1 :0.35:0.125: 0.008: 

0.052), (3) OCMC-AHP (PC: Chol: GalC: Alb: Hep: PEG) (1:0.35:0.125: 0.008: 

0.052: 0.15) w/w mg wt ratios with respect to the concentration of PC. The Alb, 

Hep, and DAPEG were dissolved in acetone/ water system and mixed with 

predissolved lipids the cyclohexane/ n- Butanol system to come to the definite 

proportions (PC: Chol: GalC: Alb: Hep: PEG) (1 :0.35:0.125: 0.008: 0.052: 0.15) 

(as per the procedure 2.2.1.3). The concentrations of the Alb, Hep, and the DAPEG 

were selected based on its maximum solubility in the above solvent system. 

Monolayer experiments were performed on a subphase of Deionised water MW 

( doubl~ distilled and passed through a Milli-Q (Millipore Corp., Bedford, MA, 

USA) purification system to a resistivity of 18 MQ/cm) at ambient temperature. 

Plots of surface pressure vs. molecular area of mono layers were constructed using 

a computer-controlled wilhelmy balance in LB trough (KSV 5000, Finland). All 

mixtures were prepared immediately prior to use. Lipids were spread in small 

aliquots of 10 fll with a Hamilton syringe, which was rinsed with spreading solvent 

repeatedly before and after use. The compressions were initiated after a 1Om in 

delay to allow evaporation of the spreading solvent, as well as the area vs. barrier 

position comes to the equilibrium (i.e. after congealing of the monolayer). The 
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compression rate did not exceed 4 A2/ molecule/ min. Data were collected with 

KSV Inbuilt software164 . 

2.2.2.1.2 Amphiphilic polymer 

The mechanical properties of the thin solid films of the pendant polymer 

PVADICc (prepared as per the procedure2.1.3.1.2) at the air/ water interface at 

ambient temperature were studied with the help of aLB trough (KSV 2000, KSV 

Finland). Polymer stock solutions were prepared by dissolving the pre-weighed 

polymer (10gm%w/v) in a known volume of spreading solvent (Eth: CH: n-but) 

(3:5:2 v/v). Monolayer experiments were performed on a subphase ofMW (double 

distilled and passed through a Milli-Q (Millipore Corp., Bedford, MA, USA) 

purification system to a resistivity of 18 MO/cm, at ambient temperature. Plots of 

surface pressure vs. molecular area of monolayers were constructed using a 

computer-controlled wilhelmy balance in LB trough. All polymer solutions were 

prepared immediately before use. Polymer solutions were spread in aliquots of 250 

1-11 with a Hamilton syringe, which was rinsed with spreading solvent repeatedly 

before and after use. The compressions were initiated after a 1 Omin delay to allow 

evaporation of the spreading solvent, as well as the area vs. barrier position comes 

to the equilibrium (i.e. after congealing of the monolayer). The compression rate 

did not exceed 4 Ao 2/ molecule/ min. Data were collected with a KSV Inbuilt 

2.2.2.2 Air/solid transfer studies (Intramolecular interactions) 

Further the compressed monolayers were transferred from air/water 

interface to polymeric films using LB trough to study the monolayer substrate 

interactions and for biorecognition studies. 

2.2.2.2.1 Simple and mixture of lipids 

The compressed monolayers of different lipid compositions (prepared as 

per the procedure 2.2.2.1.1) were deposited on to the PolyC films (prepared as per 

the procedure 2.1.1.1) by the vertical dipping method 164 either in the upstroke or 
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down stroke mode using LB double barrier Teflon trough (KSV 5000) at ambient 

temperature. The surface pressure was maintained at 30mN/ m during deposition, 

is higher than the critical bilayer pressure. The surface pressure was continuously 

monitored using a platinum Wilhelmy plate microbalance. The coated membranes 

were dried at 40°C for 4hrs in a hot air oven and stored in sealed containers. These 

surfaces were used for further studies. 

2.2.2.2.2 Lateral stabilization by chemical bonding 

The compressed monolayers of different lipid compositions (prepared as 

per the procedure 2.2.2.1.1) were deposited on derivatised PMMA substrates 

(prepared as per the procedure 2.1.1.2) by the vertical dipping method164, using LB 

double barrier Teflon trough (KSV 5000) at ambient temperature. The surface 

pressure was maintained at 30mN/ m during deposition, used to be higher than the 

critical bilayer pressure. The surface pressure was continuously monitored using a 

platinum wilhelmy plate microbalance. The coated membranes were then 

immersed in an aqueous solution containing EDC (0.5M) at ambient temperature 

for 48hrs to activate the carboxyl groups of the anchors and to cross-link them165 , 

166• They were then extensively washed using double distilled water under static 

condition to remove the unreacted EDC for four days. The samples thus prepared 

were dtied at room temperature and stored in sealed containers. These surfaces 

were used for further studies. 

2.2.3 Transfer of the nanoparticle monolayer into the polymer substrates 

Transfer ratio of the thin film of nanoparticles of PV AD ICc into different 

substrates was studied by LB technique (KSV 2000). The studies were done in up 

stroke as well as down stroke mode into various substrates (as per the procedure 

2.2.2.2.1 ). 

2.2.4 Development of methods to modify different kind of substrates 

Methods to transfer the monolayer into different kind of substrates like 

microspheres and nanoparticles were developed further. This is very important for 
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the post synthetic surface modification of biomaterials. Since these are self­

assembled systems, at confined geometries, they can retain the maximum packing density. 

2.2.4.1 Films 

Deposition of monolayer onto flat surfaces is important for the surface 

modification of tissue culture plates, and devices with larger surface area. Here 

monolayer deposition from the air/water interface is often difficult. Therefore we 

have developed simple deposition techniques to have a comparison with the model 

supported lipid layers. 

2.2.4.1.1 In situ method from air/ water interface 

A quantity equivalent to 1ml of the lipid solution prepared as per the 

procedure 2.2.2.1.1 was spread on a 250ml beaker containing MW with the help of 

a pipette. The solvent was allowed to evaporate for next 10 min. Then the 

monolayer was deposited onto polymeric substrate with vertical dipping either in 

the down stroke or upstroke mode. The coated surfaces were dried at 40°C for 4hrs 

in a hot air oven and stored in sealed containers. 

2.2.4.1.2 Spreading and solvent evaporation method 

_For deposition of the monolayer onto films by spreading the lipid solutions 

were prepared as per the procedure 2.2.2.1.1, and for Pendant polymer 

((PVADICc), 2.2.1.2). A quantity equivalent to 1ml ofthe lipid solution was added 

in a 24 or 96 well tissue culture plate (or films kept in the plates), then pipetted out 

immediately. The coated surfaces were dried aseptically under an aseptic hood 

with the help of a hair blower at 40°C for 20min. For the coating of a second 

monolayer the process was repeated. The dried surfaces were then sealed 

aseptically and stored for a week, before the studies. 

2.2.4.2 Microspheres 

Deposition of the monolayer onto curved surfaces is important for the 

surface modification of drug delivery systems, small diameter vascular graft etc. 
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Therefore methods to modify microspheres were developed to study the properties 

of the monolayer on curved surfaces. 

2.2.4.2.1 Solvent evaporation by freeze drying in the case of Lipomat 

For deposition of the monolayer (of PC&OCMC) onto lipomat 

microspheres (prepared as per the procedure 2.1.5) by dipping, (the lipid solutions 

were prepared as per the procedure 2.2.2.1.1). A quantity equivalent to lOOmg of 

microspheres were weighed to a tarred beaker to that 5ml of the lipid solution is 

added and allowed to dry by freeze drying and stored in sealed containers. 

2.2.4.2.1.1 Biofriction studies of microspheres by sliding method 

The studies were done on a 15ml glass test tube placed vertically. One 

microsphere was placed at the open edge and time required for it to travel 1 Oml 

down the tube was measured under wetting with distilled water. This is done for 

different kind of microspheres and the readings are mean±S.D. of at least six samples. 

2.2.4.3 Nanoparticles 

Development of strategies for the post synthetic surface modification of 

nanoparticles is important in the case of drug delivery systems and tissue 

engineering scaffolds. Therefore methods were developed for modifying the 

nanoparticles with lipid thin films. 

2.2.4.3.1 Monolayer coating on nanoparticles by rehydration 

The PVADICb nanoparticles (prepared as per the procedure 2.1.3.1.3 and 

2.1.3.1.3.1) were modified with lipid monolayers of OCMC & PCMCc (prepared 

by using a lipid solution prepared as per the procedure 2.2.2.1.1 ). The solution was 

transferred to a round bottom flask and was rotary evaporated at 40°C and obtained 

a thin film of lipids. The thin lipid film was dried in a vacuum oven overnight to 

ensure complete removal of the solvent. The film was rehydrated using the 

nanoparticle suspension in Distilled water and vortex mixed 167 . The PVADICb 
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nanoparticle coated with the lipid film alone served as the control. These modified 

nanoparticles were freeze dried and stored at 4°C. 

2.2.4.4 Polymeric gels 

Polymeric gels have been explored for drug delivery applications. Post 

synthetic surface modification of polymeric gels for improving the boundary 

lubrication has tremendous opportunity in the case of synovial fluid substitutes. 

Therefore strategies were developed for the transfer of the monolayer to polymeric gels. 

2.2.4.4.1 Monolayer coating on polymeric gels by Layering, solvent 

evaporation and vortexing 

Coating of the monolayer over the polymeric gels was done by preparing 

the polymeric gel as per the procedure 2.1.6.1 and lipid solution of PC, as per the 

procedure 2.2.2.1.1. A quantity equivalent to 5ml of the polymeric gel was spread 

on a 100ml beaker to that 1ml of the lipid solution was added. The solvent was 

allowed to evapourate for 10 min under vaccum then the second polymer layer was 

added and then the lipid layer, which is continued for 20ml of polymeric gels, and 

the layers were mixed thoroughly with the help of a magnetic stirrer for 16 hrs, 

followed by sonication (56Hz) for lOmin. 

2.2.4.4.1.1 Biofriction studies by protrusion method 

The biofriction of the polymeric gel was studied by protrusion method 

using a 5ml syringe. The time required for lml of the polymeric gel to pass 

through 250 needle was measured. Entrapped air bubbles were removed by 

applying vacuum prior to the test. The results are Mean±S. D. of six samples. 

2.2.5 Stability studies of the monolayer 

Stability studies of the monolayer was done under static and shear 

conditions. 

---------------------------4 54~--------------------------



Cliapter 2 'Jvfa teriafs r:1 'Jvf etfiod.s 

2.2.5.1 Under static conditions 

Stability studies were done under static conditions at ambient temperature. 

For that 2X2 em of the films were cut and incubated in 25ml of Phosphate 

Buffered Saline (PBS) (7.4) for 24 hrs. The collected samples were washed with 

distilled water to remove buffer salts, and dried at room temperature. The change 

in contact angle was studied by using a goniometer168• 

2.2.5.2 Under shear conditions 

Stability studies were done under shear conditions using a rotary shaker at 

ambient temperature. The modified surfaces (2X2cm) were immersed in 25ml of 

PBS (7.4) and shaken at 150rpm at ambient temperature. Samples were collected at 

specified intervals, washed with distilled water to remove buffer salts, and dried at 

room temperature. The change in contact angle was studied by using a goniometer168· 

2.2.6 Pore volume measurements 

The pore volume of the microspheres was evaluated by measuring the 

volume occupied by the organic solvent. For that the swollen microspheres were 

exchanged with acetone/water mixture (10/90, 30/70, 50150, 70/30, 100/0) as per 

the procedure 2.1.2.1, Then with Acetone/ Dichloromethane (50/50) mixture and finally 

with dichloromethane alone. The volume occupied by the DCM was evaluated 

gravimetrically after centrifugation at 1 O,OOOrpm for 10 min in a sealed test tube. 

2.2. 7 Sedimentation studies 

The pendent polymer form nanoparticles at all the concentrations of 

PVADIC (b & c), through internal self-assembly. Nanoparticles prepared (as per 

the procedure 2.1.3.1.3) was further diluted with water at (1:2 and 1:4) 

concentrations. These samples were centrifuged (Remi R4C Laboratory 

Centrifuge) at 1000, 2000 and 3000 rpm, were then redispersed with a test tube 

shaker before the analysis. The samples at 25 & 70° C were used for the studies. 

They were further characterized by UV I Vis and DLS experiments. 
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2.2.8 Drug content and drug release studies 

Drug release studies across the monolayers were studies after immobilizing 

the monolayer over microspheres and nanoparticles. The insulin and diclofenac 

was used as model drugs in these studies. 

2.2.8.1 Insulin release studies 

Insulin (Human 40 IU/ ml) was used as a model drug in these studies. The 

drug was loaded into the microspheres by diffusion filling method. Drug content and 

drug release studies of the microspheres was done using Lowry method using the 

Folin-Cu reagent169 . Briefly, lOOmg of the microspheres dispersed in lml of the buffer 

is tied into a dialysis bag tubing (M. Wt. cutoff 33,000) and was incubated in 19 ml 

(total dissolution medium= 20ml) of the PBS (7.4). A quantity equivalent to 200~-tl of 

the samples were taken at specified intervals (replaced with the buffer) and analyzed 

by Lowry method using UV- Visible spectrophotometer (Model UV 160A) at 750 nm. 

2.2.8.2Diclofenac release studies 

A quantity equivalent to 10 mg of the nanoparticles (prepared as per the 

procedure 2.1.3 .1.3 .1, and monolayer coated nanoparticles as per the procedure 

2.2.4.3 .1) is weighed and added to 1 ml of the PBS 7.4 solution. At regular 

intervals the samples were centrifuged at 3000rpm (Remi R4C) and 0.2ml of the 

supernatant is collected and evaluated by UV-Vis Spectroscopy at 284 nm. 

For the drug content evaluation a quantity equivalent to 1 Omg of the 

nanopartcle was dissolved inlml of 0.5N Hcl. Further the pH is adjusted to 7.4 

with IN NaOH and the solution was made upto 5ml with distilled water. The 

solution was sedimented at 1 O,OOOrpm for 30 min. 0.2ml of the supernatant is 

collected and evaluated by UV-Vis Spectroscopy at 284nm. 

2.2.8.3 Diclofenac content of the supernatant of pendant polymer 

The supernatant solution was collected during preparation of pendant 

polymer 2.1.3.1.2, and 1ml of the solution was diluted with lml of O.lN NaOH 
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and the pH is further adjusted to 7.4 with 0.1 N Hcl. This solution was diluted to 

1 Oml with distilled water and evaluated by UV-Vis Spectroscopy at 284 nm. 

2.2.9 Optical microscopy 

The formation of liposomes from the lipomat and the blood cell adhesion 

studies were done by optical microscopy using optical microscope (Nikon, Japan). 

2.2.9.1 Liposomes 

The formation of the liposomes from the Lipomat was studied at different 

time intervals with the help of an optical microscope at 1 OOX magnification. 

2.2.9.2 Adhered cells 

The blood cell adhesion studies were done as per the procedure 2.3.3. The 

number of adhered cells per unit area was counted using an optical microscope at 

400X magnification, after staining the leukocytes and platelets with coomassie 

blue staining solution. 

2.2.10 Stereo zoom microscopy 

The size distribution of the Lipomat was studied by stereo zoom 

microscope (Leica MZ 6) at 1 OOx magnification. Ten Lipomat were counted and 

taken the average in the dried state. 

2.2.11 Goniometry: Contact angle studies 

The contact angle measurements provide information about of the polarity 

and surface energy of a substrate. A drop of liquid is placed onto a material 

(Figure2.2.11.1 ), and the angle that the drop makes is measured by a goniometer. 

This angle is used in a force-balance equation in order to determine the surface 

tension of the material. 
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Figure-2.2.11.1 :Goniometry 

Method 

The Contact angle measurements were done by sessile drop method, using 

double distilled deionised water, at different temperature conditions. The polymer 

films were mounted on a glass plate and placed into the stage. One drop of water 

was placed on the film using Hamilton syringe. Angle on both side of each bubble 

was measured. 

2.2.12 UV/ Vis spectroscopy 

Principle 

The change in intensity of light passing through a sample is proportional to 

path length, concentration and intensity of incident light as per Beer -Lambert's 

Law. It can be explored for the evaluation of turbidity changes and concentration 

of various molecules in the solution. The UV-Vis spectroscopy measurements 

were done using a UV-Vis spectrophotometer (UV-160A, Shimadzu). 

2.2.12.1 Turbidity studies 

Turbidity studies of the different solutions were done, after diluting it 

suitably with distilled water, at 350nm with the help of a UV/ Vis 

spectrophotometer with respect to time. 
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2.2.12.1.1 Turbidity studies indicating the conformational change of proteins 

The conformational change of Alb was studied by preparing a 25 mg % 

w/v albumin solution in DW and from this lml of albumin solution is added to 

different test tubes to this acetone is added in different ratios and finally the 

volume is made upto 1 Oml the corresponding solvent system as such was used as 

the blank for the studies. 

2.2.12.2 Protien content evaluation 

The protein content evaluation was done by Lowery method. For that to the 

200!-Ll of the collected sample (as per the procedure 2.2.8.1) 5ml of sodium 

potassium tartarate and 200!-Ll of F olin- Cu reagent was added. After 15 min the 

absorbance was measured with the help of a UV-Vis spectrophotometer at 750nm, 

using the solvent as a blank. The concentrations of the respective samples were 

calculated from a standard curve prepared by serial dilution. 

2.2.12.3 Diclofenac content evaluation 

The diclofenac content was evaluated by UV-Vis Spectroscopy. For that, 

the 200!-Ll of the sample (collected as per the procedure 2.2.8.2) was made upto 5ml 

by adding 4.8 ml of distilled water (other cases suitably diluted). The absorbance 

of the suitably diluted samples were evaluated at 284nm using the distilled water 

as the blank. The concentrations of the respective samples were measured from a 

standard curve prepared by serial dilution. 

2.2.12.4 Absorption spectra of nanoparticles 

The absorption spectra of the nanoparticles were studied by using a UV Nis 

spectrophotometer at wavelength 200 to 800nm in overlay mode. Samples were 

diluted suitably to get the UV-Vis Spectra in the detectable range. 

2.2.13 Flourimetry 

Fluorescence spectra were created by a, Varian, Cary Eclipse Fluorescence 

Spectrophotometer. The nanoparticles of PV AD ICc Sample 0.1 (A), 0.05(B), 
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0.025(C) gm% were studied by this method. The samples were excited at 

excitation wavelengths 244 and 266 as well as 274, as well as at 31 Onm and the 

emission spectra were studied from 300-600nm. The emission peak was observed 

to be at 497nm when excited at 244nm. Otherwise none of the samples was 

emitting between the above wavelengths from 300-600nm at any of the above said 

wavelength, except sample A. The sample A was showing feeble absorption 

maxima at 290nm and emission peak at 495 and 497nm and it was found varying 

with concentration. Three concentrations of the sample B nanoparticles were 

excited at 244nm and emission was checked between 300-600nm. 

2.2.14 FTIR Spectroscopy 

The FTIR spectra of the samples were done usmg FTIR Impact 41 0 

spectrometer. Solid samples are milled with potassium bromide (KBr) (IR 

transparent) to form a very fine powder. This powder is then compressed into a 

thin pellet which is analyzed. 

2.2.15 Dynamic light scattering 

When a laser beam having a known frequency is directed, at the moving 

particles, the light is scattered, but at a different frequency. The shift is termed as 

Doppler shift or broadening (Figure-2.2.15 .1) is related to the size of the smaller 

particles causing the shift. Due to their higher average velocity, smaller particles 

cause a greater shift in the light frequency than larger particles. 

Figure-2.2.15.1 Dynamic Light Scattering 

--------------------------~ 60~--------------------------



Cliapter 2 :Materiafs e:l Metliotfs 

A commercial DLS spectrometer (Zetasizer Nano ZS Red Badge, Model 

No: ZEN 3600, Malvern) equipped with a multi-row digital time correlator and a 

He-Ne, 3.0 mW laser (Lamda Zero 633nm) with a automated power attenuator 

(with a attenuation index of 0-11 with transmission (% normal) from 0-100 with 

corresponding inward attenuation) was used. The incident beam was vertically 

polarized with respect to the scattering plane. The measurement position within the 

system was automatically moved to allow a large range of sample concentrations 

to be measured. All the measurement positions were above the 4.65mm from the 

cell wall when a 12mm square cuvette was used (Indicating that all the 

measurements were done in planes which is far from the cuvette surface). In this 

instrument the attenuator index and measurement position are automatically 

adjusted by the software. Standard 12mm square glass cuvettes were used for the 

studies. All the experiments qualified the size quality criteria. The equipment 

utilizes Non Invasive Back Scatter (NIBS) Technique using a 173° detection 

optics. Here the incident beam is not traveled through the entire sample, therefore 

if offers least multiple scattering, and reduced scattering noise by large particles. 

The instrument is equipped with a movable lens, which allows a much larger range 

of sample concentration to be measured. 

2.2.15.1 Size of PV A DIC nanoparticles 

A 10% (w/v) solution of the polymers PV ADICb & c (Prepared as per the 

procedure 2.1.3.1.2) was dissolved in ethanol was prepared. A quantity equivalent 

to 1 ml of this solution was diluted to 100 ml with DIW. Thus formed nanoparticles 

were studied by DLS at 25°C. 

2.2.15.2 Size of the liposomes 

The size of the polymer coated liposomes (Prepared as per the procedure 

2.1.4.1) was measured by DLS, after diluting the stock solution with PBS 7 .4, to 

prepare a 1 mg/ml solution. 
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2.2.15.3 Melting curve of nanoparticles 

The nanoparticles were prepared at lmg/mL concentration m distilled 

water. The melting point is defined as the temperature at which the structure 

denatures. The change in size that accompanies the denaturation is easily identified 

using DLS techniques. The temperature dependent Z-Average diameter and 

scattering intensity for nanoparticles was measured with a Zetasizer Nano ZS, 

using a 1 °C incremental temperature and a 3 minute equilibrium time at each 

measurement temperature. 

2.2.16 Atomic force microscope (AFM) 

In an AFM a constant force is maintained between the probe and sample 

while the probe is raster scanned across the surface (Figure-2.2.16.1 ). By 

monitoring the motion of the probe as it is scanned across the surface, a three 

dimensional image of the surface is constructed. 

The constant force is maintained by measuring the force with the "light 

lever" sensor and using a feedback control electronic circuit to control the position 

of the Z piezoelectric ceramic. The motion of the probe over the surface is 

generated by piezoelectric ceramics that move the probe and force sensor across 

the surface in the X and Y directions. 

Figure-2.2.16.1 The primary components of the light lever atomic force 
microscope. The X and Y piezoceramics are used to scan the probe over the 
surface 
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Procedure 

The modified polymer films using various supported lipid monolayers were 

studied using AFM (NT-MDT model-SPM solver P47) 164. in contact mode in air. 

Scanner with maximum scan area of 40flm X 40flm and rectangular cantilever of 

silicon nitride (length 200flm, width 40!-tm) having force constant of 3N\m were 

employed for the measurement. Several areas were scanned for each sample. 

2.2.17 Scanning electron microscopy 

The SEM scan the high energy secondary electron beam across a surface to 

generate highly resolved topographical images. Only those secondary electrons 

that are produced within a very short distance of the surface are able to escape 

from the sample enable the SEM mode boasts high resolution topographical 

images. The figure-2.217 .1 shows the assembly of a conventional SEM. 

Electron gun 

Condenser lenses 

Scan coils 

ObJective lens 

Specimen stub 

Figure-2.2.17 .1 SEM 

Secondary 
electron 
detector 
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General Method 

The surface or internal morphology exposed samples were examined by 

SEM. Dehydration of the tissue specimens were carried out with ethanol in a 

graded series to avoid shrinkage. For dehydration the samples were dipped for 

15min each in a series of 30. 50. 70. 80 90, 95 & 100% ethanol. Finally the 

samples were critical point dried (CPD) in liquid C02. The samples were mounted 

onto aluminium stubs using double sided adhesive tape, further coated with gold 

film and were observed under SEM (Model S-2400, Hitachi, Japan). 

2.2.17 .1 Microspheres 

The surface morphology as well as the internal structure (cut open) of the 

Lipomat (prepared as per the procedure 2.1.5) was studied after mounting on an 

aluminium stub (as mentioned in 2.2.17) using SEM after gold coating. 

2.2.17.2 Nanoparticles 

A quantity equivalent to 0.5ml of the nanoparticle (10mg/ml) suspension 

(prepared as per the procedure 2.1.3.1.3) was suspended over a 1 OOnm filter paper, 

which is pre treated with a sticker. Then the sample was air dried at 25°C for 5 

days and these samples were dried by CPD and then gold coated (as mentioned in 

2.2.17), and studied by SEM. 

2.2.17 .3 Adhered platelets 

The samples collected after the platelet activation studies (as per the procedure 

2.3.3.4) were dehydrated with gradient ethanol method and further dried by CPD method 

(as mentioned in 2.2.17). The dried films after gold coating were examined with SEM 170. 

2.2.18 Transmission electron microscopy (TEM) 

Principle 

When an electron beam encounters a nucleus in the sample, few of these 

electrons will be completely backscattered, re-emerging from the incident surface 
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2.2.19 Differential Scanning Calorimetry (DSC) 

Principle 

Differential scanning calorimetry (DSC) measures the heat change with 

respect to temperature. The detection of changes in the heat content (enthalpy) or 

the specific heat of a sample, for a given energy input, depending upon the specific 

heat of the sample. The specific heat of a material changes slowly with 

temperature in a particular physical state, but alters discontinuously at a change of 

state, accompanied by a change in enthalpy, the latent heat of fusion, heat of 

reaction etc. Such enthalpy changes may be detected by thermal analysis and 

related to the processes occurring in the sample. 

Heat Flux: DSC 

Sa mp k:: <: ha mber 

Ref. 

Ch10mel disk 

Chromel wire Alumel wire 

Figure-2.2.19.1 DSC 

Method 

2.2.19.1 Evaluation of the self-assembled albumin by DSC 

T herrrr.::a:::o u pie 
jurJ:tbn 

Calorimetric measurements were done at a scan rate of I oc; min using a 

DSC 2920 Differential Scanning Calorimeter (DSC) (TA Instruments Inc.). The 

liposome concentration for the calorimetric study was 2.5 gm% w/v. The insulin 
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content of the liposome was 0.16 gm %w/v. The albumin concentration of the 

liposome solution was 0.1 gm % w/v. All the solutions were prepared in PBS 

pH7.4. The samples were equilibrated at 25°C. The reference solution, sample and 

the calorimetric cells were kept at ambient temperature at the time of sample 

introduction and were subsequently cooled to 20 °C. Calorimetric measurements 

were done from 20- 120°C at a heating rate of 1 oc; min. An external pressure of 

1 atm was maintained to prevent possible degassing of the solution on heating. 

Buffer base lines were substracted from each DSC scan. ~H was calculated from 

the area under the curve of each calorimetric peale 

Biorecognition studies 

2.3.1 Calcification studies 

The calcification studies were done using metastable salt solutions 171 . In 

this system the calcium to phosphate molar ratio was maintained at 1.67 as in 

hydroxyapatite. The final concentration of calcium (0.20 M) as (calcium chloride 

dihydrate) and phosphate (0.12 M) as (potassium dihydrogen orthophosphate) was used. 

During the studies, the pH was maintained at 5.5 using (0.2M) neutralized phathalate 

buffer (NPB), to reduce the induction ofnucleation172, 173 . The studies were conducted 

under static conditions at constant volume and ambient temperature. The samples of 

2X2cm were taken and vertically placed in the incubation medium. This can avoid 

the error due to the deposition of nucleates on the surface and related crystal 

growth. After 48 hrs of incubation period, the substrates were removed and were 

gently washed with the distilled water to remove the excess solution. The films 

were then oven dried at 60 OC for 4 hrs and the surface morphology was studied 

using an optical microscope. 
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2.3.2 Protein adsorption studies 

2.3.2.1 Protein adsorption/desorption studies from mixture of proteins using 

SDS- PAGE 

The SDS-PAGE was used to separate and evaluate the adsorbed proteins 

from mixture of proteins. The studies were done from a mixture of proteins of 

albumin, y globulin, and fibrinogen, after desorbing them using Triton X-100. The 

polymer substrates (5X5cm) were exposed for 3hrs to a protein mixture. The surface 

adsorbed proteins were desorbed using 0.1 M Tris- HCl buffer (pH 8.5) containing 

1 % Triton X 100. The samples prepared for SDS-PAGE were similar to that 

prepared by Chiu et al. 174 • (They standardized the procedure using radio labeled 

proteins. Chiu et al. pointed out that it is better to use SDS-PAGE to separate the 

fibrinogen and y-globulin bands. But in this procedure the peptide chains of the 

protein molecules are not cleaved. Therefore, The individual proteins were 

separated based upon their molecular masses). The electrophoresis was carried out 

with 150 J.tl of the sample. The SDS-PAGE was performed on a 5.6% cylindrical gels 

containing 1 % SDS. Bromophenol blue was added to the samples to a final 

concentration of 10 mg/ml as a tracking dye, the electrophoretic run was done and 

analyzed at 4°C at a voltage of 20 V/gel. When the dye front was moved about 

0.5cm from the bottom of the gel, the gels were removed, stained with 0.05 % 

Coomassie brilliant blue, destained in 5 % acetic acid I 10 % methanol and were 

scanned using a UV-VIS spectrophotometer (UV -160A Shimadzu) at A max 

620nm, attached with gels scanner. 

2.3.2.2 Preparation of samples for Conformational studies of proteins175 using 

CD spectroscopy 

Principle 

Linear polarized light can be viewed as a superposition of opposite circular 

polarized light of equal amplitude and phase. A projection of the combined 

amplitudes perpendicular to the propagation direction thus yields a line. When this 
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light passes through an optically active sample with a different absorbance for the 

two components, the amplitude of the stronger absorbed component will be 

smaller than that of the less absorbed component. The consequence is that a 

projection of the resulting amplitude now yields an ellipse instead ofthe usual line. 

The occurrence of ellipticity is called Circular Dichroism. The phenomena of 

Circular Dichroism (CD) is observed when optically active matter absorbs left and 

right hand circular polarized light slightly differently. It is measured with a CD 

spectropolarimeter. It is extensively being explored for yielding valuable 

information about secondary structure of biological macromolecules 176. 

A 

Figure-2.3.2.3.2 CD: Linear polarized light can be viewed as a 
superposition of opposite circular polarized light of equal amplitude and 
phase(A). Different absorption of the left- and right hand polarized 
component leads to ellipticity (CD) and optical rotation (OR). The actual 
effect is minute and using actual numbers the ellipse would still resemble 
a line (B) 

The CD spectra of the solutions were recorded on a Jasco- 810 

spectropolarimeter, using a O.lcm path length quartz cuvette. Acquisition was 

performed using a lOOnrnl min scan rate, 0.5 nm bandwidth, 2s response, 

sensitivity lOOOmdeg, resolution 0.2nm, measuring range 200- 350nm. Each 

spectrum was averaged for three runs. The corresponding baseline (buffer, buffer/ 
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acetone or lipid buffer solution) was subtracted from each spectrum. The final 

spectrum are presented in mean 8 residue ellipticity 

9 = 9/100Crl 

Where 8 is the measured ellipticity (mdeg), I is the path length ofthe quartz 

cell (em), and Cr is the mean residue molar concentration obtained by the following 

formulae. 

Cr = 1000nC'/ Mp 

Where n is the number of amino acids present in the protein molecule (585 

for albumin), C' is the protein concentration in the solution (grn/ L) and Mp is the 

molecular weight of the protein(= 67, OOOg/ mol for albumin). 

2.3.2.2.1 Preparation of samples for CD spectroscopy 

2.3.2.2.1.1 Albumin intercalated into the lipid layer 

The structure of the membrane-incorporated albumin was studied by CD 

spectroscopy (Jasco- 810 spectropolarimeter, using a 0.1cm path length quartz 

cuvette). For that albumin was phase inverted (as per the procedure 2.2.1.3) and 

vacuum dried along with the respective lipid components. This mixture is 

reconstituted in PBS 7.4 solution to form the liposomes, they were further extruded 

using 1 OOnm polycarbonate filters to form unilamellar (prepared as per the 

procedure 2.1.4.2) liposomes. The albumin concentration in the final solution was 

0.075grnl L. 

2.3.2.2.1.2 Bound protein to the ligand 

The structure of the bound albumin to the polymer bound drug (PV ADICb) 

was studied by CD spectroscopy (Jasco- 810 spectropolarimeter, using a O.lcm 

path length quartz cuvette). The albumin concentration in the final solution was 

0.075grn/ L. The solutions were prepared in PBS 7.4 at ambient temperature prior 

to the experiment23 . 
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2.3.2.3 Spectral analysis using K2d algorithm 

The spectral analysis was done using the algorithm K2d, which allows the 

estimation of the percentages of the protein secondary structure using a Kohonen 

neural network with a two dimensional output layer 177•178 . This algorithm allows 

calculations in the 200- 240 nm wavelength ranges179. 

2.3.2.4 Quantitative evaluation of the proteins by ELISA 

Mouse TNFa, IL6, ILlO, and IFNg were determined in pooled cell-free 

supernatants of stimulated or unstimulated cells by sandwich enzyme-linked 

immunosorbent assay using coated recombinant mouse IL-10, IL6, TNFa, IFNg 

antibodies and detected with anti-mouse IL-10, IL6, TNFa, IFNg monoclonal 

antibodies using standards, and POD as the substrate, and red using a multi plate 

ELISA reader (TECCAN) analyzed using Megallan 3.0 software, exactly 

according to the manufacturers protocol (BD bioscience). The data shown are the 

means+/- S.D. of triplicate samples of one representative experiment. 

2.3.3 Blood cell adhesion studies 

2.3.3.1 Platelet adhesion studies 

The platelets were separated from a freshly drawn citrated (tri-Sodium 

citrate 3.8% w/v solution) calf blood (at the ratio of (1 :9)) by the procedure 

described elsewhere 180. In short, the blood was centrifuged (Remi RC4) at 70 g for 

l 0 min to remove the supernatant, which was centrifuged at 140 g for 1 0 min to 

remove the leukocyte button. Then the supernatant was again centrifuged at 560 g 

for 10 min. The supernatant was discarded and the platelet button was washed 

further three times with the tyrode solution. The washed platelet suspension was 

spread over the polymer films and incubated for 15 min. Then the films were 

gently and uniformly washed with O.lM phosphate buffered saline (PBS) (pH 7.4). 

The washed films were then fixed with 2.5 % glutaraldehyde solution and stained 

with coomassie blue staining solution. The fixed films were counted by light 

microscopy. 
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2.3.3.2 Leukocyte adhesion studies 

The leukocytes from the citrated calfblood was separated according to the already 

reported procedure23 The erythrocyte removed (as above mentioned) citrated calf blood 

was centrifuged at 140g for 10 min, to remove the leukocyte button and the cells were 

washed and suspended in tyrode solution and studied similarly as mentioned above. 

2.3.3.3 Erythrocyte adhesion studies 

The erythrocyte adhesion studies, were done by usmg the procedure 

described elsewhere 23 . In short, the erythrocyte was separated from the citra ted 

calf blood by centrifuging at 70 g. The supernatant was discarded. The sedimented 

erythrocyte was washed three times with the O.lM Phosphate Buffer (pH 7.4), and 

suspended in phosphate buffer and studied similarly as mentioned above. 

2.3.3.4 Platelet activation studies 

A sample of 10 ml of fresh calf blood was collected in tri-Sodium citrate 

3.8 % w/v solution anticoagulant system at the ratio of 1:9, by standard 

venipuncture technique. In short, the blood was centrifuged at 140 g for 10 min to 

get the platelet rich plasma (PRP), after removing the leukocyte and erythrocyte 

button as mentioned above. The polymer substrates of size 0.5X0.5 em were cut 

and were incubated with saline at 3TC for 15min. The saline was replaced with 

2ml of PRP. The membranes were incubated with the PRP for 2hrs. After the 

specified incubation period the PRP was decanted and the membranes were rinsed 

with the saline. The washed membranes were then treated with 2.5 % 

glutaraldehyde in saline for 2 days at 4 °C. The activated platelets were evaluated 

by SEM (as per the procedure 2.2.17.3) All the blood cell adhesion studies were 

done independently within 2hrs of the collection of the blood. 

2.3.3.5 Macrophage adhesion and activation studies 

Macrophage plays an important role in regulating the acute phase 

interactions to the biomaterials. The macrophage adhesion, activation, spreading 
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and secretory profile was evaluated to understand about the phenotypic changes of 

the cells on these lipid thin films. 

2.3.3.5.1 Harvesting and subculturing of the macrophage cell line 

The murine macrophage cells (RAW 264.7) were cultured in DMEM high 

glucose with L Glutamine ( 4.5g/l) supplemented with 1% penicillin/streptomycin 

and 10 % foetal bovine serum at 3TC in a humidified incubator with 5% C02. 

These adherent cells were harvested after gentle scrapping with a cell scrapper, 

washed with sterile phosphate buffered saline (PBS) (7.4), and viable cells were 

counted using coulter counter. Macrophage viability was always greater than 98% 

at the start of the experiment. The cells were harvested on culture flasks. The 

mouse macrophage cells between 5-25 passage was used for the studies. 

2.3.3.5.2 Cell seading and experimentation of substrates 

Cells of required number were separated and washed with sterile PBS (7 .4 ), 

and incubated in DMEM as per the procedure 2.3.3.5.1. Cells of different cell 

numbers 1Xl06' 5• 4' 3 were introduced onto each well. Modified 24 well PS plates 

were incubated with 1ml of DMEM high glucose with L Glutamine (4.5g/l) 

supplemented with 1% penicillin/streptomycin and 1 or 10 % foetal bovine serum 

at 3 T C for 2min. The required number of cells were seeded onto this wells and made 

upto 1 ml. Cells were also added directly to the uncoated wells and served as negative 

controls, or were additionally stimulated with 100 111 of lipopolysaccharide endotoxin 

(LPS, 1 mg/ml) to serve as positive controls. Pictures (Phase contrast microscopy) 

were taken at regular intervals to study the morphological behaviour of cells. 

2.3.3.5.3 Evaluation of adhesion strength after gentle washing 

The culture medium was separated after the specified time interval. Further 

plates were washed gently and incubated in PBS (7.4) for the evaluation of 

adhesion strength. 
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2.3.3.6 Polymorphonuclear cell adhesion and activation studies 

Polymorphonuclear (PMN) cells are primary immune cells change the 

course of acute inflammatory response on material surface. The PMN adhesion, 

activation, spreading, secretory profile and proliferative potential were evaluated to 

understand about the phenotypic changes of the cells on these lipid thin films. 

2.3.3.6.1 Cell isolation and harvesting 

Two mice were sacrificed (Procedure approved by internal review 

committee Phillips University, Marburg, Germany) by cervical dislocation and the 

spleen was collected after lateral dissection of the thoracic cavity. Before the 

collection of the spleen the blood supply to the spleen is disconnected and in no 

time the spleen is separated and harvested in RPMI medium with 1 O%FCS in ice. 

The spleen is mashed in a Petri dish with the help of a 0.11-l nylon mesh and 0.1 ml 

syringe barrel. A 1: 1 proportion of the suspended cells in RPMI with 1 O%FCS to 

Pancoll in polypropylene tube were centrifuged at 300g for 20min without break. 

The interface is harvested in 1ml of fresh RPMI medium and washed two times 

with fresh PBS (low EU). Then the cells were resuspended in 1 ml of RPMI 

medium. The cell number was counted with the help of a coulter counter after 

making dilution of 1:2000 with the PB (7.4). The viability of the cells was 

determined based on the mean size of the cell size which form the major area 

under the curve of the histogram of the diluted cell suspension. The viability was always 

greater that 98%. 

2.3.3.6.2 Cell seeding and experimentation 

The modified wells (as per the procedure 2.2.4.1.2) are pre incubated with 

the respective medium with either 1 or 10%FCS. The required number of cells I mi 

were seeded onto the wells and distributed uniformly. The rest of the stUdies were 

as like procedure no 2.3.3.5.2. 
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2.3.3.6.3 Cell proliferation studies by BrdU uptake assay by ELISA 

For cell proliferation assays, cells were seeded into 96-well plates 

(modified or unmodified) at 1000 cells/well, in duplicate. BrdU (BrdU-based Cell 

Proliferation ELISA kit; Roche Applied Sciences, Indianapolis, IN) assay was 

performed according to the manufacturers instructions. For the BrdU assay, 10 fll 

of 1 00 (lM)BrdU was added, to each well, and the cells were incubated for 4 h. 

After removal of the medium, cells were fixed and the DNA denatured using the 

FixDenat reagent (Roche Applied Sciences). After 30 min, the FixDenat reagent 

was removed, anti-BrdU-POD solution was added and the plate was incubated for 

90 min at room temperature. The cells were then washed three times with wash 

solution, after which 100 fll of the substrate solution was added, and absorbance 

was measured at 370 and 490 nm using a microplate reader. For the SRB assay, 25 

fll of trichloroacetic acid was added to each well. 

2.3.4 Fibroblast Cell Adhesion Studies 

Primary cultures of mouse blastoma fibroblasts cells (L-929, cell line, 

NCCS, Pune, India) were grown in eagle's minimum essential medium (EMEM) 

supplemented with 10% foetal bovine serum with 1% antibiotic, antimicotic 

solution, (Sigma). Cells were removed by trypsinization, washed once in EMEM, 

suspended in the culture medium and seeded on sample surface at a cell density of 

1X103 cells/ cm2. Cultures were incubated for 24h and five days at 37°C in a 

humidified atmosphere with 5% C02/ 95% air atmosphere with intermediate 

exchange of culture medium. The samples were collected after the specified 

intervals and washed with phosphate buffer and fixed with buffered formalin and 

stained with haematoxillin and eosin. Stained cells were counted using an optical 
. 181 microscope . 

2.3.5 Bacterial Adhesion Studies 

Gram +ve Staphylococcus aureus (ATCC25923) and Gram- ve Eschericia 

coli (ATCC 25922) adhered to the samples and the viable count of the cells 
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adhered was studied. The test samples were separately placed in tryptone soya 

broth (inoculum density of about 106 (fu/ ml) cells) and incubated with the test 

bacterial strains. The sample containers were incubated at 35°C overnight. After 

overnight incubation the samples were collected, rinsed in sterile PBS and viable 

count was done. For performing viable count the samples were separately placed in 

sterile PBS and adhered bacteria were collected by sonication (lmin) and 

vortexing (lmin) three times. Known volume of the PBS suspension of the adhered 

bacteria was inoculated on tryptone soya agar incubated overnight at 35°C and the 

number of colony forming units was counted and the viable count was calculated 182 . 
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RESULTS AND DISCUSSION 

In this work we have attempted to immobilize cell mimetic lipids as 

monolayers onto different kind of polymeric substrates and studied various 

biorecognition processes. Preliminary experiments and modeling studies have 

been done on polymeric films and this knowledge is attempted to explore in the 

development of different miniaturized substrates including microspheres, 

nanoparticles, liposomes and polymeric gels for drug delivery and tissue 

engineering applications. 

3.1 Developing the co-solvent system 

Here different cell mimetic lipids and other components of thin films are 

solubilized in a solvent system and compressed monolayers of these thin films 

have been deposited onto different substrates. For solubilizing the components, a 

co-solvent system had to be developed which meets all the following requirements. 

(1) It could be able to dissolve all the components aimed to incorporate in the thin 

film. (2) Should not affect the supporting polymer substrates. (3) It should be 
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useful for modifying different 2D and 3D substrates. A single solvent can not 

perform this multitude of functions. 

3.1.1 Selection of the parent solvent 

As part of developing the co-solvent system, the first task is to bring 

together the heterogeneous PL, GL and Chol components together. For the 

development of co-solvent system careful selection of the parent solvent is very 

important. The selection of parent solvent has been done as per the procedure 

2.2.1.1. It is known from the literature that majority of the cell mimetic 

amphiphilic lipids like PL and Chol are hydrophobic and is soluble in non-polar 

solvents like DCM and CF 183 . However these solvents also interact with many of 

the hydrophobic biocompatible polymers in current use today. To avoid this 

discrepancy a suitable parent non-polar solvent has been selected based on their 

interaction with polymer substrates and solubility studies of the lipids. 

3.1.2 Developing the co-solvent system for heterogeneous lipids 

From the preliminary studies for selecting the parent solvent we have 

observed that among various solvents like DCM, CF, n-Hept and CH, the CH is 

least disturbing the base hydrophobic substrates, while all the other solvents 

reduces the translucency of the substrate. 
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Figure- 3.1.2.1: Solubility of different lipids in Co-Solvent system. PC (1), Chol 
(2), GalC (3). Methanol (A), Ethanol (B), n-Butanol (C) 

120 

The figure- 3 .1.2.1 shows the solubility of lipids into the co-solvents of CH. It 

indicates that PC is highly soluble (figure- 3.1.2.1 (1 )) in CH and the solubility is 

getting reduced with the incorporation of Met and Eth as co-solvents, while it is 

increasing with the n-but, in all the concentrations. However, differently solubility 

of cholesterol Figure-3 .1.2.1 (2) has reduced slightly with all the co-solvents with 

the increase in co- solvent concentration. In contrast, GalC being hydrophilic is 

least soluble (Figure-3.1.2.1 (3)) in CH, and is soluble only at an optimum co­

solvent concentration between CH and n-butanol, and is being insoluble in all the 

other co-solvent systems. Among the different ratios of the different co-solvents, 

the CH/Eth is immiscible beyond 50%v/v. 
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The co-solvent system where max1mum quantity of Gale, PC and Chol 

dissolves in CH/n-but) (71.43/ 28.57) % v/v and is taken as the optimum co­

solvent system. The total lipid concentration needed to form the monolayer is well 

below the above said maximum concentrations. This gives enough margin for 

solubilising other components. Apart from that the difference in boiling point of 

these solvents helps in easy deposition of the mono layers, by various methods. 

3.1.3 Optimization of co-solvent system for the incorporation of macromolecules 

Further we have attempted to incorporate various macromolecules into the 

lipid system as per the procedure 2.2.1.3. The macromolecules attempted to 

incorporate into the lipid monolayer are Alb, Hep and DAPEG. These 

macromolecules have been selected based on their proven merit, as surface 

modification agents to improve the haemocompatibility of the polymers. The 

incorporation of Alb has been found to be affected by its hydrophilic exterior. 

Therefore the solubility of the albumin has been improved by sequentially 

introducing the molecule into solvents of decreasing polarity and finally to the 

lipid environment. We have utilized here the flexible nature of the albumin 

molecule to integrate this globular protein into the monolayer. The amino acid 

sequence, dictates the folding of membrane proteins in a said solvent. In the case of 

soluble proteins, like albumin, the hydrophobic core is buried inside the protein 

molecules. During the exposure in a hydrophobic environment, for a preferred 

conformation, the hydrophobic core of the protein is exposed to the exterior184' 185 . 

Earlier it has been observed that the hydrophobic core of the membrane integral 

proteins interacts firmly with the hydrophobic core of the bilayer membrane. 

Acetone has been used here as a co-solvent to change the conformation of albumin. The 

optimum solvent composition (Water: Acet: CH: n-but) (5.00/45.02/35.72114.26) 

% v/v) has been selected based on the miscibility studies, where the total solution 

shows, minimum turbidity changes upon constitution, in absence or presence of the 

macromolecules. Here the lipid stabilizes the conformationally changed albumin by 

occupying the hydrophobic core. Earlier it has been demonstrated that the lipid molecules 
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are acting as molecular chaperons and stabilize the integral membranes in the bilayer 

membrane51 , and control the folding or refolding of the proteins. The solubility of 

albumin and other proteins like y globulin and fibrinogen that could be able to 

incorporate into the co-solvent system is shown in figure- 3 .1.3 .1. 
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Figure-3.1.3.1: Solubility of different proteins in the co-solvent system 

Among albumin, globulin and fibrinogen, fibrinogen has been found to be 

highly soluble in the solvent system (Figure- 3.1.3.1 ). Further air/water interfacial 

studies, of this lipid mixtures have been done with the help of LB trough, to 

understand how the intermolecular interactions regulate the self-assembly of these 

components to form a monolayer. 

3.2 Air/water interfacial studies 

Air/water interfacial studies gives the understanding about the mechanical 

properties of the monolayers when the amphiphiles are in close proximity 

(1.3.2.3). The role of different components in regulating the packing density and 

their self-assembly can be elucidated from these studies. 

3.2.1 Monolayer Behavior of Pure Lipids at The Air/ Water Interface 

Air/ water interfacial 186 behavior of these lipids is done by using LB 

trough164 as per the procedure 2.2.2.1. The (Figure-3.2.1.1A) shows the pressure­

area (n-A) isotherm of the PC using deionized water as the subphase at ambient 

temperature. The liquid expanded (LE) and liquid condensed (LC) phases of then-A 
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isotherm of the PC monolayer are coexisting together as observed earlier187• This 

may be due to the unsaturation of the hydrophobic chain of the egg-PC. The 

double bond in egg-PC is found to be cis188 ' 189 that reduces further close packing 

of the monolayer. The collapse pressure of the isotherm is at 42 mN/m, and the 

limiting molecular area of the PC monolayer is at 70A 02/molecule. 

The rc-A isotherm of the Chol monolayer (Figure-3.2.1.1B) shows a sharp 

entry from gaseous (G) to LC phase during compression, and is similar to that of 

long chain fatty acids 190 • This is due to the strong interaction between the 

hydrophobic cyclo pentano perhydro phenanthrene ring of the Chol, when they are 

in close proximity. The limiting molecular area is at 55 A2/ molecule, and the 

collapse pressure of the cholesterol is near to 42 mN/m. 

s 
LC 
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Figure-3.2.1.1: n-A isotherm of pure lipids. PC (A), Chol (B), GalC (C).The 
different phases observed in the Pressure area isotherm are, G(gaseous)(~'zi-fu__.~,') 
LE(Liquid expanded), (~t¥~ LC (Liquid condensed)(~) state. Arrow(C) indicates 
"kink" in isotherm 
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Then-A isotherm of the GalC (Figure-3.2.1.1C) is also showing extended 

LE phase similar to PC, but the collapse pressure is near to 60 mN/m. This may be 

due to the extended stability of the monolayer contributed by the head group of the 

GalC. The kink observed at 42mN/m is similar to that observed earlier191 , and the 

limiting molecular area is at 85 A 2/molecule. 

3.2.2 Monolayer Behavior of Mixture of Lipids at the Air/ Water Interface: 

Condensing effect of cholesterol 

The air/water interfacial behavior of the mixture of lipids has been studied 

using LB trough as per the procedure (2.2.2.1.1) They also exists in fluid phase 

through out the compression. However the packing density has been directly 

proportional to the concentration of cholesterol. Figure-3.2.2.1 A&B shows that 

LC phase is extended with increase in Chol concentration. The slope of the Le 

phase of compressed monolayer increases with the concentration of the Chol may 

be because of the formation of the cholesterol rich domains, as observed by 

others 192• 

At reduced Chol concentration the LE phase is increased. During the 

incorporation of GalC under reduced Chol concentrations, LC phase has increased 

considerably and the LE phase has reduced. In the case of GalC incorporated 

monolayer, (figure-3.2.2.1 C) the mean molecular area has been decreased from 

135-75 A2/ molecules, in the Le phase. Upon compression at the lateral surface 

pressure of 28mN/m and 7 5 A 2 I molecule the monolayer has been transferred from 

the Le to Lc phase. Further the surface pressure sharply increased and a less 

significant decrease in mean molecular area has (75-67 A 2/ molecule) occurred. 

The area/ molecule for the said monolayer is at 100 A2/ molecule. The monolayer 

collapses at 42 mN/m similar to PC or Chol monolayer. The slope of the curve is 

shifted to the right, which may be due to the condensing effect of cholesterol and 

GalC, and improves the stability of the monolayer at the air/ water interface. 
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Here the GalC incorporated ternary lipid composition (PC: Chol: GalG) 

(1 :0.35:0.125) has been found to have better monolayer stability. This may be 

contributed by the head group structure of the Gal C. This is due to their hydrogen 

bonding regulated head group association, which may help them to have 

preferential participation in the Chol rich domain formation. Earlier such 

preferential organization of sphingiomyelin (SM) into Chol rich domain 193 has 

been observed in a PC/Chol monolayer. Here the PC and SM differ only in their 

head group structure. Studies using binary PL/ Chol lipid compositions also 

indicates that the lipids are closely packed at 30-35 mN/m 194 While in plasma 

membranes the lipids are closely packed at much smaller surface pressure of 
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20mN/m 195 ' 196 . It indicates the role of other constituents in improving the 

membrane integrity of natural membranes. 

However studies using PC/ Chol/GalC ternary lipid combinations are very 

less in the literature maybe because of the limited solubility of GalC. Here the 

significant contribution of GalC in improving monolayer stability has been visible 

from the air/water interfacial studies. Therefore we have selected this particular 

lipid composition (PC: Chol: GalC) (1 :0.35:0.125) as the optimized Outer Cell 

Mimetic lipid Composition (OCMC) containing the minimum essential lipid 

components, for further studies. Further to understand about the condensatiop 

effect of Chol on regulating the fluidity of the lipid layer and effect of 

phosphatidylethanolamine(PE) head group structure on monolayer behavior, we 

have incorporated increasing concentration of PE into these monolayers. This is by 

mimicking the lipid transfer in biological membranes (1.3.2.2). 

3.23 Monolayer behavior with the incorporation of PE: Effect of head group 

structure 

For that, to the (OCMC) (PC: Chol: GalC) (1 :0.35:0.125) lipid mixture has 

been incorporated with varying concentration of PE to prepare the lipid 

compositions of (PCMC a, b& c) (PC: Chol: GalC: PE) (1:0.35: 0.125: (a) 0.0725, 

(b) 0.145, (c) 0.29) using the same solvent system (CH/n-but) (71.43/ 28.57) (5:2) 

% v/v (as per the procedure 2.2.1.2). The air/water interfacial studies has been 

done using LB trough, at ambient temperature as per the procedure (2.2.2.1.1 ). 

The n- A isotherm of the PCMC (a, b & c) lipid compositions also exists in 

fluid state through out the compression (figure- 3.2.3.1). Here in the case ofPCMC 

a, b, & c, the Le phase of the monolayer has decreased with increase in 

concentration of the PE (figure- 3.2.3.1A, B & C). The effect is maximum with 

PCMCc (figure- 3.2.3.1C). The area/ molecule have also been increasing with the 

increase in concentration of the PE. The n- A isotherm of PCMCc (figure-

3 .2.3 .1 C) shows that the molecular area decreased from 245-132 A 2 I molecules, in 
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the Le phase. The Le to Lc phase transition happens at 26mN/m and 

132Ao2/molecule. The mean molecular area decreases from 132-106 A2/ molecules 

in the Lc phase during compression. The monolayer collapses at 42 mN/m. The 

limiting molecular area for the said monolayer has been 180 A 2 I molecule. After 

the collapse, the isotherm of the PCMCc also behaves similar to OCMC (figure-

3.2.2.1C) monolayer. Here in PCMCc the Chol concentration has reduced with the 

incorporation of PE. The observed reduction in the slope of the Le phase of the 

PCMC monolayer may be associated with the reduction in condensing effect of Chol. 
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From these studies we have selected the PE incorporated PCMCc 

(PC:Chol:GalC:PE) (1 :0.35:0.125: 0.29) lipid composition as the optimum PE 
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incorporated lipid composition for further studies. Further we have incorporated 

macromolecules into these lipid monolayers to regulate the monolayer stability, at 

the air/water and air/solid interface. 

3.2.4 Mimesis of lateral stabilization of membrane lipids using proteins: 

Monolayer behavior of mixture of lipids & macromolecules at the air/ 

water interface 

The n-A isotherm of the anchor incorporated lipid monolayers is shown in 

figure-3.2.4.1 The optimized OCMC lipid mixture, incorporated with the anchors 

(Alb, Hep and DAPEG) are studied at the air/water interface using LB trough at 

ambient temperature (as per the procedure (2.2.2.1.1) ). 
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These studies are aimed to laterally stabilize these lipid layers onto polymer 

substrates. For that we have selected Alb, Hep and DAPEG molecules of proven 

anti-thrombogenecity197 as the anchors. The collapse pressure of the monolayer is 

reduced after the incorporation of Alb into the monolayer, OCMC- A, (Figure-

3.2.4.1A), which indicates the interaction between hydrophobic core of the lipid 

and conformationally changed Alb in the monolayer. However the mean molecular 

area of the monolayer has not reduced. The n:-A isotherm also has not shown any 

sharp discontinuity of phase transfer from LE to LC phase during compression. 

Perhaps the LE and LC phases are coexisting together. The reduction in collapse 

pressure may be due to the induction of strong discontinuity in the lipid monolayer 

under compression, by the larger albumin molecule at the air/ water interface. The 

imbalance of the compressive force between the continuous lipid layer and the 

albumin molecule due to the size difference may be the reason for this 

discontinuity, resulting in reduction of the monolayer stability. Therefore to further 

stabilize the monolayer by linking the neighboring albumin molecules we have 

added Hep also along with Alb into the lipid solutions. Heparin has been found to 

be interacting ionically with the albumin molecule198 . The incorporation of Hep 

along with Alb (Figure- 3.2.4.1B), into the monolayer improves the collapse 

pressure from 38 to 42 mN/m (retained the normal collapse pressure of PC 

monolayer). This is a better indication of incorporation of albumin and heparin into 

the monolayer and partial interconnection of the albumin molecule with heparin, 

by ionic interactions. This monolayer shows a right shift in the mean molecular 

area. The figure- 3.2.4.1 C shows the n:-A isotherm of the monolayer containing 

Alb, Hep, and DAPEG. The LE phase of the monolayer increases with the 

incorporation of DAPEG into the monolayer. The isotherm shows a sharp 

discontinuity at 12mN/m surface pressure, after that the monolayer behaves similar 

to the other monolayers until the collapse. Here when the hydrophilic DAPEG 

molecules are introduced into the monolayer along with albumin and heparin there 

has been a sharp phase change at low surface pressures. This indicates that the 
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DAPEG is migrating out of the monolayer during compression199. However there 

is no difference in the collapse pressure, indicating the stabilization of Alb into the 

monolayer by the Hep molecules ((Figure- 3.2.4.1 C). However, due to the ionic 

interactions with the heparin (amino group of DAPEG and carboxy group of 

heparin), the DAPEG molecules cannot escape into the sub phase. This ensures 

that the bulk of the DAPEG molecule exists out of the monolayer at 30 mN/m the 

pressure at which we have transferred the monolayer to the polymer substrates. 

In these studies the albumin molecule is mixed with the lipid solution by 

sequentially treating with less polar solvents. For that albumin has been dissolved 

in water then mixed with acetone and the solution is quickly introduced into CH/ 

n-but mixture containing the lipids in definitive proportions. Incorporation of the 

higher concentration of albumin molecule, into the lipid solution, leads to the 

precipitation of albumin molecule due to self-aggregation. The self-aggregation is due 

to hydrophobic interaction between the exposed hydrophobic groups of the albumin 

molecule200 . But at this specified concentrations, we did not observed any self­

aggregation of the albumin molecule within the time period of processing it. This may 

be due to the stabilization of the altered confirmation of the albumin molecule, by 

the lipids. Here the hydrophobic interaction between the albumin and the lipid tail chain 

may reduce the self-aggregation of the albumin molecule. Further we have studied the 

conformation of the albumin incorporated into the lipid layers by CD spectroscopy. 

3.2.4.1 Conformation of the incorporated albumin into the lipid layer 

The far UV CD spectra (as per the procedure (2.3.2.2.1.1)) of the native as 

well as the lipid stabilized albumin after incorporating into the membranes of 

liposomes (prepared as per the procedure 2.1.4.2) have been studied. The figure-

3.2.4.1.1 shows the CD Spectra of the albumin molecule. The CD spectra 

demonstrate that the secondary structure of the native albumin is altered during the 

phase inversion. This altered structure is retained irrespective of the lipid 

composition in all the protein lipid mixtures. 
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Figure~3.2.4.1.1: Structure of the Albumin molecule in lipid bilayer. CD 
spectra of albumin in its native state (A) and altered (B), incorporated into 
PC (C), OCMC- A (D), OCMC- AHP (E) 

Table-3.2.4.1.1: Secondary structure of albumin in the lipid layer 

Drug Native Altered Incorporated OCMC- OCMC-
into PC A AHP 

p 11 46.33 35 39.74 38 

Random 57.5 38 40.27 42 41.21 

Sq. Distance 
309.54 734.26 618.56 664.25 667.7 

(A) 

The spectral analysis was done using the K2d neural algothrithm201 •202 ·The 

calculated percentages of the secondary structure are given in Table-3.2.4.1.1. It 

indicates that the secondary structure of the phase inverted albumin is different 

from the native albumin. The helical content of the phase-inverted albumin has 
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decreased and mainly converted to B- sheet during the phase inversion. The 

denaturation of the native protein structure is reduced in presence of lipids. 

Especially there has been little difference in the random coil structure. However 

the total dimension of phase-inverted albumin has increased. This indicates that the 

albumin exists in molten globular state without entirely loosing its secondary 

structure in the lipid membranes. 

These studies clearly indicates that, the property of the mono layers in terms of 

packing density as well as lateral stability can be modulated, with the help of 

different lipid as well as macromolecular components. Further we have attempted 

to immobilize these monolayers over polymeric substrates to study various 

monolayer-substrate factors regulating their physical assembly. 

3.3 Air/solid transfer studies 

The interaction of the compressed monolayers behaves differently with 

different kind of substrates, when these substrates are introduced at the air/water 

interface. Air/solid transfer studies gives information about (1) lateral stability of 

the monolayer during transfer (2) interaction of substrate with the monolayer (3) 

packing density of the deposited monolayer and (4) orientation of the deposited 

monolayer. These studies are crucial for understanding the exact mechanism of the 

deposited monolayers in regulating the surface events. 

3.3.1 Optimization of monolayer deposition parameters 

In an attempt here, we are developing physically immobilized thin films for 

regulating the biological interactions. The advantage is that the non-covalently 

supported monolayers retain membrane fluidity 203 • Therefore the system could 

actively communicate with the surroundings by maintaining the natural membrane 

fluidity. For that we have attempted to optimize the speed of deposition in terms 

of transfer ratio of the monolayer from the air/water interface to the hydrophobic 

PolyC substrates (prepared as per the procedure 2.1.1.1 ). 
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3.3.1.1 Speed vs transfer ratio 

To optimize the speed of deposition, binary PC/ Chol (1: 0.7) lipid 

compositions at different dipping and withdrawal speeds of the PolyC substrate 

from the air/water interface has been studied with the help of the LB trough. 

Studies at varying dipping speeds have not shown any difference in the transfer 

ratio with the speed (deposited as per the procedure 2.2.2.2.1 ). It indicates the 

strong hydrophobic interaction between the monolayer and the polymer films 204 . 

However, the second monolayer deposition during withdrawal of the polymer 

substrate has been varying with the speed, for the same composition, as shown in 

Figure 3.3.1.1.1. At 5 mm and 100 mm/min, withdrawal speed there has been no 

second monolayer deposition. 
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Figure-3.3.1.1.1: Speed vs transfer ratio on deposition of the 
monolayer on hydrophobic polymer substrate: Upstroke mode, 
PC/Chol (1:0.7) 

At 30mm/min the deposition was optimum. Apart from that most of the 

transfer studies in literature is done at this transfer rate. Further we have evaluated 

the transfer of the compressed OCMC monolayer onto different kind of substrates. 
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3.3.1.2 Substrate Vs Transfer ratio 

For that, OCMC monolayers has been transferred from the air/water 

interface into polymeric films at 30mm/min. The substrates vs transfer ratio is 

shown in table-3.3.1.1.1. 

Table-3.3.1.2.1: Substrate Vs Transfer ratio 

Substrates PolyC PMMA Chitosan cPVA Glass 

Contact 77.275+/- 82.9+/- 85.833+/- 38.56+/- 52.34+/'-

angle 0.953 3.155 0.752 3.12 2.26 

Down stroke 0.976 1.086 0.756 0.224 0.523 

Up stroke 0.753 0.725 0.522 0.889 0.896 

It indicates that on hydrophobic polymer substrates like PMMA, PolyC 

((prepared as per the procedure 2 .1.1.1) and chitosan ((prepared as per the 

procedure 2.1.1.4), maximum deposition happens in the down stroke mode. This 

is due to strong hydrophobic interaction between the monolayer tail side and the 

substrate205 • In the case of hydrophilic substrates like cPV A (prepared as per the 

procedure 2.1.1.3) and Glass (cleaned with chromic acid and distilled water) 

maximum deposition happens in the up stroke mode (Table-3.3.1.2.1 ). This is due 

to hydrophilic interaction between the monolayer head side and the substrate206 • 

This gives the information that depending upon the polarity of the substrate the 

mode of deposition can be altered to get the maximum monolayer transfer. Apart 

from that it also gives the idea about the physical stability of these monolayers 

based on the substrate-monolayer interaction. This could be explored for 

manipulating surfaces, regioselectively with these monolayers for tailor made 

surface interactions. The compositions of the monolayer have been varied at this 
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juncture to see the effect of composition on the interaction and packing of the 

mono layers. 

3.3.1.3 Composition vs Transfer ratio 

Further deposition of various PC/ Chol/ GalC lipid combinations have been 

done at constant deposition parameters (5 mm/min dipping as well as withdrawal 

speed) to PolyC films at ambient temperature( deposited as per the procedure 

2.2.2.2.1) with the help ofLB trough. The Figure-3.3.1.3.1 shows the composition 

effect on transfer ratio of the monolayer to the polymer substrates, from the air/ 

water interface. The deposition of the PC monolayer on this hydrophobic polymer 

surface shows a tight packed second monolayer deposition during withdrawal 

(Figure 3.3.1.3.1B). 
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Figure-3.3.1.3.1: Modified surface Vs Transfer ratio, Down stroke 
followed by Upstroke [PolyC modified with PC (B), (PC:Chol) (1 :0. 7) 
(C), (PC: Chol) (1:0.35) (D), (PC:Chol:GalC) (1:0.35:0.125) (E) 

This ensures the exposure of the nonpolar face of the monolayer by burying 

the polar group inside. For the combination of (PC: Chol) (1:0.7) only a single 

monolayer deposition is seen on the polymer surface, exposing the hydrophilic 

phase outside as shown in, (Figure 3.3 .1.3 .1 C). This surface resembles the natural 
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cell membrane where the polar groups are exposed to the aqueous phase. This is 

due to the condensing effect of Chol, which imparts close packing of the deposited 

monolayer. When the Chol concentration is reduced to half (PC/Chol) (1 :0.35) to 

its original concentration, the interaction between the two monolayers have been 

increased during deposition, (Figure 3.3.1.3.1D). This gives a loosely packed 

second monolayer on the surface, which is oriented inversely exposing the 

hydrophobic face to the aqueous phase. From this it is evident that the 

concentration of Chol plays an important role in the second monolayer deposition. 

The introduction ofthe GalC into the monolayer (PC: Chol: GalC) (1: 0.35: 0.125) 

further improves the transfer ratio during dipping as well as withdrawal to give a 

more optimum deposition under reduced Chol concentrations (Figure 3.3 .1.3 .1 E). 

Therefore we choose this OCMC monolayer for further detailed characterization, 

which can form a compact monolayer or bilayer as evident from (Figure 

3.3.1.3.1E). Apart from that, the microenvironment of the first deposited 

monolayer influences the orientation as well as the packing of the second 

monolayer. Further the polarity of the modified surfaces has been studied. 

3.4 Polarity of the modified surfaces 

At the material -biology interface, water plays an important role in 

regulating the surface events. Structuring of water due to restricted hydrogen 

bonding may happen with the surface depending upon the polarity ( 1.1.5 .2.2). 

The surface polarity of the modified surfaces has been studied by goniometry 

(2.2.11 ). 

3.4.1 Method Vs Polarity 

To check the effect of method of deposition, lipid modified surfaces have 

been prepared by different methods as per the procedures (l) LB deposition 

(2.2.2.2.1), (2) Transfer from air/water interface by in situe method (2.2.4.1.1), (3) 

Spreading and solvent evaporation (2.2.4.1.2) techniques. 
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Figure-3.4.1.1: Polarity of the lipid monolayers, deposited by 
different methods on hydrophobic PolyC films: LB (1), In situe film 
from air/water interface (2), Solvent evaporation (3), Bare PolyC (A), 
PC (B), (PC:Chol)(1:0.7) (C) 

The studies have been done using PC and (PC:Chol)( 1:0. 7) lipid 

monolayers mainly because from our early air/water interfacial studies it has been 

observed that PC represents a flexible monolayer and the other one represents a 

more rigid composite monolayer. The contact angle data of the modified substrate 

is shown in the (Figure 3 .4.1.1 ). The water contact angle (8) of the polymer 

reduces from 77 to 10-20 after the monolayer deposition. It indicates that the 

polarity of the lipid monolayer modified substrates have been reduced, irrespective 

of mode of deposition. Further we have attempted to evaluate the effect of 

orientation of the monolayer on surface polarity. 
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3.4.2 Packing density and orientation V s Polarity 

To check the effect of packing density and orientation of lipid modified 

surfaces on polarity the surfaces have been prepared as per the procedure 2.2.2.2.1. 
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Figure-3.4.2.1: Polarity of the surfaces after lipid monolayer 
deposition, PolyC (A), PolyC modified with PC(B), (PC:Chol)(l:0.7) 
(C), (PC:Chol)(l:0.35) (D), (PC:Chol:GalC)(1:0.35:0.125) (E) . 

The contact angle data of the modified substrate is shown in the figure-

3.4.2.1. The water contact angle (8) of the polymer reduces from 77 to 10-20 after 

the monolayer deposition. It indicates that the different orientation of the 

monolayer has no influence in the polarity of the lipid modified substrates. 

3.5 Stability of the monolayer on substrates 

The stability studies have been done as per the procedure 2.2.5.1 under 

static conditions. Earlier we have observed that the (table-3.3.1.2.1) transfer ratio 

of these monolayers into the polymeric surfaces, depend upon the polarity of the 

substrate. The stability of these monolayers onto the polymeric surfaces has been 
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evaluated in terms of change in polarity of the surfaces. Figure-3.5.1, shows that 

these monolayers are quite stable onto the hydrophobic surfaces (PolyC, PMMA, 

&PS) as compared to hydrophilic surfaces ( cPV A and Chitosan). 
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Figure-3.5.1: Stability of the monolayer on substrates under static 
conditions, PolyC(A), PMMA(B), cPV A(C), Chitosan(D), PS (E) 
Bare(l), PC(2), PC after incubation under static conditions 24hrs(3), 
(PC:Chol:GalC)(l:0.35:0.125) (4), after incubation under static 
conditions 24hrs(S) 

Improving the stability of these monolayers under low shear conditions is 

important for surface modification of devices, biosensors, targeted drug delivery 

systems etc. As an attempt to improve their stability we have mimicked bilayer 

plasma membrane. Here the lipid bilayer membrane is laterally stabilized by the 

transmembrane proteins intercalated into the cell membrane. Earlier we have been 

successful in incorporating Alb into the lipid mono layers with the help of Hep and 

DAPEG. Further we have explored the possibilities of using these macromolecules 

as anchors for the lateral stabilization of the mono layers. 
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3.5.1 Stabilization Strategy-1: Lateral Stabilization with incorporation of 

proteins 

Two such anchor incorporated monolayers of respective compositions have 

been transferred to the functionalized PMMA (as per the procedure 2.2.2.2.2) films 

in the upstroke mode with the help of LB trough. The anchor network formed on 

this supported bilayer is stabilized by carbodiimide chemistry. Where the Alb 

molecule is perfectly incorporated into the lipid layer (3.2.4). These three anchor 

molecules cross-link to each other to form a 3D network and stabilizes the bilayer 

(Scheme-3.5.1.1 & 2 ) . 

Schematic representation of the modified surfaces and the adsorption 

phenomena. 

Scheme- 3.5.1.1 

Albumin and Heparin 
Stabilized Bilayer 

Albumin. Heparin and 
Crosslinked Polyethylene 
glycol Stabilized Bilayer 

Schematic representation of Stabilized supported bilayer Alb 
Hep ( ~ " \G ( — ^ ) PC ), Choi ), GalC ) 

Scheme- 3.5.1.2 

— C O O H • NH 
EDC 

( - CONH — 

Reaction scheme of the components, which laterally stabilizes the 
bilayer on PMMA surface. Carboxyl group of, PMMA, Alb, and Hep 
(A). Amino group of, Alb and DAPEG (B), The cross-linked network 
of anchors (C) 
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The water contact angle studies of the modified surfaces revealed that the 

surface hydrophobicity of the PMMA membranes have decreased after the surface 

modifications. The contact angle 8 is reduced from 85° to 20° after the surface 

modification. 

The scheme-3.5.1.1 shows the schematic representation of the laterally 

stabilized bilayer. Stability studies of these laterally stabilized monolayers have 

been done under low shear conditions. The Figure-3 .5 .1.1 shows the stability 

studies under low shear conditions (studied as per the procedure 2.2.5.2) of the 

modified surfaces represented in terms of the change in contact angle207 . 
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Figure-3.5.1.1: Stability studies under low shear conditions. PMMA Bare 
(A), modified with OCMC (D). PMMA modified with OCMC- AH (B), 
OCMC- AHP (C) 

The PMMA surface modified with the OCMC lipid layer shows less 

stability as compared to the laterally stabilized surfaces. In this surface the contact 

angle have been stabilized after a certain period, may be due to the improved 

lateral stability contributed by the Chol and GalC (condensation effect) (Figure: -

3.5.1.1D). However, in the case ofPMMA modified with OCMC-AH and OCMC­

AHP lipids containing anchors (Figure: - 3.5.1.1B and C) the contact angle has not 

varied significantly with time. This shows that the anchored lipid layers are much 

more stable on the polymer surface than the unanchored lipid layers. 
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The biological lipid bilayer membranes are stabilized laterally with the help 

of integral proteins. The integral membrane proteins, rich in B- sheet exist in the 

calveolae of the cholesterol rich domains, which anchors the membranes to the 

cytoskeleton208 • The hydrophobic interaction between the integral proteins and the 

core of the bilayer membrane holds these integral proteins in the membrane 

bilayer209' 210· These factors enable these membrane surfaces to retain the fluidity, 

and exchangeability and thus the renewability of its components 211 . Such a 

renewable system may interact more actively with the biological environment 

without sacrificing its specific functions. 

Here instead of the integral membrane proteins we have used albumin as 

lateral stabilizer after changing the structure of albumin to expose its interior 

hydrophobic core by treating with organic solvent. Albumin is a flexible passive 

protein, abundantly present in the blood (3.5-4gm %) 212 . This protein has been 

found to be non-thrombogenic in its native and altered conformations 213 . The 

membrane proteins are rich in B- sheet with a hydrophobic exterior. This limits the 

solubility of the integral membrane proteins. Water soluble globular proteins have 

rich a helical content in its native confirmation, changes to molten globular state 

with more B pleated structure, and random conformations in its less-soluble state, 

under adverse conditions of varied pH, solvents, ionic concentration, and 

temperature214• 215 · These proteins can be incorporated into the model lipid bilayer 

membranes after its phase inversion216'217 to increase its hydrophobicity by treating 

with organic solvents. Thus integrated membrane proteins can be anchored to 

linkers with functional groups. 

Heparin is a sulfated polysaccharide and is a natural anticoagulant. 

Immobilization of heparin on material surface for blood contacting applications as 

linkers is widely explored 218 ' 219 • Polyethylene glycol (PEG) is another 

antithrombogenic molecule, explored as a linker or tethering agent as well as a 

surface modifying agent due to its antifouling properties220 ' 221 . Attempts have 
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been made by usmg such lateral stabilizers could be used for improving the 

stability of the supported bilayer systems 222 . 

This novel strategy of stabilizing lipid films with peptide linkages could be 

considered as a more natural way of stabilizing these monolayers. Attempts to 

explore albumin, heparin and PEG as anchors are more economically feasible. 

Receptors or active proteins after tethering with alkyl groups can be immobilized onto 

these monolayers as movable entities to perform different functions like in natural 

cell membrane223 • 

From feasibility point of view physical stabilization have more wider 

application, than the chemical processes. The time, energy and space is minimum 

in the various physical immobilization processes. Further it gives enough 

versatility to modify any kind of substrates. Therefore we have further attempted to 

lateraily stabilize these monolayers, by physical means. 

3.5.2 Stabilization Strategy- 2 Physical stabilization using pendant polymer 

For that we have developed pendant polymers. Our assumption here was 

that (1) the polymer should be soluble in some less polar organic solvents, but not in 

water. (2) It should be able to preferentially adsorb albumin and have high 

interaction with lipid layers. (3) It should form stable film over any kind of substrates. 

3.5.2.1 Selection of the pendant group 

The selection of pendant group is more crucial as it significantly influences the 

physical properties of the pendant polymer. We have taken certain assumptions while 

selecting the pendant groups. From the chemical point of view (1) It should have 

functional groups which can easily cross link with the PV A, (2) The molecule should 

have a bulky side chain with benzene rings. From the physical point of view 1) It should 

have high partition coefficient (So that interaction with lipid membranes will be high) 2) 

Should be soluble in water or water/ethanol, acetone co-solvent system and in DMSO. 

From the biological point of view (1) It should have proven therapeutic identity; in terms 

of safety and efficacy (2) Even the metabolite should have proven safety records. 
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3.5.2.1.1 Albumin binding avidity studies 

3.5.2.1.1.1 In silico docking studies between albumin and free drug 

Some of the drug molecules like, Non- Steroidal Anti Inflammatory Drugs 

(NSA1D) have been found to be highly albumin bound 2 2 4. We have selected three 

Non Steroidal Anti Inflammatory Drug (NSAID) molecules for the said purpose. 

The selected molecules are Aspirin (ASP), Indomethacin (1NDO) and Diclofenac 

(DIC) which have proven safety records" from the literature. Further in silico 

docking studies (studied as per the procedure 2.1.3.1.1) have been done between these 

drug molecules and albumin to select the molecule with maximum affinity for albumin. 

Figure-3.5.2.1.1.1.1: Drug docking with Albumin: Aspirin (A), 
Indomethacin (B), Diclofenac (DIC) (C), The best fit model of the drugs and 
albumin 
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Table-3.5.2.1.1.1.1: Minimum free energy of the docked albumin 

molecules 

Drug Em ax Emin Eavg top 10 

Aspirin -140.95 -33.14 -130.71 

Indomethacin -140.78 -133.57 -130.71 

Diclofenac -174.57 -60.69 -161.05 

Among the three drug molecules DIC shows high affinity for albumin. This 

is evident from the minimum free energy (Table-3.5.2.1.1.1.1) of the best fit 

model. Diclofenac (DIC) is a highly tolerated NSAID. It acts by potent cyclo­

oxygenase inhibition, reduction of arachidonic acid release, and enhancement of 

arachidonic acid uptake. The cyclooxygenase regulates the production of 

inflammatory arachidonic acid metabolites in the bodl26 (The drug have very high 

therapeutic index,(LD 50 in mice , rats; 390, 150 (mg/ kg); Orally), compared to 

(23, 21.5 mg/ kg) for stearic acid and is highly bound (>99.5%) to albumin, In 

vivo. The drug binds preferentially to a high affinity site in albumin and may get 

transferred to a low affinity site in presence of other ligands 227 . All these 

information suggest that this drug molecule could be effectively utilized for the 

preferential adsorption of albumin to the material surface. The diclofenac has a 

partition coefficient of 13 in octanol/ phosphate buffer (PB) (7.4)228 system A 

linear relationship has been found between the lipophilicity of the drug and 

binding parameters229 . Further we have attempted to immobilize the drug by ionic 

and covalent immobilization strategies. 
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3.5.2.2 Pendant group immobilization on polymers by ionic linkage 

For ionic cross-linking, chitosan has been used as the polymer. The DIC is 

a weak acid with a P Ka value of 4.0, and for chitosan the P Ka value is 6.5 230• 

This gives opportunity to modify the free amino groups of the chitosan molecule 

with the drug molecule. Due to the high partition coefficient of the drug, the drug­

polymer complex precipitates from solution in the bound form. This may be the 

reason for the strong ionic cross-linking of the drug with the polymer. The ionic 

cross-linking of the polymer has been done by swelling-diffusion filling method 

(as per the procedure 2.1.1.4.1). 
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Figure-3.5.2.2.1 Modification of the chitosan. The scheme of the 
chemical reaction (I), FTIR spectrum of the pendant polymer (II); 
Chitosan bare (A), Modified chitosan (B). Dynamic contact angle data 
of polymer surfaces (III); Chitosan (a), Modified Chitosan (b); Dry 
polymer (A), Pre-swollen (B), Advancing( I), Receding (2) contact 
angles. Swelling properties of the pendant polymer (IV); Chitosan 
bare (a), Modified chitosan (b) 

10 

The FTIR spectroscopy, figure- 3.5.2.2.1 II A of CHIT shows specific peaks 

at 1651 em-' (amide 1)231 , 1598 em-' due to NH bend (hydrogen bonded)232 . The 

decrease in peak intensity at 1598 em-' of the hydrogen bonded NH bond in 

modified chitosan shows the ionic cross-linking between the carboxyl group of the 

DIC and the amino group of CHIT. The increase ofpeak 1093 em-' (C-Cl aromatic) is 
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evidence of the drug immobilization and another peak at 1316 cm-1, (C-N and N-H) 

linkages, also confirms the drug immobilization (figure- 3.5.2.2.1 II B). 

The polarity of the surfaces have been studied by sessile drop method using a 

goniometer is shown in Figure-3 .5 .2.2.1 III. The contact angle of the CHIT films 

(70.53+/-0.638) has been increased after the surface modification (80.6+/-0.8825). 

This is due to the orientation of the hydrophobic groups of the DIC at the film 

surface. The advancing and receding contact angle of the dry and pre-swollen 

substrates has studied. The decrease in advancing contact angle of the dry chitosan 

films indicates that (3.5.2.2.1 Ilia), the polymeric chains at the surface are 

changing their conformation with respect to time. However this is less significant 

with the modified chitosan (3.5.2.2.1 IIIb ). This is due to hydrophobic interactions 

between the pendant drug molecules, restricts the chain mobility. However in the 

case of pre- swollen chitosan films, this is not happening. 

The swelling profile of the CHITDIC at pH (3, 5 and 7.4) is shown in figure-

3.5.2.2.1 IV. The overall degree of swelling has been reduced considerably at all 

the pH conditions after the DIC immobilisation. CHIT shows a biphasic swelling 

profile (figure-3.5.2.2.1 IVa. The initial phase is due to water diffusion. This is 

followed by a plateau phase. The second phase of swelling is due to chain 

expansion. The second phase is more predominant at pH 3.0. This is due to the 

protonation of the free amino groups. The plateau phase shows that a counter 

acting deswelling mechanism works at this phase. This is observed between 2-3 hr 

at pH 5 and 7 .4, in the case of bare CHIT also. While in the case of CHITDIC 

(figure-3.5.2.2.1 IVb) it is observed at two stages, at 2hr as well as after 4 hrs. 

Here the second deswelling phase is varied at different pH conditions. This phase 

is again depends upon the protonation of the amino groups. 

At pH 7.4 when the free amino groups are least protonated the second 

deswelling phase starts at 4hrs while at pH 5 it is further shifted to 6hrs. At pH 3.0 

when all the amino groups are protonated the phase II deswelling is not visible. 
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This may be due to the entropy introduced into the system by the water diffusion. 

The deswelling phenomenon observed at two stages in the modified chitosan also 

suggests that the hydrophobicity of the chains play an important role in the 

deswelling mechanism233 · This is also evident from the swelling profile of the bare 

chitosan at pH5.0 and 7.4, where the free amino groups are less protonated as 

compared to pH 3. The CHITDIC membranes shows minimum swelling at pH 7.4 

as compared to the bare CHIT also suggests that the increase in hydrophobicity of 

the membranes regulate the swelling profile. 

3.5.2.2.1 In vitro binding avidity studies between albumin and bound DIC 

The CHITDIC films (prepared as per the procedure 2.1.1.4) were used for 

the studies. The protein adsorption studies were done as per the procedure 2.3.2.1. 

The desorbed proteins adsorbed onto the polymeric substrates as well as the 

supernatant after 3hrs has been evaluated by SDS-PAGE. 
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Figure-3.5.2.2.1.1: Densitometric diagram of the protein adsorption­
desorption studies using mixture of proteins. X axis length in em (maximum 
6cm), and Y axis absorbance (maximum value= 0.5). Control (1), CHIT(2), 
CHITDIC(3). The peaks in protein adhesion studies are (A) albumin, (B) y 
globulin and (C) fibrinogen Desorbed proteins (1), Supernatant (II) 
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The CHITDIC modified surfaces has shown preferential adsorption of 

albumin (Figure-3.5.2.2.1.1). During ionic crosslinking of the drug to the polymer 

part of the pharmacodynamic phore, which is responsible for the NSAID activity, 

is engaged with the polymer. This makes the drug molecule to orient the 

hydrophobic domain (Pharmacokinetic ph ore) to the aqueous environment. Earlier 

it has been reported that this hydrophobic domain fit into the (Site II) hydrophobic 

domain of the albumin molecule with high specificity. The carboxylic group along 

with the hydrophobic group is necessary for the firm binding of this drug to the 

albumin molecule. This leads to the reversible change in conformation of the 

albumin molecule234 . Since the carboxylic acid group is engaged with the polymer, 

we propose that the conformational change in the adsorbed albumin molecule may 

be less in the modified surfaces. 

3.5.2.3 Pendant group immobilization on polymers by covalent linkage 

3.5.2.3.1 Selection of the polymer to form the backbone 

From our preliminary studies using PEG, PYA, Chitosan and alginate we 

have found that PYA is one of the most appropriate polymer for the said purpose, 

because of the following reasons. (I) It is soluble in less polar solvent like DMSO 

in which all the other polymers are less soluble. (2) The hydroxyl group of the 

PYA can be easily functionalized. (3) Alternating OH groups gives free rotational 

flexibility around the single bond, which can be temporarily hindered with bulk 

pendant groups. 

3.5.2.3.2 Preparation of PV ADIC pendant polymer 

Further we have attempted to immobilize this drug molecule into PYA (As 

per the procedure 2.1.3.1.2). The immobilization of the drug to the polymer has 

been evaluated by quantifying the drug content of the supernatant solution (as per 

the procedures 2.2.8.3 and 2.2.12.3). Here we have chosen the composition 

PYADICa (with drug to polymer ratio of 0.025:1 w/w) for the albumin binding avidity 

studies, where the drug pay load has been evaluated to be 6.58+/-0.12% w/w, and 
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is water soluble. The FTIR spectra of the PYA, PVA-DIC and DIC are shown in 

(Figure-3.5.2.3.2.1 ). 

4000 2000 1000 

Wavenumbers cm-1) 

Figure- 3.5.2.3.2.1: Immobilization of the drug into the polymer, 
FTIR Spectroscopy of PV A- DIC complex, PV A (A), (PV A- DICa (B), 
DIC (C) 

The reduction of the peak at 1238 cm-1 of DIC and the increase of peak 

1093 cm-1 (C-0-C) and (C-Cl aromatic) are evidences of the ligand immobilization 

onto the polymer by ether linkages (Figure- 3.5.2.3.2.1B). Another peak at 1316 

cm- 1 (C-N and N-H) linkages also confirms the immobilized ligand (Figure-

3.5.2.3.2.1B). 

3.5.2.3.2.1 Liposome binding affinity of the pendant polymer 

The main objective of the development of these pendant polymers is to 

laterally stabilise the lipid layers. However a renewable surface which can 

bioactively interact for the optimum performance can be achieved with a surface 

which can interact with lipid layers and reversibly bound with albumin. For that 

the interaction of the pendant polymer and the liposomes has been subjected to 

study. The liposomes has been prepared by using a lipid solution of (PC: Chol) (1: 

0, 0.35, 0.7) composition in 3ml of a mixture of CHI n- But (5: 2)v/v solvent 

system( As per the procedure 2.1.4.1 ). The polymer coating studies has been done 
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as per the procedure 2.1.4.3 using PV ADICa (which is water soluble) pendant 

polymer. The Table-3.5.2.3.2.1.1 shows the effect of cholesterol concentration on 

the coating of the pendant polymer. Which is evident from the increase in size of 

the liposomes. 

Table-3.5.2.3.2.1.1: Effect of polymer coating on size of liposomes 

Z average size Z average size Z average size of 
of liposomes of liposomes liposomes after 

Lipid composition before coating after coating coating with the 
(d.nm) with the polymer and 

polymer (d.nm) albumin (d.nm) 
(PC: Chol) (1:0) 

82+/-2.34 84+/-3.69 
withPVA 78+/-1.25 
(PC: Chol) (1:0) 

96+/-1.24 112+/-5.26 
with PV A-DICa 
(PC: Chol) (1:0.35) 

102+/-1.35 104+/-1.78 
withPVA 96+/-1.48 
(PC: Chol) (1:0.35) 

135+/-2.21 152+/-1.8 
with PV A-DICa 
(PC: Chol) (1:0.7) 

115+/-1.26 118+/-2.42 
with PVA 

112+/-1.64 
(PC: Chol) (1:0.7) 

120+/-1.52 138+/-2.24 
with PV A-DICa 

Maximum interaction between liposomes and pendant polymer has been 

observed with 0.35mg% Chol concentration. This may be due to the flexibility of 

the bilayer due to reduced Chol concentration. Earlier we have observed that the 

LE phase of the monolayer is increasing with the reduction of the Chol 

concentration (figure- 3.2.2). Further coating of the polymer coated liposomes with 

Alb indicates that this pendant polymer coated liposomes has the ability to self­

assemble the albumin also. In contrast in the case of PV A coated liposomes 

incubation in albumin solution does not change the size. This is an important 

development because these polymers can be used for variety of surface 

modification applications like albumin self-assembled liposomes, surface 

modification of nanoparticles etc. 
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3.5.2.3.2.2 Albumin binding avidity of PV ADICa with albumin in presence of 

insulin 

Preferential binding of albumin to pendant DIC (CHITDIC) had 

demonstrated earlier in presence of other proteins like y globulin and fibrinogen 

(3 .5 .2.2.1 ). This has a lot of significance in improving the blood compatibility of 

advanced drug delivery systems or polymer drug complexes etc. Here we have 

attempted to study the competition of albumin with other biological proteins which 

may be delivered under a clinically relevant scenario, like systemic protein 

delivery applications. For that we have studied the competition between insulin 

and albumin for binding to the pendant polymer. 

Here, the binding avidity of albumin to PVA-DICa (prepared as per the 

procedure 2.1.3.1.2), which is precoated over insulin loaded liposomes (As per the 

procedure 2.1.4.3), has been studied by DSC. The liposomes have been prepared 

by using a lipid solution of PC: Chol (1: 0.35) in 3ml of a mixture of CHI n- But 

(5: 2)v/v solvent system(As per the procedure 2.1.4.1). The figure-3.5.2.3.2.2.1 

shows the thermal properties of the ligand-protein complex . 
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Figure- 3.5.2.3.2.2.1: DSC of the bound albumin to the PVADICa 
complex. Bound albumin (PV ADICa coated liposomes) (A) and 
unbound albumin (uncoated) (B) 
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The DSC isotherm of the sample shows an endothermic thermal transition. 

In the absence ofthe ligand (figure 3.5.2.3.2.2.1A) the endothermic transition is at 

73.90°C. This is an additive endothermic transition due to insulin and albumin. 

Earlier it has been observed that the mid transition temperature of albumin is 

between 55- 60 oc 235 , while that of the insulin is at 70- 75°C 236 • This is also 

evident from studies in presence of ligand. The figure 3.5.2.3.2.2.1B shows 

basically three mid transition points at 66.32°C, 73. 79°C and 86.79 oc. The right 

shift in endotherms is due to the ligand binding. The ligand binding split the 

monophasic thermal transition of the albumin molecule to a biphasic one. This is 

due to increase in thermal stability of ligand bound albumin. Since ligand bound 

and free albumin are present in the solution that will be observed as shifts in 

thermal transitions or as multiple peaks237 . The affinity and concentration of the 

ligand as well as number of ligand binding domains of the protein do influence the 

thermal denaturation process. It has been understood that this type of biphasic 

unfolding process arises from a substantial increase in stability of remaining native 

protein during denaturation. 

This increase in stability derives from the free energy of ligand binding 

becoming more negative due to the release of high affinity ligand by unfolding 

protein. The tendency for biphasic denaturation is greatest at low (sub-saturating) 

levels of ligand where maximum increase in the stability occurs. Biphasic 

unfolding arising from such ligand redistribution results from denaturation of 

different kinds of protein molecules, ligand-poor and ligand-rich species, and not 

from sequential unfolding of domains within the same molecule. To reestablish 

this hypothesis, in all these studies we have added an excess quantity of albumin, 

to demonstrate the redistribution of ligand during thermal denaturation process. 

Apart from that no other peak has been observed indicating the interaction of the 

insulin with the ligand. This reestablishes the affinity of the ligand with the 

albumin in presence of other proteins. 

----------------------------~113r----------------------------



Cliapter 3 Cl?gsu(ts d, <Discussion 

3.5.2.3.3 Formation of nanoparticles out of pendant polymer 

Among the three pendant polymers optimized, the PVADICb and c formed 

nanoparticles (prepared as per the procedure 2.1.3.1.3). Both the polymers shows 

least minimum aggregatory concentration. At all the concentrations they form 

nanoparticles upon dilution through self-assembly process. The figure-3.5.2.3.3.1 

below shows the melting curve (Studied as per the procedure 2.2.15.3) of the 

nanoparticles. These nanoparticles shows temperature depended size changes. The 

melting point of the nanoparticles has been found to be 59 oc for PVADICb and 

l9°C for PV AD ICc 

The nanoparticles also shows shape memory effect below the melting point with 

a hysterisis in the case ofPVADICb. This is not happening in the case ofPVADICc. 

Figure-3.5.2.3.3.1: Melting curve of the nanoparticles. PV ADICb (A), 
PV AD ICc (B). Shape memory effect of the nanoparticles, PV ADICb (C) 
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The PV ADICb shows least aggregation behavior with time, while the 

PV AD ICc has shown strong inter nanoparticle aggregation and settling behavior, 

the settling behaviour has been reduced by adding albumin. 

3.5.2.3.4 Air/water interfacial studies of the pendant polymer 

Further we have studied the air/water interfacial studies of the pendant 

polymer (PV AD ICc) with the help of LB trough (as per the procedure 2.2.2.1.2). 

2000 aooo 6000 eooo 10000 12000 14ooo 

Aroa per molecule (Al 

Figure-3.5.2.3.4.1: Thermo responsive behavior of thin solid films of the 
nanoparticles: Compression-decompression studies of the thin solid films 
of the nanoparticle in the air/water interface 

The PV ADICa & b could not be able to form a monolayer at the air/water 

interface. The PV ADICc has formed a monolayer at the interface. Upon multiple 

compression followed by decompression of the monolayer shows reversibility 

without hysterisis (Figure-3.5.2.3.4.1). This clearly shows that short range 

interactions are controlling the formation of the monolayer. Apart from that 

nanoparticles are behaving like individual molecules at the air/water interface. 

3.5.2.3.5 Morphology of nanoparticles and their 2D films 

To understand the structure and mechanism behind this diverse physical 

property, SEM (as per the procedure 2.2.17.2), studies has been done using 

samples prepared at two different temperature conditions. PV ADICb has shown a 
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globular structure (Figure-3.5.2.3.5.1) at room temperature. The nanopaticles are 

spherical and shows uniform size distribution. Above the melting point (at 70°C 

for 5min incubation followed by 24 hrs at room temperature) the nanoparticles are 

opened up and formed sheets. Further the sheets are grown into spindle structures 

with defined geometries. 

Figure-3.5.2.3.5.1: SEM of the PV ADICb nanoparticles (NP) and conformational 
change with respect to temperature, NP at 25°C (A), NP at 70°C (B-D) 

The PVADICc nanoparticles (Figure-3.5.2.3.5.2) are not spherical but oval 

in shape and shows strong one to one adhesion. The SEM of, peeled and dried thin 

sheet of the polymer shows nanoparticulate architecture (Figure-3.5.2.3.5.2B) 

through out its structure. It clearly indicates that this thin films hold the properties 

of the individual nanoparticles. 

Figure-3.5.2.3.5.2: SEM ofthe nanoparticles (A), 2D film ofnanoparticles (B) 
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Further we have studied the interaction of these thin films of nanoparticles 

with substrates of different polarity. For that the pendant polymers have been 

compressed at an air/water interface and transferred into different substrates (as per 

the procedure 2.2.3 and further lipid monolayers are transferred as per the 

procedure 2.2.2.2.1 ). 

3.5.2.3.6 Air/ solid transfer studies of nanoparticles and lipid layers 

The figure-3.5.2.3.6.1 shows that the transfer ratio of monolayers of the 

thermoresponsive polymer is maximum on both hydrophobic (PolyC) and 

hydrophilic (glass) surfaces. Earlier it has been observed that the hydrophilic 

monolayer transfer is maximum onto hydrophilic substrates while hydrophobic 

onto hydrophobic substrates (Table-3 .3 .1.2.1 ). 
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Figure-3.5.2.3.6.1: Transfer of the monolayers on substrates Modified with 
Thermoresponsive polymer(PVADICc) (TRP) further modified with the 
lipid monolayer 

Interestingly on both the kind of substrates significant transfer of mono layers 

of the polymer is achieved. This may be due to the hydrophobic/hydrophilic ratio 
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of the polymer monolayer. After the surface modification with PV AD ICc we have 

found that lipid monolayer deposition onto the substrates is similar on both the 

kind of surfaces with different polarity. Therefore this pendant group strategy could 

be explored for laterally stabilizing the mono layers independent of substrate polarity. 

3.5.2.3. 7 Thermoresponsiveness of the 2D film of nanoparticles 

Further the therrnoresponsiveness of the nanoparticle based 2D thin films, 

have been done after depositing it over the PolyC substrates (as per the procedure 

2.2.3). and studied the polarity using goniometer by sessile drop method( as per the 

procedure 2.2.11) . The figure-3.5.2.3.7.1 below shows the contact angle of the 

surfaces by sessile drop method. 
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Figure-3.5.2.3.7.1: Contact angle of the nanoparticle coated surface with 
respect to temperature conditions, (Stored in absence of humidity (A) and in 
presence of humidity (B)) 

The surfaces have shown polarity difference at the melting pint of the 

nanoparticles. At 20°C the contact angle has been nearly 70° as compared to 15° at 

1 0°C. This clearly indicates that the nanoparticles are undergoing phase change 

with the change in temperature. The interaction of these pendant polymers with 

albumin and lipid layers has already demonstrated. 
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3.5.2.3.8 Conformation of the bound albumin to the pendant DIC 

For the conformational studies of bound albumin PV ADICb nanoparticles 

(prepared as per the procedure 2.1.3.1.3) have been used as the substrate. The far 

UV CD spectra (as per the procedure (2.3.2.2.1.1)) of the native as well as the 

bound albumin is studied. The figure-3.5.2.3.8.1 shows the CD Spectra of the 

albumin molecule. 

2 

0 
-'o 2 0 280 
E 

·2 'C 

"'e 
u 

-4 Cl 
Ill 
'C 

'1 
·6 0 

~ 

>< 
CD ·8 

·10 

·12 

Wave Number 

-A -B 

Figure-3.5.2.3.8.1: CD spectroscopy of the bound albumin. Albumin (A), 
PV A-DICb bound albumin (B) 

The figure- 3.5.2.3.8.1 shows the conformation of the bound albumin. 

Since diclofenac itself is not optically active, and albumin does not give rise to any 

Cotton effects at the wavelengths used, there can be no doubt that the observed 

Cotton effects are extrinsic in origin238 . The near UV CD spectra between 250- 350 

nm has been done to study the tertiary structure of the albumin molecule. 

The high-affinity binding site for diclofenac is present in site II domain of 

the albumin molecule. However site II to site I shift in the presence of other ligands is 

also observed 239 • The Figure-3.5.2.3.8.1 demonstrates that the bound albumin 

shows least conformational change. During covalent cross-linking of the drug to 
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the polymer, part of the pharmacodynamic phore, which is responsible for the 

NSAID activity, is engaged with the polymer. 

The carboxylic acid group of the NSAIDs is essential for the 

pharmacological activity of these drugs. But the albumin binding ability of these 

drug, is more related to the hydrophobic groups and is reduced in the absence of 

the carboxylic acid group239· 

The carboxylic group along with the hydrophobic group is necessary for 

the firm binding of this drug to the albumin molecule 240 • The absence of the 

carboxylic group reduces the affinity of the ligand to the albumin molecule. 

However it has been earlier observed that the ligand binding found to improve the 

conformational stability (3.5.2.3.8.1) of the albumin molecule 241 . Further the 

spectral analysis ofthe CD spectrum (table-3.5.2.3.8.1) also suggested the same. 

Table-3.5.2.3.8.1: Secondary structure of the albumin molecule (%) 

Conformation Native Bound to PV ADICb 

a 31 30 

~ 10 12 

Random 58 58 

Square distance (A) 289.43 274.34 

The preferential adsorption of albumin in presence of other opsonins like y 

globulin and fibrinogen are quintessential, to better understand the ligand 

specificity towards albumin. As the ratio of adsorption of albumin to globulin and 

fibrinogen (non-opsonin to opsonin) regulate the blood compatibility of the 

materials. In vitro studies using mixture of proteins in the same ratio as in the 

blood could be used to directly correlate the results from plasma242 . Eberhart et. al. 

demonstrated that C 18 alkylation significantly improves the resistance to 

coagulation of polyurethane small diameter vascular grafts up to 20hrs 243 · There 
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fore this pendant polymer alone could be explored for the surface modification of 

blood contacting devices. 

Further we have done stability studies under static conditions to explore 

these monolayers for the surface modification of tissue culture plates. 

Development of systems which can be easily explored for the surface modification 

of tissue culture plates has potential application in the cell layer tissue engineering. 

3.5.2.3.9 Stability of lipid monolayers over the nanoparticles 

Further the stability of the laterally stabilized thin lipid films using the 

nanoparticles of the pendant polymer have been studied under static 

conditions(studied as per the procedure 2.2.5.1). 
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Figure-3.5.2.3.9.1: Schematic representation of laterally stabilized 
monolayer with the pendant polymer(a) Stability of the monolayers on 
substrates under static conditions (b), Lipid uncoated (A), Lipid (OCMC) 
coated (B), Poly C(l), PVA-DICc coated PolyC, 25°C(2), PVA-DICc coated 
PolyC 10°C(3), (2) after 24hrs incubation (4), (3) after 24hrs incubation (5) 
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Our studies demonstrate that lateral stabilization of the monolayers with 

thermoresponsive polymer stabilizes (figure-3 .5 .2.3 .9 .1 b) the lipid layer even 

under different biologically relevant thermal conditions. 

Biomimicry of ECM proteins have been considered for the development of 

these thermoresponsive thin films of nanoparticles made of pendant polymers. 

ECM proteins are secreted in soluble globular form and the post translational 

modification change the conformation for its preferential alignment to the 

structural components of the basement membrane. Attempts to synthesize such 

protein like polymers have rarely been successful, because of the stearic hindrance 

in the architectural formation. In our studies the formation of nanoparticles out of 

the polymers shows many physical properties of proteins. Further it intercalates 

strongly with the lipid layers and albumin preferentially. The slightly increased 

size of these particles to nanometer level gives tremendous opportunity to improve 

its functional aspect ratio, while maintaining the properties of the proteins. Its 

strong interaction gives a lot of opportunity to modulate the material biology 

interface. Further reversible, preferential adsorption of albumin significantly 

minimizes antifouling by other agents to these surfaces. Such systems have 

tremendous opportunity in multiple drug targeting. For example through intestine, 

or lung alveoli to blood and to the remote site. Apart from that 2D film of these 

nanoparticles further maintaining the properties of the nanoparticles IS very 

important in the bottom up synthesis of highly functional surfaces. 

3.6 Surface Profilometry 

Surface profilometry of the lipid modified surfaces have been done with 

atomic force microscope (AFM) 244• 

3.6.1 Supported OCMC monolayer 

The surface morphology of the lipid monolayer is being correlated with 

their biological performance 245 • The contact mode AFM studies (as per the 

procedure 2.2.16) of the dried PolyC surface modified with OCMC monolayer 
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have been done after transferring the monolayer from the air/water interface to the 

solid support (transfer ratio = l)with the help of LB trough at 30 mN/m(as per the 

procedure 2.2.2.2.1). 

The figure-3.6.1.1 represents the surface morphology of the OCMC 

monolayer (The figures are representative figures of five different areas of three 

different samples). The z- axis provides the surface roughness of the supported 

lipid monolayer. 

Figure-3.6.1.1: A F M image of the dried supported O C M C monolayer 

The surface shows a smooth texture with domains of the size range of 50-

lOOnm. The surface has been appeared without holes or uneven regions. Further 

the effect of head group structure on the surface morphology of supported 

monolayers have been done with the incorporation of PE. 

3.6.2 Surface Profilometry with the incorporation of PE: Effect of head group structure 

The AFM studies have been done as per the procedure 2.2.16. For that OCMC 

and PCM Ca,b,c monolayers have been deposited (transfer ratio= 1) onto PolyC 

films as per the procedure 2.2.2.2.1. 
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Figure-3.6.2.1: Surface profilometry of lipid films (PC:Chol:GalC:P 
E)(l:0.35:0.122: 0 (A), 0.0725(B), 0.145(C), 0.29(D) supported using PolyC 
substrate 

The OCMC lipid surface have (Figure-3.6.2.1 a) appeared uniform, with 

randomly distributed domains. The domains is of the size range of 30-50nm and 

shows a heterogeneous size distribution over the entire membrane surface. 

Nanoscopic domains of ~30 nm sizes have been randomly distributed than the 

larger domains. Similar domain border structures had been reported earlier 2 4 6 ' 2 4 7 

The size of the domains have decreased with increasing concentration of PE 

(Figure-3.6.2.1b,c &d). The surface of the PCMC(c) lipid supported monolayer the 

domain size has reduced to the range of, less than 5nm. This also reinforces that 

PE reduces the condensing effect of cholesterol. 

Usually the lipid domains have been observed to be dynamic in nature in 

presence of water. They also appeared to change their size and shape frequently, 
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when studied under water, as observed by others 248 • When studied under dry 

conditions the mobility of membrane domains appeared to be arrested. The shape 

and size of these domains have also retained under dry condition due to the 

hydrophobic interactions of the cholesterol molecule 249 • Therefore we have 

investigated the surface morphology of the dried supported lipid surfaces with the 

help of AFM. 

From the air/ water interfacial studies (Figure-3.2.3.1) and surface 

morphology of supported monolayer (Figure-3.6.2.1) systems it is evident that the 

membrane integrity have been reduced with the increase in concentration of the 

PE, and it appears maximum with PCMCc composition, Therefore, for further 

preliminary in vitro biorecognition studies the OCMC and PCMCc supported 

monolayer surface have been chosen. Further we have studied the surface 

profilometry ofthe macromolecule incorporated supported monolayers. 

3.6.3 Surface Profilometry with the incorporation of macromolecules 

Two layers of anchor immobilized monolayers of respective compositions 

have been transferred to the functionalized PMMA surface in the upstroke mode 

with the help of LB trough. The anchor network formed on this supported bilayer 

have been stabilized by carbodiimide chemistry, where the albumin molecule have 

perfectly incorporated into the lipid layer (as per the procedure 2.2.2.2.2). These 

three anchor molecules cross-link to each other to form a 3D network and stabilize 

the bilayer (Scheme- 3.5.1.1& 2). 

The surface morphology of the modified PMMA surfaces are stabilized by 

anchors has been studied using AFM in contact mode in air (as per the procedure 

2.2.16). The Figure-3.6.3.1 shows the contact mode AFM image of the modified 

PMMA surfaces in air. The surface of the monolayer containing albumin and 

heparin has (Figure-3.6.3.1A) shown less number of domains and holes. The depth 

of the holes is found to be 36- 82A. The size of the smaller holes is found to be 

nearly half to that of the larger holes. This shows that some of the holes have 
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continuity through the bilayer to the polymer surface, while the other holes have 

not. The smaller holes with depth of 36 A show the thickness of the upper 

monolayer and the depth of the bigger holes reveal the total thickness of the 

bilayer (The fully extended state of the PC has been nearly 34A). The deviation 

from the standard bilayer thickness may be due to the inclusion of the polymeric 

chain of the anchors. Standard deduction of the size of the domains contributed by 

the polymer chains from the depth of the smaller holes suggests that the 

monolayers are in less condensed state, (26-30 A). The surface modified with 

albumin, heparin and PEG (Figure-3.6.3.1B) has also shown least number of holes, 

Many domains with 5A have observed on the PEG incorporated lipid surface, 

while not in the other surfaces. This confirmed that the smaller domains observed 

here are due to the polymeric chains. The reduction in holes and smaller domains 

in the PEG incorporated lipid layers may be due to perfect packing of the 

monolayer inside the anchor network. 

Figure-3.6.3.1: AFM image of supported laterally stabilized bilayers. PMMA 
modified with, OCMC- AH (A), OCMC- AHP (B). The depth of the bilayers are 
calculated from the holes (indicated by arrow), visible from the monolayer surface 
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The lipid-lipid immiscibility between the cholesterol and the phospholipids 

form cholesterol rich domains in model membranes, and calveolae for the 

transmembrane proteins in the plasma membrane250 . Earlier such domains of larger 

dimension have been observed in binary phospholipids/ cholesterol systems at the 

air/ water interface, and in unilamellar vesicles, which is correlated with that of the 

domains or rafts present in biological membranes251 . Here in the case of model 

lipid modified surfaces also we have observed similar effects. This phenomenon is 

related with the condensing effect of cholesteroe52. Here with the incorporation of 

PE (Figure-3 .6.2.1) and anchors (Figure-3 .6.3 .1) the condensing effect of Chol is 

reduced lead to the reduction in number of domains. The depth analysis using 

AFM in the limited holes available (Figure-3.6.3.1) in the surface revealed the 

bilayer structure of the deposited lipid layer. It shows slightly higher thickness than 

the standard bilayer thickness might be due to the entangled hydrophilic chains 

between the substrate and the bilayer, as well as on the lipid surface. 

BIORECOGNITION STUDIES 

Further we have attempted to study the adsorption of ions, proteins and 

adhesion of cells onto these modified surfaces as these initial events strongly 

regulate the blood and tissue compatibility of the lipid modified surfaces. 

3.7 Calcification studies 

The calcification at material surface has been observed at organized organic -

inorganic interface253 • This is also an important long-term problem in hydrophobic 

biomaterials used for cardia vascular devices254 • However the natural membranes 

have appeared to be effectively circumventing this adsorption related phenomena. 

3.7.1 Effect of orientation and packing density 

To check the susceptibility of these cell mimetic supported lipid surfaces 

towards calcification, studies have been done from metastable salt solutions (as per 

the procedure 2.3 .1 ). The figure-3. 7 .1.1 shows the calcification onto the material 
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surface. (The figures are representative pictures of 5 different fields under same 

magnification (Xl 00) using a Labophot-2 inverted phase microscope with an 

attached Nikon FX- 35 DX camera). 

Figure-3.7.1.1: Calcification studies, PolyC bare (A), PolyC modified with 
PC (B), (PC:Chol) (1:0.7) (C), (PC:Chol) (1:0.35)(D), (PC:Chol:GalC) 
(1:0.35:0.125) (E), Chitosan bare(F), Chitosan modified with PC (G) 

We have found that the overall calcification to the lipid modified surfaces 

has reduced significantly with respect to the PolyC bare (Figure-3.7.1.1A). But the 

monolayer of the (PC: Chol) (1: 0.7) have shown certain degree of calcification 

(Figure-3. 7 .1.1 C). This is due to the nucleation at the phosphate moieties of the 

monolayer. The phosphate moieties of the cell membrane are found to be acting as 

the nucleation site for calcification in the natural environment 255 . To compare the 

influence of packing of the polar head group, we have studied the calcification on 

chitosan (Figure-3.7.1.1F) and chitosan modified with PC monolayer (Figure-

3. 7 .1.1 G) (This is an example for loosely packed polar head group exposed 

monolayer, due to the swelling of chitosan). The result shows that the calcification 

to the PC modified chitosan surface is increased significantly as compared to the 

bare chitosan. The calcification to the hydrophobic phase exposed ordered 
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monolayer surface (Figure-3.7.1.1 (B, D and E)), has been less than the 

hydrophilic phase exposed ordered monolayer surface (Figure-3. 7 .1.1 C). While the 

calcification studies suggest that in hydrophilic phase exposed ordered monolayer 

surfaces, the packing of the monolayer further influenced the degree of 

calcification. 

3. 7.2 Effect of incorporation of PE 

Further we have checked the effect of head group structure by 

incorporating PE into the OCMC monolayer on calcification. For that OCMC and 

PCMCc monolayer has been deposited onto PolyC films as per the procedure 

2.2.2.2.1 

Figure-3.7.2.1: Calcification studies from metastable solutions [PolyC bare 
(A), modified with OCMC(B), PCMCc (C) 

The overall calcification onto the supported lipid surfaces is less (Figure 

3.7.2.1A-C) as compared to the bare hydrophobic polymer surface and there is no 

significant difference in calcification between the lipid surfaces. From our earlier 

studies it is evident that, when these monolayers have been supported onto 

hydrophilic expanding surface (like chitosan) figure-3.7.1.10 the surface gets 

calcified, which is a reverse phenomena of what we have observed on non­

expanding hydrophobic surface (like polycarbonate) Figure-3.7.1.1 (B, D and E). 

This may be related to the movement of the head group of the phospholipids when 

they are in the self-assembled form, than in the free form. Therefore packing of the 

monolayer influences the fluidity of the microenvironment, which governs 

nucleation at the surface. 
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3.7.3 Effect of lateral stabilization 

The laterally stabilized lipid monolayers by peptide bonding have been 

further subjected to calcification studies. 

Figure-3.7.3.1: Calcification studies.PMMA Bare (A). PMMA modified 
with, OCMC- AH (B), OCMC- AHP (C) 

Calcification data from metastable salt solutions (as per the procedure 2.3.1) 

are shown in figure-3.7.3.1. The overall calcification to the modified surfaces, 

have significantly reduced as compared to the bare PMMA surface (Figure-

3. 7.3.1A-C). The size and the density of the crystals formed on the modified 

surface are reduced as compared to the bare polymer. On bare polymer, flower 

type crystals are formed with its nuclei originating from the material surface. The 

crystals are uniformly formed throughout the surface, with long petals at the cut 

edge of the surface. This is totally absent in the case of modified polymers. 

The calcification to the organized organic- inorganic interface in biological 

systems has been reported256 • The surface induced nucleation is proposed to be the 

reason for the calcification, on the surfaces. Therefore we have studied the 

propensity of the surface towards calcification from metastable salt solutions. The 

pH of the solution is reduced to pH 5. 5 to reduce the induction of nucleation257 •258 . 

The calcification data shows that, the overall calcification to the modified surfaces 

is significantly reduced as compared to the bare polymer substrate. This is due to 

the fluidity of the microenvironment. The loose packing of this stabilized 
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supported bilayer increases the osmotic pressure of the microenvironment and this 

intern improve the fluid flow in the microenvironment, which leads to the osmotic 

exclusion of the ions. This has been earlier observed in the case of exclusion of 

proteins by polyethylene glycol immobilized surface 259 . There also the packing of 

the polyethylene glycol influences the effective osmotic exclusion of the proteins 

from the surface. On the contrary, in natural environment we can find that the 

phosphate moieties of the cell membrane are found to be acting as the nucleation 

site for calcification260• There are evidences of calcification on phosphorylcholine­

immobilized surfaces also 261 • However, here we find that the calcification is 

significantly reduced in these laterally stabilized surfaces. This clearly indicates 

that the fluidity of the microenvironment plays an important role in the adsorption 

related phenomena. 

3.8 Protein adsorption studies 

Protein adsorption onto the material surface greatly influences the cellular 

interaction to the material surface ( 1.1.5 .3 .1 ). The studies have been done from a 

mixture of albumin, y- globulin and fibrinogen under static conditions at ambient 

temperature. It has been reported that the protein adsorption to any substrates from 

a mixture of proteins, could be directly correlated to that from plasma262 . 

3.8.1 Effect of orientation and packing density 

The protein adsorption studies have been done from mixture of proteins for 

three hrs. The desorbed proteins have been studied by SDS-PAGE. (as per the 

procedure 2.3.2.1). The figure-3.8.1.1 represents the protein adsorption onto the 

lipid surfaces of different orientations and packing density. 
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Figure-3.8.1.1: Densitometric diagram of the protein adsorption- desorption 
studies on lipid modified polymer surfaces, using mixture of proteins. X axis 
length in em (maximum 6cm), and Y axis absorbance (maximum value = 
0.5). [PolyC bare (A), PolyC modified with PC (B), (PC:Chol) (1:0.7) (C), 
(PC:Chol) (1 :0.35) (D), (PC:Chol:GalC) (1 :0.35:0.125) (E). The peaks in 
protein adhesion studies are (1) albumin, (2) y-globulin and (3) fibrinogen] 

Studies indicates an increased protein adsorption to the hydrophobic PolyC 

surface (Figure 3.8.1.1A). The increased albumin to fibrinogen ratio of the 

adsorbed proteins enhances the blood compatibility and reduces the cell adhesion. 

The modified surfaces with the tightly packed hydrophobic phase exposed ordered 

monolayer (Figure 3.8.1.1 (Band E)) is also adsorbed more amount of albumin. 

Earlier it has been observed that the albumin adsorption to phosphatidylcholine 

immobilized hydrophobic surface is more263 • Our studies on PC modified PolyC 

surface also suggested the same. On the contrary, the phosphorylcholine (the head 

group of the PC) immobilized surfaces has been found to be less susceptible for 

albumin adsorption264 . The reason for the contradiction has not been so clear. Our 

studies revealed that the exposed hydrophobic tail group and their packing strongly 

influence the albumin adsorption. The albumin molecules have specific receptors 

for binding to the nonpolar tail group of the fatty acids265 . The receptor-ligand 
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interaction IS reversible and therefore the conformational change due to the 

adsorption is negligible266 • Here we hypothesize that the preferential adsorption of 

albumin onto the tightly packed hydrophobic phase exposed ordered monolayer 

surfaces is due to the specific interaction of the exposed nonpolar tail group 

structure with the albumin molecule. When the packing of these monolayers has 

reduced, the overall protein adsorption has also reduced (Figure-3.8.1.1D). On the 

contrary, the protein adsorption to the hydrophilic head group exposed surface has 

reduced significantly with respect to the unmodified surface (Figure-3.8.1.1C). It 

clearly indicates that the membrane orientation and fluidity due to the variation in 

packing observed with the transfer ratio is an important parameter, which 

influences the adsorption of the proteins to these surfaces. Apart from that, the 

adsorbed proteins on to these ordered monolayers form a gradient at the surface by 

retaining the natural conformation and hinder further interaction with the cells. 

Sackmann et. al. proposed that the protein-functionalized monolayers with the 

native conformation could be effectively utilized for the specific ligand receptor 

interaction 267 . Whereas the adsorbed protein molecules on bare hydrophobic 

polymer, change their conformation based on the interfacial energy parameters. 

The exposed Arginine-Glycine-Aspartic acid (RGD) functional sequences due to 

the conformational change of the adsorbed fibrinogen and other opsonins are the 

first step to wards the thrombosis or events regulating cellular activation. These 

functional sequences like (RGD sequences interact with the GPIIb/IIIa receptor of 

the platelets and lead to platelet adhesion, activation and thrombosis268 • This effect 

is similar in the case of cell adhesion under cultured in vitro conditions. Here from 

the protein adsorption studies it has been established that either the lipid-modified 

surfaces adsorb more amount of albumin, or the overall protein adsorption has 

reduced, based upon their orientation. Both the situation enhances the bio­

compatibility of these surfaces. But on surfaces where the protein interaction to the 

surface is minimal the cellular activation processes may get mediated through the 

direct interaction between the exposed surface groups and the receptors of the 
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cells. Further we have evaluated the effect of head group structure in the protein 

adsorption 

3.8.2 Effect of phosphatidylethanolamine 

For that OCMC and PCMCc monolayers have been deposited onto PolyC 

films as per the procedure 2.2.2.2.1. The protein adsorption studies have been done 

from mixture of proteins for three hrs (as per the procedure 2.3.2.1). 

Figure-3.8.2.1: Densitometric diagram of the protein,adsorption- desorption 
studies on lipid modified polymer surfaces, using mixture of proteins. X axis 
length in em (maximum 6cm), and Y axis absorbance (maximum value = 
0.5). [PC bare (A), OCMC(B), PCMCc (C). The peaks in protein adhesion 
studies are (1) albumin, (2) y globulin and (3) fibrinogen] 

The figure-3.8.2.1 is a representation of the densitometric data of the 

polyacrylamide gel. The area of the specific peaks indicated that the overall 

adhesion of the proteins to the lipid modified surfaces has reduced (Figure-3.8.2.1 

B& C). Incorporation of PE has further reduced (Figure-3.8.2.1 C) the protein 

adsorption to the lipid surface. This may be due to the higher fluidity of the 
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microenvironment of the lipid surface, imparted by the reduced packing of the 

membrane as already explained. 

3.8.3 Effect of lateral stabilization 

For that anchor incorporated OCMC mono layers have been deposited onto 

PMMA films as per the procedure 2.2.2.2.2. The protein adsorption studies have 

been done from mixture of proteins for 3 hrs (as per the procedure 2.3.2.1). 
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Figure-3.8.3.1: Densitometric diagram of the protein adsorption- desorption 
studies on lipid modified polymer surfaces, using mixture of proteins. X axis 
length in em (maximum 6cm), and Y axis absorbance (maximum value = 
0.5). PMMA bare (A). PMMA modified with, OCMC- AH (B), OCMC­
AHP (C). The peaks in figure are (1) albumin, (2) y globulin a,nd (3) 
fibrinogen 

The protein adsorption data usmg mixture of albumin, y globulin, and 

fibrinogen is shown in Figure-3.8.3.1. It shows reduced protein adsorption to all 

the lipid modified surfaces (Figure-3.8.3.1B and C) as compared to the bare 

PMMA (Figure 3.8.3.1A). However the ratio of albumin to fibrinogen andy globulin is 
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higher in the case of bare PMMA surface. This ratio is not maintained in the case 

of modified polymer surface. 

Protein adsorption is an important phenomenon, which influences the 

biological events. It has been reported that the protein adsorption to any substrates 

from a mixture of proteins present in the blood, could be directly correlated to that 

from plasma 269 . The protein adsorption to all the modified surfaces (Figure-

3.8.3.1B and C) is lower than the bare PMMA surface (Figure 3.8.3.1A). However 

the ratio of albumin to fibrinogen and y globulin is higher in the case of bare 

PMMA surface. This ratio is not maintained in the case of modified polymer 

surface. However different from our earlier studies (Figure- 3.8.1.1 & 2.1 ), the 

protein adsorption to the anchor incorporated lipid surface is further (Figure-

3.8.3.1) reduced may be due to the surface decorated PEG molecules. The 

adsorbed protein molecules on bare PMMA change their conformation since it is 

highly hydrophobic. The increased albumin to fibrinogen ratio of the adsorbed 

proteins enhances the blood compatibility in other terms reduces cell adhesion, and 

the surfaces preferentially adsorb fibrinogen are found to be thrombogenic or 

enhances cell adhesion and activation. The adsorbed fibrinogen changes its 

conformation to expose the functional RGD sequences, and interact with the 

receptors in the platelet surface270, which lead to platelet adhesion, activation, and 

thrombosis271 ' 272 . The phosphorylcholine (the head group of the PC) immobilized 

surfaces has been found to be less susceptible for protein adsorption273 . This is due 

to the inertness of the phosphorylcholine groups in the biological environment. 

Here we can find that the overall protein adhesion has significantly reduced in the 

case of modified surfaces as compared to the bare polymer. In addition to the 

effect of the phosphorylcholine moieties of the bilayer the flexibility of the brushes 

of polyethylene glycol and heparin also helps to reduce the adsorption phenomena. 

The resistance to protein adsorption of PEG has been attributed to the stearic 

stabilization effect, solution properties, and its molecular conformation in aqueous 

solution. It has been proposed that competition between stearic expulsion forces 
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and Van der Waals attraction between the protein and PEG control the protein 

adsorption process. 274 Here in addition to the effect of PEG the fluidity of the 

microenvironment due to the lipid bilayer also might be enhancing the anti-fouling 

property of the modified surface. 

3.9 Blood Cell Adhesion Studies 

From the protein adsorption studies it is evident that on PE incorporated 

lipid modified surfaces the protein interaction is minimal. When protein interaction 

to the surface is minimal the cellular activation may get mediated through the 

direct interaction between the exposed surface groups and the receptors of the cells 

(1.1.5.3.1 &2) Therefore we have studied the blood cell interaction to these 

surfaces from washed blood cells. 

3.9.1 Effect of orientation of the supported lipid layer 

For that lipid deposition onto PolyC substrates have been done according to the 

procedure 2.2.2.2.1. The blood cell adhesion studies have been done as per the procedure 

2.3.3.1,2 &3). The Figure-3.9.1.1 shows the data of blood cell adhesion using washed 

platelets, erythrocytes and the leukocytes to the bare PolyC and the modified surfaces. 
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Figure-3.9.1.1: In vitro blood cell adhesion studies. PolyC bare (A), PolyC modified with 
PC (B), PC:Chol (1:0.7)(C), PC:Chol (1:035)(D), PC:Chol:GaiC (1:035:0.125) (E) 
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The results show an overall decrease in cell adhesion (Figure-3.9.1.1) on to 

modified surfaces as compared to the bare PolyC surface. The orientation as well 

as packing of the exposed monolayer influences the observed difference in cell 

adhesion. On ordered hydrophobic phase exposed surfaces the reduction in cell 

adhesion have been more predominant (Figure-3.9.1.1 (B, D and E)), than the 

surface where the hydrophilic ordered phase is exposed (Figure-3.9.1.1). The PC 

surface modified by OCMC shows least blood cell adhesion (Figure-3.9.1.1E). 

This is associated with the packing of the ordered monolayer. 

3.9.2 Effect of phosphatidylethanolamine 

For that optimized OCMC and PCMC a,b &c lipid compositions have been 

deposited onto PolyC substrates according to the procedure 2.2.2.2.1. The blood 

cell adhesion studies have been done as per the procedure 2.3.3.1 ,2&3). 
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Figure-3.9.2.1: Blood cell adhesion studies from washed cells [PolyC bare 
(A), OCMC(B), PCMCa (C), b(D), c(E) 

The study from washed cells indicates the direct interaction between the 

surface and the blood cells. The overall blood cell adhesion is less on supported 

lipid surfaces (Figure-3.9.2.1B-E). However the platelet adhesion have increased 
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The reduction in protein adsorption and the blood cell adhesion reveal that 

these modified surfaces could considerably reduce the cellular activation 

processes. This could be explored for the surface modification of blood contacting 

materials. However further blood compatibility studies on this surfaces are 

required for complete understanding of this surfaces. Such modified blood 

contacting materials could be used for low shear stress applications like 

modification of surface properties ofbiosensors or small diameter vascular grafts. 

3.10 Platelet activation studies from PRP 

The platelet adhesion and activation are the two important steps, which 

regulate the formation of the thrombus and medical device rejection. In vitro 

studies using platelet rich plasma gives the information about the propensity of the 

surface to initiate platelet activation and thereby cellular activation processes. The 

platelet activation studies have been done as per the procedure 2.3.3.4. For that 

PolyC substrates have been modified with the OCMC and PCMCc monolayer as 

per the procedure 2.2.2.2.2 

The Figure-3 .1 0.1 represents the platelet adhesion to the lipid surface in 

presence of plasma proteins using PRP. The samples have been evaluated by SEM. 

The trend in platelet adhesion from PRP is similar to that from washed platelets 

(Figure-3.9.2.1). Overall platelet adhesion to the lipid modified surfaces is 

reduced. However incorporation of PE enhanced the platelet adhesion. 

Figure-3.10.1 Platelet adhesion studies on lipid modified polymer surfaces, 
using Platelet Rich Plasma. Bare polymer (A). OCMC (B), PCMCc (C) 
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Morphological analysis by SEM shows that, more than half of the platelets 

adsorbed to the bare PolyC surface (Figure-3.10.2A) are fully spread and the other 

platelets are on the verge of spreading. Most interestingly the OCMC modified 

surfaces (Figure-3.10.2B) are devoid of platelet activation even after 2hrs under 

static conditions. However, incorporation of PE (Figure-3.10.2C) enhances the 

platelet activation. 

Figure-3.10.2 Platelet activation studies on lipid modified polymer surfaces, 
using Platelet Rich Plasma. Bare polymer (A). OCMC (B), PCMCc (C) 

The extended pseudopods of the activated platelets onto bare polymer surface 

indicates that these platelets could recruit the other platelets still in suspension and 

form surface bound aggregates with time. On OCMC surface the platelets are least 

adhered and activated. But with the incorporation of PE the platelets are slightly 

activated. This approach can effectively used for the controlled ligand 

supplementation from material surface. 

During the initial stage of surface activation the change in conformation of 

the adsorbed proteins, exposes various functional sequences like RGD, In the case 

of platelets the ligand is sensitive to the platelet GPIIb/Illa receptor. When 

platelets are surface activated, they progress through a sequence of morphological 

changes. This can be evaluated by using SEM. The surface activation contributes 

to the change in the organization of the cytoskeleton, in tum increases the surface 

area of the platelets by the formation of pseudopods. The platelets thus adhered 

and activated goes through a sequence of cytoskeletal events and rise in 

endoplasmic Ca++ concentration, polymerization of actin filaments, thrombin 

activation, release of the cytoskeletal granule contents, as well as platelet 
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aggregation. The extent of shape change and the spread area has been related to the 

surface energetics of the polymer materials 275 • Therefore the platelet activation 

studies are essential to prove the blood compatibility of the surface. The shape 

change could be correlated with the activation. The studies have been done for 2 

hrs with PRP under static conditions. Usually 1 hr is sufficient to establish the 

activation of the platelets. Our studies show that the platelet activation to the 

modified surface has been significantly reduced as compared to the bare 

polycarbonate surfaces (Figure-3.1 0.2). The surface mediated shape changes have 

been related to the physical (interfacial energy) and the chemical (due to specific 

groups) interactions. More than half of the platelets adsorbed to the bare 

polycarbonate surface are fully spread and the other platelets are on the verge of 

spreading. The extended pseudopods of the activated platelets on this surface 

indicate that these platelets can recruit the other platelets still in suspension, and 

form surface bound aggregates with time. 

Earlier it has been observed that the platelet adhesion and activation is poor 

on surfaces under high shear conditions276 . Therefore this bare polymer surface 

may qualify for applications under high blood flow extracorporeal conditions like 

blood pump. Since the albumin to fibrinogen ratio of the adsorbed proteins is more 

here, the platelet adhesion and activation to the bare polycarbonate surfaces get 

further hindered under flow conditions. But for the low shear stress conditions like 

small diameter vascular graft applications, this material is not sufficient enough. 

The occlusive thrombosis under low shear stress conditions is one of the major 

issues in small diameter vascular grafts. So the platelet activation studies under 

static conditions can better represent the low shear stress blood compatible 

applications. The platelet activation is very low in the OCMC monolayer deposited 

surface. Since the experiment has been conducted from PRP the normal sequence 

of surface induced activation of the coagulation pathway (protein mediated) is well 

simulated. Therefore the mechanism of improved blood compatibility of this 

modified surface can be well correlated to the natural hematological conditions. It 

----------------------------~142r----------------------------



Cliapter 3 CJ?.§su{ts e1, (])iscussion 

clearly indicates that the surface modification with the lipid composition discussed 

above is a good candidate for the purpose of low shear stress hematological 

applications like small diameter vascular grafts. The luminal surface of the 

vascular grafts can be modified by transferring the lipid monolayer by controlled 

rotation of the graft at the air/ water interface with the help ofLB trough. 

Further to evaluate the interaction of immune cells to these surfaces we 

have done the adhesion activation, secretory profile as well as the proliferation of 

macrophages and other poly morphonuclear cells. The mouse macrophage cell 

line(RA W 264.7) for macrophage adhesion studies and the polymorphonuclear 

cells collected from the mouse spleen have been used for the studies. In these 

studies we have attempted to understand mainly three parameters. ( 1) How 

antifouling properties of cell mimetic monolayers respond to immune cells (2) 

How it is different with albumin preferentially adsorbing surfaces (3) Effect of 

controlled ligand supplementation from the surface to initiate cellular activation 

processes. Apart from that we have also evaluated (1) Role of serum proteins (2) 

Activation of the cells with bacteria and other bacterial components (3) Effect of 

substrates of different sizes on the immune cell activation processes. 

3.11 Macrophage behavior at the material surface 

Macrophages adhering to the material surface play a central role in 

regulating the inflammatory cascades at an implantation site 277 . Adherent 

macrophages often goes through a sequence of complex cellular events, including 

spreading278 proliferation and change in their normal secretory profile. Such 

changes in the normal phenotypic behavior lead to the secretion of pro­

inflammatory cytokines like TNFa279 . These pro inflammatory cytokines can invite 

other inflammatory cells like neutrophils280 to the implantation site and thus further 

aggravate the scenario. 
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3.11.1 Macrophage adhesion studies 

The adsorbed opsonins such as fibrinogen has been investigated in 

monocyte/ macrophage adhesion studies281 and correlated to the surface polarity. 

However information on dynamic surfaces like cell mimetic or albumin self 

assembling surfaces is scarce. 

3.11.1.1 Effect of serum concentration on early cell response 

Macrophage adhesion studies have been done with RAW 264.7 

macrophage cell line (as per the procedure 2.3.3.5). For that the 24 well PS tissue 

culture plates has been modified as per the procedure 2.2.4.1.2 with the lipid 

monolayers. The samples have been used without any sterilization except it has 

been kept under UV light in the hood for 30minutes before starting the experiment. 

The inverted microscope photographs of the cells grown on modified PS tissue 

culture plates is shown in figure-3 .11.1.1.1, at 3hrs and different serum 

concentrations. 

Figure-3.11.1.1.1: Macrophage (RAW 264.7) (1Xl05 cells /ml) adhesion 
studies on lipid modified surfaces, Phase contrast microscopy image after 
3hrs (lOX). 1% Serum (1), 10% Serum (II). Bare polymer (PS) (A). PS 
modified with OCMC (B), PCMCc (C) 
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The cell adhesion and patterning is different on lipid modified surfaces 

with respect to the bare PS. In the case of bare polymer cell adhesion and 

spreading is more Figure-3 .ll.l.l.l.IA. It is more pronounced with respect to 

serum concentration Figure-3.ll.l.l.l.IIA. OCMC modified surfaces shows 

(Figure-3.ll.l.l.l.IB) less cell adhesion and activation among the three surfaces. 

In PCMCc modified surface (Figure-3.ll.l.l.l.IC) the adhered cells have been 

grouped together to form colonies. While on lipid modified surfaces under reduced 

serum concentration Figure-3.11.1.l.l.IIB&C. has less significance on actin 

mediated cellular activation processes. 

Further number of round and spreaded cells have been counted to 

understand the surface induced change in cell morphology (Figure-3.11.1.1.2). 
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Figure-3.11.1.1.2 Cell spreading (RAW 264.7) (1X105 cells /ml)on the 
modified surfaces, Bare polymer (PS) (A), PS modified with OCMC 
(B), PCMCc(C), Spreaded cells (a), nop.-spreaded cells (b) 

The majority of cells in the OCMC modified surface remain non-spreaded 

(Figure-3.11.1.1.2 B) inactive form. On PCMCc modified surface equal number of 

spreaded and non-spreaded cells (Figure-3 .11.1.1.2 C) have been found. However 

differently in the case of bare surface the number of spreaded cells (Figure-

3.11.1.1.2 A) is more. Earlier in the case of platelet adhesion studies we have 

observed similar trend (Figure-3 .1 0.2). This clearly indicates that the OCMC 
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modified surface significantly reduces the cellular activation processes. While 

incorporation of PE into the monolayers do controlled ligand supplementation as 

compared to the bare surface. 

Further we have counted the number of colonies of the cells present in the 

surfaces, because that was one of the unique activation processes that regulate 

organotypic multi cellular spheroid formation. This gives the information about 

early cell-cell interactions in presence of cell-matrix interactions. 
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Figure-3.11.1.1.3: Macrophage (RAW 264.7) (1X105 cells /ml) cell colony 
formation at different time points: Bare polymer (PS) (A), PS modified with 
OCMC (B), PCMCc(C) 

It has been uniquely observed that on lipid modified surfaces the cells 

remain in a colonized form at early hours with respect to the bare surface (Figure-

3.11.1.1.3). On OCMC (Figure-3.11.1.1.3B). modified surface the size of the 

colonies are smaller than that on PCMCc surface(Figure-3.11.1.1.3C). At 24hrs on 

bare and PCMCc modified surface (Figure-3.11.1.1.3C) more colonies have been 

observed, while it is reduced considerably on OCMC surface (Figure-3.11.1.1.3B). 

At 72 hrs the number of colonies has been considerably reduced on lipid surfaces 

and they formed big sheet like structures. The colony or multi cellular spheroid 

formation is regulated by enhance cell-cell have interactions. Enhanced cell- cell 
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interactions are observed when cell-matrix interactions are minimal. Here on lipid 

modified surfaces the cell- matrix interactions are minimal. As the time progresses 

cells start secreting ECM proteins lead to enhanced cell-matrix interactions. On PS 

surfaces more colonies have observed. This may be due to increased ECM 

remodeling with time. Te increased number of cells or polarity of the surface 

enhances these phenomena with time. However on dynamic or less rigid dynamic 

lipid modified surfaces the secreted proteins are less adherent and provide enough 

flexibility for remodeling. This may be the reason for the formation of cell layer 

like structures. These effects are more prominent on serum depleted studies. 

3.11.1.2 Effect of surface modification on adhesion strength 

Further we have attempted to evaluate the strength of adhesion of the cells 

to these surfaces. For that macrophage adhesion studies have been done with RAW 

264.7 macrophage cell line (as per the procedure 2.3.3.5) after gentle washing (as 

per the procedure 2.3.3.5.1,2 &3). For that the PS tissue culture plates have been 

modified as per the procedure 2.2.4.1.2). The figure-3.11.1.2.1 shows 

comparatively, the number of cells retained on the surface after washing. 

Figure-3.11.1.2.1: Macrophage (RAW 264.7) (1X105 cells /ml) adhesion 
studies on lipid modified surfaces (1% serum), Phase inverted microscopy 
image after 3hrs (20X). Before washing (I), After washing (II). Bare 
polymer (PS) (A). PS modified with OCMC (B), PCMCc (C) 
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Number of cells retained on the surface after gentle washing has been 

considerably reduced (Figure-3.11.1.2.1 &2) on lipid modified surfaces. This may 

be due to less rigidity and renewability of the lipid monolayers during ECM 

remodeling and cell layer removal upon washing. 
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Figure-3.11.1.2.2: Number of macrophage (RAW 264.7) (1Xl05 cells /ml) 
retained after 24hrs: Bare polymer (PS) (A). PS modified with OCMC (B), 
PCMCc (C). Before washing (a), After washing (b) 

This indicates that the cell adhesion strength is minimal on lipid modified 

surfaces. Earlier we have also observed that blood cell adhesion is minimal on 

these modified surfaces (Figure-3.9.2.1 ). In tissue culture conditions macrophage 

cells proliferate in 24hrs and secrete various protiens (growth factors, cytokines 

and ECM) and provide a more dynamic environment. Evaluation of cell adhesion 

strength is more important under these conditions, as it resembles material-biology 

interactions under In vivo conditions. Reduction in adhesion strength on lipid 

modified surface without affecting multi cellular spheroid formation is more 

important for tissue engineering applications. Enhanced cell-cell interaction under 

reduced cell-ECM interaction helps in organotypic tissue formation. Further we 

have attempted to evaluate the morphological changes of the adhered cells with 

respect to cell number and serum concentration. 
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3.11.1.3 Effect of cell number and serum concentration 

For that macrophage adhesion studies has been done with RAW 264.7 

macrophage cell line (as per the procedure 2.3.3.5). The PS tissue culture plates 

have been modified as per the procedure 2.2.4.1.2). The cell spreading, cell-cell 

association to form colonies has been subjected to study. 

Figure-3.11.1.3.1: Macrophage (RAW 264.7) phenotype changes with 
respect to cell number (103(A &D), 104(B&E), 106(C&F) cells/ml) and serum 
concentration (1% serum (AB&C), 10% serum (D,E&F)), on lipid modified 
surfaces, Phase inverted microscopy image after 24hrs (40X). Bare polymer 
(PS)(I). PS modified with OCMC (II), PCMCc (Ill). on lipid modified 
surface 

The effect 1s similar uniformly with respect to cell number and serum 

concentration on lipid modified surfaces (figure-3.11.1.3.1 ), as explained earlier. 

But at low cell numbers the cell spreading and colonization is more visible on the 

lipid modified surfaces (figure-3.11.1.3.1II&IIIA), at lower serum concentrations. 

However, at higher serum concentrations the effect is less significant (figure-

3.11.1.3.1II&IIID). This clearly indicates that the serum concentration plays an 

important role in regulating the morphological and the phenotypic changes of the 

cells. This may be due to a competition between the soluble and insoluble stimuli 

towards cellular activation. Further under high cell density lipid modified surfaces 

(figure-3.11.1.3.1II&IIIB&C), (figure-3.11.1.3.1II&IIIE&F) could not elicit a 

distinguishable response. It clearly indicates that a competition between the cell­

cell adhesion and cell-matrix adhesion happens with time and the cell-cell 

adhesion dominates with time. At this point the ECM is remodeled to adjust the 
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contractile forces. This may not be happening in the case of bare surface (figure-

3.11.1.3.1IA&D) where the cell-ECM interaction dominates. Reduction in cell 

spreading and multicellular spheroid (colony) formation is more visible under 

increased serum concentrations. As the cell density increases the size of the colony 

enhances to form a continuous layer. Here controlled ligand supplementation from the 

surface during early hours helps in rapid colony formation in the case of PCMCc 

surface. However differently in the case of bare substrate due to the uncontrolled 

ligand supplementation there is less control in the organotypic growth pattern. 

3.11.1.4 Effect of stimulation with respect to serum concentration 

Further we have attempted to evaluate the effect of stimulation on the 

cellular response. Macrophage adhesion studies have been done with RAW 264.7 

macrophage cell line (as per the procedure 2.3.3.5). For that the PS tissue culture 

plates have been modified as per the procedure 2.2.4.1.2. The liposomes and 

nanoparticles of the thin films have added into the respective wells. In these 

studies effect of LPS on cellular morphological changes have been studied with 

respect to time & serum concentration on modified surfaces. 

Figure-3.11.1.4.1: Macrophage (RAW 264.7) (1X104 cells/ml) phenotype 
changes with stimulation (LPS) (100J!l of lipopolysaccharide endotoxin 
(LPS, 1J,lg/ml)) on modified surfaces (1 %serum). Row I & II are 24, III & 
IV are 72hrs Phase contrast microscopy image (40X). I &III are 
unstimulated & II &IV are stimulated, Bare polymer (PS) (A). PS modified 
with OCMC (B), PCMCc (C) PV AD ICc (TRP) (D) TRP+OCMC(E), 
TRP+PCMCc (F). On A to Fall the samples, nanoparticles or liposomes (10 
1-11/ml) of the respective thin films are added. 
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At depleted serum concentration, LPS stimulation has treamendous effect 

on the cellular activation processes (Figure-3 .11.1.4.1 II). The effect has been 

further pronounced with time (Figure-3.11.1.4.1 IV). On bare surface at 24hrs the 

cells are spread and started colonizing (Figure-3.11.1.4.1 I&IIA). In OCMC and 

PCMC modified surfaces also cellular colonization process have more 

pronounced (Figure-3 .11.1.4.1I&II B&C), where cell spreading is minimal. While 

in the case of TRP modified surface (Figure-3.11.1.4.1 l&IID), in contrast to the 

bare surface, cells have been colonized like in the case of lipid modified surface. 

Here albumin preferentially self-assembles in its native conformation, whereas in the 

case of bare surface, nonspecific protein adsorption predominates. Further in the 

case of OCMC and PCMC stabilized TRP modified surface (Figure-3.11.1.4.1 

1 &IIE&F) the cellular activation process is more similar to that of unstabilized 

surface. 

At 72 hrs all the cellular activation processes have more pronounced 

(Figure-3.11.1.4.1 III&IV). In the case of bare substrates (Figure-3.11.1.4.1 IV A) 

under stimulation cells are spread and do exocytosis. However on OCMC (Figure-

3.11.1.4.1IVB), PCMCc (Figure-3.11.1.4.1IVC) and TRP (Figure-3.11.1.4.1IVD) 

modified surface, cellular activation have less pronounced. In the case of laterally 

stabilized lipid modified surfaces (Figure-3.11.1.4.1IVE&F) the cell spreading 

have more pronounced, than the unstabilised, eventhough exocytosis is minimal. 

This may be due to intercalation of LPS components into the lipid layers. Here due 

to lateral stabilization the rigidity of the interface has increased may be the reason 

for the pronounced cellular activation. The minimum cellular activation in the case 

of lipid modified and albumin self-assembling surfaces may be related to their less 

rigidity at the interface. 

The figure-3 .11.1.4.2 below shows the effect of stimulation at 1 O%serum 

concentration. 
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Figure-3.11.1.4.2: Macrophage (RAW 264.7) (1Xl04 cells/ml) phenotype changes 
with stimulation (LPS) (lOOfll of lipopolysaccharide endotoxin (LPS, 
lf,lg/ml)) on modified surfaces (10%serum). Row I & II are 24, III & IV are 
72hrs Phase contrast microscopy image ( 40X). I &III are unstimulated & II 
&IV are stimulated, Bare polymer (PS) (A). PS modified with OCMC (B), 
PCMCc (C) PV A DICe (TRP) (D) TRP+OCMC(E), TRP+PCMCc (F). To A 
to F all the samples, nanoparticles or liposomes (10 f!l/ml)of the respective 
thin films are added 

At higher serum concentrations (figure-3.11. L4.2) the overall cellular 

activation process have reduced. Even though the overall trend in cellular 

activation process remain same as in the case of experiments with depleted serum 

concentrations. Further secretary profile of the cultured cells is subjected to study 

with respect to serum concentration and time. The TNFa production have 

enhanced on bare surfaces with respect to time under depleted serum 

concentrations. Under higher serum concentrations TNFa production is 

significantly reduced in bare surfaces also. 

3.11.2 Secretory profile of macrophages 

'Macrophage secretory profile changes at biomaterial surface due to 

cellular activation. The activation of the adhered macrophages is different under 

normal and activated conditions. The cell-cell signaling under pathological 

conditions has been regulated by the cytokines produced by these macrophages. 
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3.11.2.1 Normal conditions 

Macrophages at the material-biology interface under normal conditions 

behave with respect to the surface property of the biomaterials. At this point it is 

interesting to study how biornimetic surface modification strategies control the secretary 

profile of the macrophages. 

3.11.2.1.1 TNF -a production 

Macrophages secrete TNFa due to inflammatory cellular process. The 

acellular supernatant of the cell adhesion studies have been separated and used for the 

analysis of cytokines by ELISA (as per the procedure 2.3 .2.5). The (Figure-3 .11.2.1.1.1) 

shows TNFa production by the cells with respect to serum concentration. 
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Figure-3.11.2.1.1.1: Macrophage (RAW 264.7) (1X105 cells/ml) secretory (fNFa) 
profile(!% serum), Bare PS substrate (A) PS modified with OCMC (B), PCMCc (C) 

The TNFa production Figure-3.11.2.1.1.1 has increased on bare substrates 

with respect to time under depleted serum concentrations. However on lipid 

modified substrates the TNFa secretion has not elevated. At higher serum concentrations on 

bare surface also TNFa secretion has minimized. Earlier we have found excessive 

cell spreading on bare surfaces with respect to time under depleted serum 

concentrations (Figure-3.11.1.4.1A). This has direct relation to the 

proinflammatory TNFa production. 
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3.11.2.1.2 IL-10 production 

Macrophages secretes the proliferative cytokine IL-l 0 in the culture medium for 

their survival, is considered as normal phenotypic behavior of the cells. Evaluation 

of change in IL-l 0 production indicates about the change in normal phenotypic 

behavior of the cells. The acellular supernatant of the cell adhesion studies have 

been separated and used for the analysis ofiL-10 by ELISA (as per the procedure 2.3.2.4). 
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Figure-3.11.2.1.2.1A: Macrophage (RAW 264.7) (1Xl05 cells/ml) secretory (IL-10) 
profile (1% serum), Bare PS substrate (A) PS modified with OCMC (B), PCMCc (C) 
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Figure-3.11.2.1.2.1B: Macrophage (RAW 264.7) (1X105 cells/ml) secretory 
(IL-10) profile (10% serum), Bare PS substrate (A) PS modified with OCMC 
(B), PCMCc (C) 
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The overall IL-10 production remain unaltered (Figure-3.11.2.1.2.1A & B) 

on all the surface with respect to time, serum concentration and between different 

substrates. This indicates that the modified surfaces do not alter the normal 

secretory profile of the cells. 

3.11.2.1.3 IL-6 production 

The IL-6 has been considered as a pro immune cytokine secreted by the 

macrophages. Its evaluation gives the idea about the proimmune response of the 

surfaces. The acellular supernatant of the cell adhesion studies have been separated 

and used for the analysis of cytokines by ELISA (as per the procedure 2.3.2.4). 
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Figure-3.11.2.1.3.1A: Macrophage (RAW 264.7) (1X105 cells/ml) secretory 
(IL-6) profile (1% serum), Bare PS substrate (A) PS modified with OCMC (B), 
PCMCc (C) 
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The IL-6 production (Figure-3.11.2.1.3.1A) has been significantly reduced 

on lipid modified surfaces at 24hrs and further with respect to time under depleted 

serum concentrations. However differently at higher serum concentrations IL6 

production has been slightly increased on lipid modified surface at 72 hrs. 

3.11.2.2 Effect of stimulation 

Macrophages under stimulation due to bacterial contamination or m 

presence of other stimulants get activated and initiates pro-inflammatory and pro­

immune response. Study of secretary profile under stimulation gives the behavior of 

activated macrophages on the surface in septic conditions. Therefore studies have 

been done under activation with respect to time, serum concentration, stimulation 

between the surfaces with the addition of the nanoparticles of the respective thin 

films to the corresponding wells where cells grown on the respective surfaces. 

3.11.2.2.1 TNFa production 

The acellular supernatant of the cell adhesion studies have been separated 

and used for the analysis ofTNFa by ELISA (as per the procedure 2.3.2.4). 
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Figure-3.11.2.2.1.1: Macrophage (RAW 264.7) (1X104 cells/ml) secretory 
(TNFa) profile with stimulation (LPS) (100J!l of lipopolysaccharide 
endotoxin (LPS, 1J!glml)) on modified surfaces (10%serum). A&C are 
unstimulated, B&D are stimulated, 1-6 are 24hrs and 7-12 are 72hrs. Bare 
PS substrate (1&7) PS modified with OCMC (2&8), PCMCc (3&9) 
PV ADICc (TRP) (4&10) TRP+OCMC(5&11), TRP+PCMCc (6&12). To A­
F all the samples, nanoparticles or liposomes (10 J!l/ml) of the respective 
thin films are added 

--------------------------~~r----------------------------



Cliapter 3 CR.gsu[ts d (])iscussion 

The TNF-a production (Figure-3.11.2.2.1.1) is uniformly increased on all 

the surfaces under stimulation at 72hrs under both the serum conditions. However 

in absence of stimulation under depleted serum conditions the TNFa production is 

higher, while cells grown on modified surfaces TNFa production is minimal. The 

results indicate that the nanoparticles or liposomes of the surface or the surface 

itself did not significantly influence the normal cellular activation process under 

stimulation. 

3.11.2.2.2 IL-10 production 
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Figure-3.11.2.2.2.1: Macrophage (RAW 264.7) (1X104 cells/ml) secretory 
(IL-10) profile with stimulation (LPS) (100~1 of lipopolysaccharide 
endotoxin (LPS, 1~g/ml)) on modified surfaces (10%serum). A&C are 
unstimulated, B&D are stimulated, 1-6 are 24hrs and 7-12 are 72hrs. Bare 
PS substrate (1&7) PS modified with OCMC (2&8), PCMCc (3&9) 
PV ADICc (TRP) (4&10) TRP+OCMC(S&ll), TRP+PCMCc (6&12). To A 
to F all the samples, nanoparticles or liposomes (10 ~1/ml) of the respective 
thin films are added 

However differently IL-10 production (figure-3.11.2.2.2.1) is more specific 

with respect to surface. Here also the results are more evident at 72 hrs under 

stimulation. At 72hrs on bare and TRP modified surfaces the IL-l 0 production is 

higher by the cells grown in depleted serum conditions under stimulation, while all 

the other lipid modified surfaces remain intact. On the other hand at full serum 
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conditions on bare and PCMC modified surfaces and OCMC stabilized surfaces 

the IL-l 0 production has tremendously enhanced. 

3.11.2.2.3 IL-6 production 

The acellular supernatant of the cell adhesion studies have been separated 

and used for the analysis of cytokines by ELISA (as per the procedure 2.3.2.4). 
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Figure-3.11.2.2.3.1: Macrophage (RAW 264.7) (1X104 cells/ml) secretory 
(IL-6) profile with stimulation (LPS) (100J!l of lipopolysaccharide endotoxin 
(LPS, 1Jlg/ml)) on modified surfaces (10%serum). A&C are unstimulated, 
B&D are stimulated, 1-6 are 24hrs and 7-12 are 72hrs. Bare PS substrate 
(1&7) PS modified with OCMC (2&8), PCMCc (3&9) PV AD ICc (TRP) 
(4&10) TRP+OCMC(S&ll), TRP+PCMCc (6&12). To A to F all the 
samples, nanoparticles or liposomes (10 J!l/ml) of the respective thin films 
are added 

The IL6 has been differentially secreted (figure-3.11.2.2.3.1) by the cells 

depending upon the substrate under stimulation. Its effect is more prominent at 72 

hrs, but is visible at 24hrs. At 24hrs cells grown on bare polymer, stabilized 

PCMCc and TRP, and at 72 hrs, cells grown on, bare, PCMCc, TRP stabilized 

OCMC and PCMCc modified surfaces, secreted IL-6, with stimulation, under 

depleted serum concentrations. However cells grown under full serum 

concentrations, on bare, OCMC and TRP modified surfaces, at 24 hrs and Bare, 

PCMCc stabilized OCMC and PCMCc at 72 hrs, secreted IL6 under stimulation. 
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The adhesion and activation of rnacrophages on to the material surface 

plays an important role in acute inflammatory responses. The activation of these 

cells leads to change in spreading, and secretory profiles. The cytokines produced 

by these rnacrophages play an important role in the cell-cell signaling. The 

cytokines can be classified based on their source from CD4+ Tcells into Thelperl 

(Thl) IL-l, IFN- y, TNF- ~, and TNF- a, and T helper2 (Th2) IL-4, IL-5, IL-6 

&IL-10. Thl cytokines initiates proinflarnrnatory and antiirnrnune while Th2 

cytokines has anti-inflammatory, proirnrnune responses. Many of these cytokines 

are also produced by the rnacrophages at the implant site 282 , 283 • The most 

prominent inflammatory cytokine produced by the rnacrophages are TNFa. In our 

studies under depleted serum concentration at 72 hrs high TNFa production is 

observed on bare surfaces. This is considerably reduced in presence of serum 

proteins. Most interestingly surfaces modified with lipid rnonolayers or the 

albumin self-assembling thermoresponsive surfaces, TNFa production has been not 

escalated. This clearly indicates that reduced adhesion and activation of the 

rnacrophages reduces proinflarnrnatory responses of macrophage cells. However 

under activation TNFa production have unaltered, irrespective of surface 

modification. Differently increased IL-6 production has observed on PCMCc 

modified surface under full serum concentrations. These modified surfaces also 

does not alter the normal secretary profile (ILIO) of the cells both normal and 

under activation. This gives a Th2 shift at the implant site which can probably reduces 

the inflammatory responses. Apart from that these adhesion dependent macrophage cell 

line also gives information about the normal cell behavior on these modified 

surfaces. As compared to the bare surface, both the lipid modified and albumin 

self-assembling surfaces encourage cell-cell adhesion. In absence of PE this effect 

has minimized on lipid modified surfaces. This is an important development, 

where PE can be explored for the controlled ligand supplementation from the 

surface for organotypic behavior without altering the normal secretory profile of 

the cells. This has far reaching implications in tissue engineering using stern cells. 
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These studies have been done under full serum conditions. In the case of 

PMN cells (Figure-3.12.1.1.1) on all the surfaces under stimulation the cellular 

activation is visible at 24 and 72 hrs. On bare surface it is visible, as the 

destruction of the protein bed, while on lipid modified surfaces, it is liposome 

formation. The effects are profound at 72 hrs on unstabilised and stabilized lipid 

surfaces. However differently we have found least effect on TRP modified 

surfaces. 

3.12.2 PMN Secretory profile 

Secretary profile of the PMN cells is elevated under stimulation. Here we 

have attempted to study the influence of the modified surfaces on the secretory 

profile of PMN cells. 

3.12.2.1 IFNg production 

The IFNg is a proinflammatory cytokine produced by the PMN cells under 

stimulation. 
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Figure-3.12.2.1.1 Secretory Profile (IFNg) of PMN from mouse spleen 
(1X106 cells/ml), with stimulation (PMA(10J.1glml)/ lonomycin(10ng/ml)) on 
modified surfaces (10% serum). Unstimulated (A), Stimulated (B), 1-6 are 
24hrs and 7-12 are 72hrs. Bare PS substrate (1&7)PS modified with OCMC 
(2&8), PCMCc (3&9) PVADICc (TRP) (4&10) TRP+OCMC(S&ll), 
TRP+PCMCc (6&12) Respective nanoparticles or liposomes (10 f..ll/ml) of 
thin films was added to the all the samples 
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Under normal conditions, the IFNg production (Figure-3.12.2.1.1) has been 

shown only by the bare substrates. Upon stimulation all the modified substrates 

show time depended increase in IFNg production. The profound increase is in the 

case of laterally stabilized lipid modified surfaces. Here most interestingly OCMC 

surface enhances IFNg production as compared to PCMCc modified surfaces. TRP 

modified surfaces also slightly enhances the IFNg production with time. However 

on bare substrate time depended increase in IFNg production is not visible. 

3.12.2.2 ILlO production 
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Figure-3.12.2.2.1 Secretory Profile (IL-10) of PMN from mouse spleen 
(1X106 cells/ml), with stimulation (PMA(lOJ.1glml)/ Ionomycin (10ng/ml)) on 
modified surfaces (10% serum). Unstimulated (A), Stimulated (B), 1-6 are 
24hrs and 7-12 are 72hrs. Bare PS substrate (1&7)PS modified with OCMC 
(2&8), PCMCc (3&9) PVADICc (TRP) (4&10) TRP+OCMC(S&ll), 
TRP+PCMCc (6&12) Respective nanoparticles or liposomes (10 111/ml) of 
thin films was added to the all the samples 

Under unstimulated conditions, there is no significant production of IL 1 0 

(Figure-3.12.2.2.1) by the cells grown on any of the substrates. Upon stimulation 

all the modified substrates shows time dependent increase in ILlO production. The 

profound increase is in laterally stabilized lipid modified surfaces. Here most 

interestingly OCMC surface enhances ILlO production as compared to PCMCc 

modified surfaces. TRP modified surfaces also slightly enhanced the IL 10 

production with time. On bare substrate time depended increase in IL 1 0 production 

is negligible. 
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3.12.3 PMN proliferation 

Further we have studied the proliferation potential of the primary cells on 

these surfaces. For that the 96 well PS tissue culture plates have been modified 

with the different coatings as per the procedure, 2.2.4.1.2. Studies are done with 

primary PMN cells extracted from mouse spleen (as per the procedure 2.3.3.6). The 

nanoparticles (prepared as per the procedure 2.2.4.3.1) and liposomes (prepared as per 

the procedure 2.1.4.2) of the respective thin films are added into the cell suspension, 

grown on bare wells. These studies are done under normal and activated conditions. 
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Figure-3.12.3.1: BrdU uptake by the PMN cells after 24hrs (10% serum). 
The proliferative potential of the modified surfaces (1), Bare PS (1), PS 
modified with OCMC(2), PCMCc(3), PVADICc (4). The effect of debris (in 
the form of nanoparticles and liposome in altering the proliferation, 
nonactivated (IIA) and activated with PMA (10J.1glml)/ Iono(10ng/ml) (liB), 
liposomes of OCMC (1), PCMC (2) PVADICc (TRP) (3) TRP+OCMC(4), 
TRP+PCMCc (5). are administered in three different concentrations 5 (A), 
10 (B), 20 (C) J.ll/ml concentrations, to PMN cultured on bare plates 
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Our studies indicates that lipid modified surfaces (Figure-3.12.3.1) does not 

alter the proliferation of the cells. Least proliferation has been observed in the case 

of PV ADICc modified surfaces, this may be due to the preferential adsorption of 

albumin. Apart from that debris of the thin films has least effect in altering the 

proliferation. 

Polymorphonuclear cells are (PMNs or granulocytes), primarily neutrophils 

secrete chemotactic cytokines under stimulation. Our studies demonstrate that 

under normal conditions cytokine secretion is not elevated on all the surfaces. 

However under activation, on lipid surfaces supported with the TRP, both the 

IFNg and IL10 are elevated. This may be due to stacking of the activating agent 

(PMA and ionomycin into the lipid layers. On pendant polymer supported lipid 

layers, the membrane flexibility has been limited and the cells get enough strength 

to exert a physiological response. The IFNg/IL10 ratio is higher on these surfaces 

clearly indicates the Th1 response which is proinflammatory. However there are 

no significant changes in the proliferation of PMN cells. This effect is not 

distinguishable in the case of adhered macrophage cells may be because they 

respond very sensitively with even soluble agents. It clearly distinguishes that as 

the rigidity of the interface enhances, chances of cellular activation also enhances. 

This discrepancy in cell signaling has far reaching implications in drug targeting. 

3.13 Fibroblast adhesion studies: Effect of phosphatidylethanolamine 

For that PolyC substrates has been modified with the OCMC and PCMCc 

monolayers as per the procedure 2.2.2.2.1. The fibroblast adhesion studies have 

been done as per the procedure 2.3.4. The in vitro fibroblast cell adhesion and 

proliferation onto these lipid-modified surfaces have done by studying the 

morphological changes of the adhered fibroblasts. The Figure -3.13.1 &2 shows 

the cell adhesion and proliferation of fibroblasts onto these surfaces. 
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Figure-3.13.1. Fibroblast (L929) (1Xl03 cells/ml) cell line proliferation 
studies on lipid modified polymer surfaces, microscopy at different time 
intervals. One day (1), Five day (II). PolyC bare (A). PolyC modified with 
OCMC (B), PCMCc (C) 

The adhered fibroblast cells with a non-spreaded (NSP) and spreaded (SP) 

morphology are studied from a given area in all the fields. The spread and non­

spread cells are defined based on the morphology given by Chandy. et. al.,284 for 

platelets. 
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Figure-3.13.2: Fibroblast proliferation studies on supported lipid surfaces. 
Bare polymer (A). Modified with OCMC (B), PCMCc (C). Total number of 
fibroblast cells adhered on modified surfaces (D). Fibroblasts with spread 
(SP) and non-spread (NSP) morphology 

The fully spread fibroblast cells with pseudopods are defined as the spread 

cells, while the cells with a rounded morphology are identified as the non-spread 

cells. In the case of bare polycarbonate the total number of adhered and spread 

cells increased with time, (Figure 3.13.2A). On lipid-modified surfaces the initial 

cell adhesion is lower than that of the bare polymer. The OCMC surface, (Figure 

3.13.2B) shows less fibroblast spreading and proliferation with time (Figure 3.13.1 

(I, II B)), (Figure 3.13.1D2). While with the incorporation of PE (Figure 3.13.1(1, 

II C), (Figure 3.13.2C) the initial cell adhesion is similar to that ofOCMC surface, 

and the cell spreading increases with time. Here the cell activation (due to 

spreading and proliferation increases in presence ofPE (Figure 3.13.2D3). Further 
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we have attempted to evaluate the bacterial adhesion onto this lipid modified 

surfaces. 

3.14 Bacterial adhesion Studies: Effect of phosphatidylethanolamine 

For that PolyC substrates have been modified with the OCMC and PCMCc 

monolayers as per the procedure 2.2.2.2.1. The bacterial adhesion studies have 

been done as per the procedure 2.3.5. The Figure-3.14.1 (Fluorescent image) and 

Table-3.14.1 represents the bacterial adhesion studies onto the lipid-modified 

surfaces. The overall bacterial adhesion (G+ve and G-ve) reduces after the surface 

modification. 

Figure-3.14.1: Bacterial adhesion studies on supported lipid surfaces. 
Escherichia coli (1), Staphylococcus aureus (II) (Inoculum density of about 
106 (fu/ ml) cells). Bare PolyC (A). PolyC modified with OCMC (B), 
PCMCc(C), supported lipid surface 

The adhesion of the E. coli is more than Staph. aureus on all the surfaces. 

Another interesting observation is that on to PE incorporated surface (Figure 

3.14.1(II C), (Table- 3.14.1 ) the E. coli adhesion appeared higher than the OCMC 

surface. 
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Table-3.14.1 Colony forming assay 

Adhered bacteria adhered per cm2 

Sample No Eschericia coli - G-ve 
Staphylococcus 

(ATCC 25922) aureus - G+ve 
(A TCC 25923) 

Polycarbonate bare 1.5 X 104 2.5 X 106 

PC modified with OCMC 4.4 X 103 5.8 X 104 

PC modified with PCMCc 4 X 102 2.1 X 105 

The reduction in protein adsorption on supported lipid surfaces might be 

the reason for the reduction in bacterial adhesion. The difference in bacterial 

adhesion between the OCMC and PCMCc modified lipid surface may be due to 

specific interaction between the lipid surface and the bacteria. 

3.15 Drug release across the monolayers 

Thin film strategy could very well explored for the surface modification of 

devices for the systemic drug delivery of various therapeutic agents for 

degenerative diseases. Here understanding about the effect of surface modification 

on controlled drug delivery is important. For that we have attempted to understand 

the small molecule and peptide delivery across these monolayers, by two different 

strategies. 

3.15.1 Small molecules loaded into nanoparticles 

For that nanoparticle of PVADICb have been developed (as per the 

procedure 2.1.3.1.3). Here the drug DIC with high partition coefficient is 

covalently immobilized onto the large molecular weight PV A, and the 

nanoparticles are prepared out of PVA-DIC pendant polymer, by simple solution 

precipitation. During the synthesis of the pendant polymer PVADICb, at· a 

particular feed ratio of the drug/ polymer, the polymer recovery is almost 

impossible with any of the solvents. Salting out at 60°C recovered the amphiphilic 
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polymer. However at other drug/ polymer ratios, simple solvent precipitation could 

be able to recover the polymers. 

3.15.1.1 Sedimentation-Dispersibility studies 

The sedimentation-dispersibility studies has demonstrated that the 

nanoparticles are getting redispersed, (Figure-3.15.1.1.1A), (Figure-3.15.1.1.1B), 

(Figure-3.15.1.1.1C) at ambient temperature conditions (25°C), and are aggregated 

(Figure-3.15.1.1.1A (C&D) at elevated temperature. Further to verify the 

mechanism of the aggregation behavior we have studied the temperature 

dependence of the nanoparticles by DLS. The Figure- 3.15.1.1.1B shows that, the 

size of the nanoparticles is increasing with increase in temperature. This is due to 

swelling of the nanoparticle by the reduction in hydrophobic interactions between 

the pendant groups of the polymeric chain. It also reduces the refractive index as 

well as the count rate of the nanoparticles (Figure-3.15.1.1.1 C). Further, the 

reduction in count rate (Figure-3.15.1.1.1C 3&4(B)) of the nanoparticle suspension 

after sedimentation-dispersibility studies demonstrated the association behavior. 
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Figure-3.15.1.1.1: Dispersibility of the nanoparticles 
Absorption of the nanoparticles at 350nm by UV /Vis Spectroscopy (A); 
Nano particle suspension: water dilution ratio; (1:2) A, (1:4) Bat 25°C, and 
(1:2) C, (1:4) D at 70°C. DLS Experiments, Hydrodynamic radius of the 
nanoparticles (B), Count rate of the nanoparticles (C), The samples 1&2 are 
native size or count rate at 25°C and 3&4 at 70°C as well as before (A), after 
(B) centrifugation at 3000rpm. 

----------------------------~170r----------------------------



Cliapter 3 Cf{gsu[ts eZ (J)iscussion 

Earlier, change in refractive index as well as count rate, has been observed 

m the case of proteins, polymer molecules and poly N- isopropylacrylamide 

(PNIP AM). In the case of PNIP AM the increase in count rate has been associated 

with conformational change from random coil to condensed globular state, while 

in the case of proteins and polymers swelling and association has been proposed as 

the mechanism for the decrease in count rate 285 . Here the association of 

nanoparticles at elevated temperature (70°C) may be due to the ·interaction of 

hydrophobic groups of the pendant polymer, like in the case of soluble globular 

proteins. 

Earlier the surface morphology of the nanoparticles processed at different 

temperature conditions have been studied by scanning electron microscopy (SEM) 

(Figure-3.5.2.3.5.1). The Figure-3.5.2.3.5.1A, shows unidisperse globular 

nanoparticles formed at ambient (25°C) conditions. However at 70°C the 

nanoparticles (Figure-3.5.2.3.5.1B) are deformed, adhered to each other and grown 

to become micro fibrils. These micro fibrils are further aligned (Figure-

3.5.2.3.5.1 C) to form the microfilaments. These microfilaments have a rod or star 

shaped (Figure-3.5.2.3.5.1D) morphology. This is due to local control of growth of 

themicrofilaments by self-assembly by the nanoparticles still in solution. 

Further DLS studies (Figure-3.5.2.3.3.1A) at different temperature 

conditions have demonstrated that the nanoparticle has a denaturation temperature 

(DT) at 59°C, above the temperature the nanoparticles are irreversibly aggregated. 

Further, the temperature cycling studies below the DT has demonstrated that the 

nanoparticles has shape memory effect, in solution (Figure- 3.5.2.3.3.1 C). Which 

is lost gradually on multiple cycling (hysterisis). This is one of the typical 

characters of soluble globular proteins 286 . However different from globular 

proteins, these nanoparticles are forming fibrils at higher temperatures as evident 

from the SEM. 
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Apart from that, earlier it has been observed that some protein architectures with a 

strong hydrophobic core, holds light harvesting capabilities287 . Further we have 

evaluated the photochemical behavior of these nanoparticles by UV/Vis and 

Fluorescence spectroscopy (Figure-3.15.1.2.1). UV irradiation of these 

nanoparticles (Figure-3.15.1.2.1A) shows green fluorescence, which indicates that 

the nanoparticles are monodisperse and hold a specific structural conformation. 

Further UV/ Vis spectroscopy (Figure-3.15.1.2.1.B) has demonstrated that, 

depending upon the drug to polymer ratio there has been a hypsochromic shift in 

the absorption spectra. This property is lost at other drug/polymer ratios Figure-

3.15.1.2.l.A. The figure-3.15.1.2.l.B shows a strong absorption at 244nm and 

31 Onm. At higher drug concentration the peak are at 266nm. Pure drug has given a 

peak at 27 4 nm but did not show any fluorescence. The absorption peak at 31 Onm 

is assigned to aryl n- n* transition due to the n- n stacking of the neighboring 

hydrophobic side chains. 

This indicates that the n- n stacking (due to pendant groups) balanced by 

the hydrogen bonding interactions (hydrophilic PV A chain) regulate the self­

assembly process in the formation ofnanoparticles. In fluorescent spectroscopy (as 

per the procedure 2.2.13), (figure-3.15.1.2.l.C) we have found interestingly, at 

excitation wavelength of 266 and 274 as well as 310 nm the immobilized samples 

are not emitting any light. But when excited at 244nm only these nanoparticles 

(Figure-3.15.1.2.1.C) are showing emission peaks at 497nm. 

----------------------------4172~---------------------------



Chapter 3 <RfsuCts e£ (Discussion 

3.15.1.2 Photoresponsiveness of protien like nanoparticles 

Wave length (nm) 
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W»« Itngth (nm) 
B 

Figure-3.15.1.2.1:Photochemical evaluation of the nanoparticles. UV 
irradiation of the samples (A), Drug to Polymer Concentration (0.025:1) 
(PVADICa) (A), (PVADICb) (0.125:1)(B), (PVADICc)(0.25:l)(C). UV/Vis 
Absorbance spectra of the nanoparticles (B), Drug (A) Pendant polymer 
PVADICa (B), PVADICb (C), PVADICc (D), Fluorescence spectra of the 
nanoparticles (C), Three different concentration of the nanoparticles of 
PVADICb, 0.1(A), 0.05(B), 0.025(C) gm%. 

Earlier soluble Phtoactive Yellow Protien (PYP) have shown such fluorescent 
phenomena 288 . The energy harvesting has been expected to be due to n- n 
interactions of the hydrophobic core of the proteins. The co-factor binding 
modifies the n- n stacking of the hydrophobic core and adjust the light harvesting 
ability. Such proteins have Per-Arnt-Sim (PAS) like sequence similarities. It is 
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common m Drosophila Period clock protein, (PER) Drosophila Single-minded 

protein (SIM)289, the vertebrate Aryl hydrocarbon Receptor Nuclear Translocator 

(ARNT) 290 etc. In all these proteins signal detection is enhanced with an 

associating co-factor291 . Such strong regulation of hydrophobic interactions due to 

7Ht stacking has also been observed in the formation of amyloid bodies292 · All 

these things indicate that the presence of a closely packed hydrophobic core seems 

to play an important role in the signal harvestment in the case of proteins293 . 

Here we have demonstrated the development of nanoparticles, mimicking 

globular proteins. The hydrophobic pendant groups through n-n stacking balanced 

by the hydrogen bonding regulated self-assembly, controls the formation of 

globular nanoparticles from solution. These nanoparticles found to have strong 

light harvesting ability like PYP and other signal harvesting proteins. These 

nanoparticles have a DT at 59°C like other globular proteins. We have also 

demonstrated that, like other globular proteins, above the DT the nanoparticles 

tend to self-aggregate, due to the reduction in hydrogen bonding interactions and 

eventually the n-n stacking has become the principal force that regulate the self­

assembly and formation of fibrils. The fibril formation may be due to linear self­

assembly of the adjacent pendant groups of the neighbouring polymeric chains. 

Below the denaturation temperature the nanoparticles have shape memory effect 

which shows hysteresis on multiple thermal cycling. It clearly indicates that these 

nanoparticles are supramolecular architecture formed due to helical arrangement of 

polymeric chains to form globular architectures. These helical architectures show a 

protein like conformation typically demonstrated with a hydrophobic core. 

We have attempted to check whether this core can identify like molecules, 

so that they can induce the condensation of soluble molecules with the pendant 

molecular imprints. Further diclofenac as a model drug is loaded into ceramic 

nanoparticles synthesized into the nanodomains of PVADICb nanoparticles and it 

is coated with the OCMC and PCMCc monolayers. The release kinetics of these 

nanoparticles have been studied. 
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3.15.1.3 Drug Condensation 

The drug condensation has been done inside the nanoparticles as per the 

procedure 2.1.3 .1.3 .1. It indicates that heavy drug loading can be done inside these 

nanoparticles by inducing co-operative activity inside the nanodomains. This is due to 

structure aided condensation of the drug molecules. The strong co-operative 

activity at the hydrophobic domains aided by the molecular imprints (pendant groups) 

under less solvation helps the drug molecule to condense. Since the drug condensation 

is aided by salting out process due to calcium followed by phosphate ionic 

interactions, large amount of drug could be able to load into these nanoparticles. 
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Figure-3. 15.1.3.1: Drug condensation to the nanodomains of the protein 
like nanoparticles. Drug loading (1). Release studies (2), Drug loaded 
nanoparticles (A), Modified with OCMC (B), PCMCc 

800 

The release kinetics of the nanoparticles is principally guided by the 

solubility of the drug calcium phosphate complex and is prolonged beyond 800hrs. 

The surface modification does not significantly influence the release kinetics of 

such small molecules (Figure 3.15 .1.3 .1 ). Further we have attempted to study the 

macromolecular (protein) release across the monolayers. 
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3.15.2 macromolecular release across the monolayers 

For that we have developed porous microspheres of CHIT as per the 

procedure 2.1.2.1. The Table-3.15.2.1 shows the physical properties of the 

microsphers. 

Table-3.15.2.1 Structure of lipomat 

Structure of lipomat 

Size 3.18+/-0.12mm 

Weight 0.2914+/-0.016mg 

Pore volume (as per the procedure 2.2.6) 3.89+/-0.018ml/gm 

Internal Architecture 

Larger Pore Dia 188-2001-lm 

Small Pore Dia 80-120 11m 

Inter Connected Channels 40-55 llm 

Bridges 2.5 llm 

Outer Film Thickness 2-5!lm 

It indicates that the microspheres have an internal porous structure, which 

can hold large amount of liquid medium. The figure-3.15.2.1 below shows the 

structure of the microspheres. They form uniform spherical microspheres, with 

porous cavities, thin walls and a continuous outer membrane. The large pores are 

connected by small pores and they are interconnected. The interconnected pores 

form continuous porous architecture through out the microspheres. The outer thin 

membrane is continuous through out the microspheres. This helps in the controlled 

drug delivery using these microspheres. The porous architecture can act as a 

scaffold for the cells to attach and proliferate. They can be further modified with 

cell mimetic lipid monolayers for controlling the ligand supplementation from the 

surface. Further we have studied the release kinetics of proteins using insulin as a 

model drug out of the microspheres after modifying the surface with lipid layers. 
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Figure-3.15.2.1 : Blend of microspheres which can deliver mixture of 
stimuli both soluble and insoluble stimuli for tissue engineering 
applications. Structure of microsphere (I) Surface Topography (II), Internal 
architecture (III) 

For that the microspheres have been loaded with insulin (as per the 

procedure 2.1.5) and the surface is modified with PC, OCMC and PCMC 

monolayers (as per the procedure 2.2.4.2.2). The drug release studies have been 

done as per the procedure 2.2.8 in PB 7.4 at ambient conditions. The figure 

3.15.2.2 shows the drug release across the lipid monolayers. 
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Figure-3.15.2.2: Insulin release profile out of the liposome delivering matrix. 
Cell mimetic lipid modified microspheres (II) Bare microsphere (A) 
modified with OCMC (B) modified with PCMCc (C) 

The lipid coating over the microspheres has reduced the initial burst release 

and sustained drug delivery have been observed for days. In the case of PC 

modified surfaces (figure- 3.152.2 I) sustained release was observed upto 500hrs. 

While in the case of OCMC and PCMC modified surfaces (figure- 3.15.2.2 II) it 

has prolonged beyond 1400hrs. This clearly indicates that lipid composition plays 

an important role in regulating the release profile of macromolecules across the 

mono layers. Further to check the mode of release profile we have done the dye test after 

loading the different micropheres with Brilliant blue as a model dye. The figure -

3.15 .2.3 shows that liposomes are forming out of this lipid modified microspheres. 

Figure-3.15.2.3: The hydration of nticrospheres modified with lipid layers 
(dye test). Ohr (A), 10min(B), 20min(C), 30min (D). The liposomes and tube 
like architectures are found to be large multi lamellar vesicles (200- 500nm) 
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The OCMC and PCMCc monolayers form long liposomes, may be due to 

the lateral stability of the lipid films. While with PC alone, liposomes are delivered 

out of the matrix. 

^•Liposomes 

^•Lipomat 

^•Drug molecules 

Scheme-3.15.2.3.1 Macromolecular release by the microspheres 

Liposome delivering matrices (Lipomat) has far reaching implications in 

systemic local drug delivery for tissue engineering applications. The formed 

liposomes can deliver the drug to a distant site (Scheme-3.15.2.3.1). These 

micropheres either alone or as a blend with various drugs and mitogens could be 

explored for multiple drug delivery. 

Further we have checked the Biofriction of the lipid modified surfaces. 

Here we have used PC coatings for the polymeric gel and PC as well as OCMC in 

the case of microspheres. As we know from the air/ water interfacial studies the film of 

PC is existing in the fluid state through out the compression. The OCMC and 

PCMC also remain in the fluid state. Therefore the results with PC give 

information with other lipid layers also. 

Surface active phospholipids have boundary lubrication properties at 

synovial jo in t s 2 9 4 and lung 2 9 5 . Satisfying the boundary lubrication o f injectable 

medical devices has therapeutic significance 2 9 6. Therefore we have studied the 
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supported monolayer surfaces prepared (3.3.1.3) accordingly are (1) Closely 

packed ordered hydrophobic surface - PC modified with the combination (PTC: 

Choi: Gal) (1: 0.35: 0.125), (2) Loosely packed ordered hydrophobic surface - PC 

modified with the combination (PTC: Choi) (1: 0.35), (3) Closely packed ordered 

hydrophilic surface - PC modified with the combination (PTC: Chol)(l: 0.7). The 

lipid modified substrates are highly hydrophilic, irrespective of orientation and 

packing density (3.4.2). Their interaction with ions (3.7.1) , proteins (3.8.1) and 

cells (3.9.1) have been studied. Based on the experiments we hypothesise that the 

net cellular interactions to lipid modified surface remain same irrespective of 

orientation and packing density of the compressed monolayers, eventhough the 

interaction with ions and proteins are different. It is schematically represented in 

scheme-4.1.1.1. 

Scheme- 4.1.1.1. Schematic representation of the proposed orientation of the 
deposited mono and bilayers on hydrophobic PolyC polymer surface and 
their protein as well as blood cell interaction. Horizontally, PolyC bare (A), 
PC modified with (PC: Choi) (1: 0.7) (B), PC modified with (PC: Choi) (1: 
0.35) (C), PolyC modified with (PC: Choi: GalC) (1: 0.35: 0.125) (D). 
Vertically, The unmodified and modified substrates (1) Protein adsorption 
to the substrates (2) Cell adhesion to the substrates (3). PC Choi 

( Z r ^ 1 ^ ) , GalC ( ), protein C - ^ ^ * ) , erythrocyte (^BJ), leukocyte 
(CT)), Platelets ( • ) 

This is mainly attributed by the hydrophilicity of the modified substrates, 

fluidity and the reduction in free energy parameter. Here we have optimized a 

heterogeneous ternary lipid composition based on the air/water (3.2.2) and air/solid 
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Biofriction at lipid layers after immobilizing them onto microspheres and 

polymeric gels. 

3.16 Biofriction at the lipid interface 

For that we have immobilized PC by layer by layer deposition (as 

mentioned in the procedure 2.2.4.4) and coated over microspheres (as mentioned 

in the procedure (2.2.4.2.2). Biofriction studies have been done by protrusion 

method (as per the procedure 2.2.4.4.1) in the case of polymeric gels and sliding 

method (as per the procedure 2.2.4.2.2.1) in the case ofmicrospheres. 
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Figure-3.16.1: Extrudability of polymeric gel: PVA (A), PVA-DICa (B) 

The figure 3 .16.1 demonstrates that biofriction has uniformly decreased in 

both the kind of polymeric gels with respect to the phospholipid concentration. The 

reduction is independent of polymeric gel. The maximum reduction has been 

observed at 2.5% w/w PC concentration and after that it is going through a plateau 

state. This clearly indicates that the reduction in boundary friction is a function of 

lipid monolayer saturation. 
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Figure-3.16.2: Movement of microsphere on wet glass surface: Glass surface 
uncoated (A), Surface coated with PC (B), Microsphere uncoated (1), PC 
coated (2), Coated with OCMC (3) 

Another study of biofriction between rigid surfaces (using microsphere on 

glass surface under wetting) (Figure-3 .16.1 &2) modified with lipid layers 

demonstrated that surfaces modified with lipid layers on both the sides has 

significantly reduced the biofriction, uniformly by the PC and OCMC monolayers. 

It also revealed that the moving surface need to be surface modified than the stable 

surface. 

During the implantation of injectable drug delivery and tissue engineering 

devices, one of the major problems is biofriction during implantation. The 

biofriction alone can alter the surface properties of these devices. Here we have 

demonstrated that the lipid modified surfaces can significantly reduce the 

biofriction. It can also functionally satisfy the boundary lubrication needed for 

synovial fluid or during the administration of stents or Intra Ocular Lens etc. 
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CONCLUSION 

Over the last 30 years various post synthetic surface modification strategies 

has been proposed for biomaterials. From the experience it is evident that the 

redundancy of stable surface (by covalent surface modification) in a biological 

environment changes the course of the device patency with time. The demanding 

need of miniaturization of biomedical devices explores enormous opportunity in 

the field of post synthetic surface modification. Here the challenge of dealing a 

dynamic environment for an optimum performance is best achieved through a 

dynamic interface. The interface has to be less rigid, flexible, do controlled ligand 

supplementation, antifouling and renewable. 

Thin films formed by self-assembly are a promising alternative. Here close 

control of organization of components into a supramolecular architecture is to be 

acquired for attaining optimum efficiency. Biomimicry, specifically cell membrane 

mimetics, helps as a limelight in this scenario. 
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4.1 Development of thin film of cell membrane components 

In this present investigation we have attempted to develop thin cell 

membrane mimetic lipid films for the post synthetic surface modification of 

materials. Further we have compared effect of nonspecific protein adsorption and 

preferential albumin adsorption with respect to these lipid modified substrates. All 

the experiments related to understanding about the material-biology interactions 

have been done on polymeric films or flat surfaces. This information is explored 

for post synthetic surface modification of miniaturized devices. 

To develop antifouling lipid thin films we have mimicked the outer cell 

membrane lipid components (1.3.2.1). For that we have developed co-solvent 

system for solubilising heterogeneous phospholipid, glycolipid and chol, together. 

Further a co-solvent system has been optimized for incorporating other 

macromolecules like proteins, polysaccharides and polymers. It has been 

optimized in such a way that it does not affect the properties of base polymeric 

substrate(3 .1 ). We have used phosphatidylcholine (PC) for phospholipid, 

galactocerebroside (GalC) for glycolipid and cholesterol (Chol) based on the head 

group structure to represent the major lipid components of the endothelial luminal 

cell membrane. The interfacial behavior of various combinations of PC, GalC and 

Chol monolayers have been studied at the air/ water interface and deposited on 

hydrophobic polycarbonate (PolyC) polymer substrates with the help of the 

langmuir blodgett (LB) trough (1.3.2.3) for the modeling studies and different 

deposition parameters were optimized. The intermolecular self-assembly between 

the components of lipid film (3.2) and intramolecular self-assembly between the 

monolayer and substrates (3.3) have been studied 

4.1.1 Effect of orientation and packing density of the lipid monolayer 

The packing and orientation of the supported mono layers have been varied 

by means of changing the lipid composition rather than the deposition parameters. 

This approach seems to be more similar to the In vivo conditions. The different 
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supported monolayer surfaces prepared (3.3.1.3) accordingly are (1) Closely 

packed ordered hydrophobic surface - PC modified with the combination (PTC: 

Choi: Gal) (1: 0.35: 0.125), (2) Loosely packed ordered hydrophobic surface - PC 

modified with the combination (PTC: Choi) (1: 0.35), (3) Closely packed ordered 

hydrophilic surface - PC modified with the combination (PTC: Chol)(l: 0.7). The 

lipid modified substrates are highly hydrophilic, irrespective of orientation and 

packing density (3.4.2). Their interaction with ions (3.7.1) , proteins (3.8.1) and 

cells (3.9.1) have been studied. Based on the experiments we hypothesise that the 

net cellular interactions to lipid modified surface remain same irrespective of 

orientation and packing density of the compressed monolayers, eventhough the 

interaction with ions and proteins are different. It is schematically represented in 

scheme-4.1.1.1. 

Scheme- 4.1.1.1. Schematic representation of the proposed orientation of the 
deposited mono and bilayers on hydrophobic PolyC polymer surface and 
their protein as well as blood cell interaction. Horizontally, PolyC bare (A), 
PC modified with (PC: Choi) (1: 0.7) (B), PC modified with (PC: Choi) (1: 
0.35) (C), PolyC modified with (PC: Choi: GalC) (1: 0.35: 0.125) (D). 
Vertically, The unmodified and modified substrates (1) Protein adsorption 
to the substrates (2) Cell adhesion to the substrates (3). PC Choi 

( Z r ^ 1 ^ ) , GalC ( ), protein C - ^ ^ * ) , erythrocyte (^BJ), leukocyte 
(CT)), Platelets ( • ) 

This is mainly attributed by the hydrophilicity of the modified substrates, 

fluidity and the reduction in free energy parameter. Here we have optimized a 

heterogeneous ternary lipid composition based on the air/water (3.2.2) and air/solid 
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transfer studies (3.3.1.2). This outer cell membrane mimetic lipid composition 

(OCMC) is stable on hydrophobic surfaces (3.5) under static conditions. Surface 

topography of this OCMC modified surface shows cell membrane like topography 

(3 .6.1 ). The most interesting observation is that this surface significantly reduces 

platelet (3.10), macrophage (3.11.1.2) and polymorphonuclear cell activation 

(3 .12.1 ). It does not change the secretory profile of the macrophages (3 .11.2) or 

PMN cells (3.12.2) under normal conditions. Here the most interesting observation 

is that the liposomes or nanoparticles of these thin films do not alter the normal 

phenotype of the cells or during activation, (3.11.1.2) and (3.12.2). It does not 

influence the proliferation of PMN cells (3.12.3), but significantly influences the 

proliferation of fibroblasts (3.13) and bacteria (3.14). This discrepancy may be due 

to that the PMN cells require least adhesion sequence to proliferate as compared to 

fibroblasts or bacteria. 

4.1.2 Effect of head group structure 

Among the various lipids outer cell membrane lipids are less thrombogenic 

or reduce cell activation and inner cell membrane components are thrombogenic 

and induces cellular activation (1.3.2). However the role of PE which reside in 

both the side of cell membrane are least studied. Here we have incorporated PE 

into these lipid monolayers and supported over hydrophobic polymer substrates. 

The air/water interfacial studies indicate that the packing density is getting reduced 

after the incorporation of PE in a concentration dependent manner. Further it is 

reflected in the reduction of the size of the domains in surface morphometric 

studies. Further the interaction of ions, proteins and cells have been done onto 

these substrates. Calcification has been reduced on this PCMCc surface like the 

OCMC surface. However protein adsorption has been further reduced on PCMCc 

surface. The most interesting observation is that the PCMCc surface slightly 

enhances platelet (3 .1 0), macrophage (3.11.1.2) and polymorphonuclear cell 

activation (3 .12.1 ). It does not change the secretory profile of the macrophages 

(3.11.2) or PMN cells (3.12.2). The proinflammatory cytokine profile of the 
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macrophages under depleted serum concentrations has reduced (3.11.2.1.1 .1) due 

to lipid surface modification. Interestingly PE incorporated surfaces enhances cell-

cell interaction without altering the secretory profile (3.11.1), and elicit an 

organotypic multi-cellular spheroid formation. However in the case of PMN cells, 

stabilized lipid monolayers with pendant polymer elicits a Thl response (3.12.2) 

which may be due to the intercalation of the stimulant to the lipid layer. The 

stabilized layer has more rigidity as compared to the unstabilized monolayer. This 

enhanced stability can elicit the minimum traction force required for the cell 

activation. However such effect is not distinguishable in the case of macrophage 

cells (3.11.2), may be due to its high sensitivity even to soluble stimulants. Here 

the most interesting observation is that the liposomes of these thin films does not 

alter the normal phenotype of the cells or during activation, (3.11.1.2) and(3.12.2). 

It does not influence the proliferation of PMN cells (3.12.3), but slightly enhances 

the proliferation of fibroblasts (3.13) and bacteria (3.14). Under reduced protein 

adsorption to these surfaces the cell activation process may be regulated through 

specific activation of the cells. From our studies we hypothesize that PE enhances 

cellular activation process through specific interaction with the cells. This effect 

is uniformly visible on both exogeneous and endogeneous pathological cells. The 

concept is schematically represented in the scheme-4.1.2.1. 

Scheme-4.1.2.1Cell interaction to the phospholipid monolayer supported polymer 
substrates., Polycarbonate supported OCMC(A)., PCMCc (B).(More cell adhesion 

and spreading in B). Polymer substrate (—• )., PC ( ?)., PE ( ?)., Choi ( 9)., 
GalC ( i ) . Platelets non spread ( G ) more adhesion and activation ( ^ ^ ) , . 
Endogeneous pathological cells, non spread (9), more adhesion and proliferation 
(^^). Exogeneous pathological cells, less adhesion (©) , more adhesion (^^). 
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This information is helpful for doing controlled ligand supplementation 

from the material surface. 

4.1.3 Effect of lateral stabilization 

Further we have attempted to stabilize these monolayers laterally by 

covalent immobilization of the intercalated protein molecules (3 .5 .1) and by 

physically using pendant polymers (3.5.2). 

For covalent lateral stabilization, we have mimicked the lateral stabilization 

of plasma membrane by transmembrane proteins (1.3.2.3). For that soluble 

globular protein (albumin) is conformationally changed to expose its hydrophobic 

core and intercalated into the monolayer. Further hydrophilic ionic macromolecule 

heparin and DAPEG have been introduced into the monolayer and compressed to 

expel to the hydrophobic side of the monolayer, to form a three dimensional 

network around the monolayer (3.2.4). A bilayer of this lipid film from the 

interface has been transferred to functionalized PMMA films and laterally 

stabilized by carbodiimide chemistry (3.5.1 ). The interaction of ions (in terms of 

calcification (3.7.3.)) protein (in terms of adsorption (3.8.3)) and cells (in terms of 

adhesion (3.9.3)) is minimal on this laterally stabilized surfaces. 

However this approach has its own limitation because it can be applied 

only on functionalized substrates. For versatility we have attempted to develop 

physical strategies for the lateral stabilization using supramolecular assemblies 

(1.3.2.4), so that it can be applied on any kind of substrates. For that we have 

developed nanoparticles of pendant polymers (3.5.2) and immobilized onto 

different kind of substrates (3.5.2.2.5) and further the lipid monolayers are 

stabilized (3.5.2.2.8). Here careful selection of the polymers (structural advantage 

(3.5.2.1)) and pendant groups (based on partition coefficient ( 3.5.2.2)). For the 

value addition, pendant groups have been selected from a class of drugs with high 

safety and albumin binding avidity. The screening of the pendant group has been 

done based on in silica docking studies with albumin (3.5.2.2.1 ). Then they were 
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ionically immobilized in CHIT and studied the preferential adsorption of albumin 

(3.5.2.2). The Diclofenac has been found to be the best candidate and prepared 

PVADIC pendant polymers. Wet lab studies indicated that surfaces modified with 

the pendant polymers (3.5.2.3.4,5&6) of the nanoparticles retain the albumin 

binding avidity (3.5.2.3.8). This nanoparticle modified surfaces hold 

thermoresponsiveness like PNIP AAM due to their protein like structure 

(3.5.2.3.7). This is an important advancement where a lipid layer can be laterally 

stabilized, when it is removed it can preferentially adsorb albumin, both the events 

favours inhibition of cellular activation processes. This is confirmed with 

macrophages and PMN cells (3.11.1.2) and (3.12.2), where albumin preferentially 

adsorbing surface and the lipid modified surface behave similarly. The 

nanoparticles of the pendant polymer or which is coated with the thin films does 

not alter the phenotype of the cells under normal or activated conditions (3 .11.1.2) 

and (3.12.2). 

4.1.4 Drug release across the monolayers 

We have attempted to study the drug release across the monolayers. For 

that high load of drug DIC has been condensed into the nanoparticles of PV ADIC 

and which is modified with the OCMC and PCMCc mono layers (3 .15 .1 ). The 

release studies demonstrates that the surface modification does not alter the release 

kinetics ofthe nanopartiocles. 

Further we have attempted to check the release kinetics of the protein 

insulin across the monolayers (3.15.2). In this case the osmotic pressure induced 

by the insulin found to induce liposome formation. This clearly indicates that size 

of the drug play an important role in maintaining the integrity of the monolayers 

when released out of the matrix. 

--------------------------~~~---------------------------



Cfiapter4 Concfusion 

4.1.5 Biofriction at the lipid interface 

Our studies indicate that biofriction 1s significantly reduced after the 

surface modification using lipids (3 .16.1 & 2). Biofriction is an important events 

while implanting the medical devices. 

In conclusion renewable self-assembled thin films with high flexibility 

generate a dynamic interface which can interact with the dynamic biological 

environment. Here self- assembled lipid systems offer possibility of controlled 

ligand supplementation from the surface. They can be laterally stabilized using 

nanoparticles of high functional aspect ratio. These systems do not change the 

intrinsic property of the thin films. A renewable albumin adsorbing surface also 

works equally well. A combination of it may have long survival time in the 

biological environment. Here by delineating the force component exerted by the 

cellular actin filaments through ECM to the substrate, these renewable surfaces 

inhibit all the actin mediated pathological events. When controlled stimuli has 

been supplemented from the surface, cells form multicellular spheroids, may be 

due to enhanced cell-cell adhesion. This organotypic changes may be explored for 

tissue engineering applications. The antifouling properties of the OCMC could be 

explored for surface modification of various kinds of devices for drug delivery, 

biosensors stents etc. Its lateral stabilization with the pendant polymer with 

thermoresponsive properties could be explored for cell layer tissue engineering 

applications. Protien intercalated lipid layer could be explored as a cheap substitute 

as a lung surfactant. Reduced biofriction by these monolayers could explore 

towards synovial fluid substitution. These studies unveil few of the tremendous 

opportunity of these renewable systems. 
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APPLICATIONS 

5.1 Albumin self assembled liposomes 

Albumin-adsorbing surfaces are famously, haemocompatible. However 

guided self-assembly rather than non-specific adsorption improves the functional 

proficiency of the protein layer. Here we are proposing a novel ligand- receptor 

mediated self-assembly of albumin for the surface modification of nano-systems. 

For that PVADICa was coated over liposomes. This was further coated with 

albumin molecule. This system demonstrates the albumin self-assembly, over the 

modified liposomes, in presence of other proteins and it could be explored for 

enhancing the circulation time of the liposomes and other nanosystems. 
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Scheme-5.1.1 Schematic representation of the albumin self assembled 
liposomes. PVA (A), DIC (B), PVADICa (C), Albumin (D), Albumin self 
assembled PVADICa (E), Albumin self- assembled liposomes (F). Scheme-
II, Liposomes (A), Polymer coated liposomes (B), Albumin self- assembled 
liposomes (C) 
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5.1.1 Drug immobilization into the polymer 

The immobilization of the drug to the polymer has been evaluated by 

quantifying the drug content of the supernatant solution. Here we have chosen the 

particular composition (with drug to polymer ratio of 0.025:1w/w) PVA-DICa 

pendant polymer, where the drug pay load has been evaluated to be 6.58+/-

0.12%w/w, and is water soluble. The other drug compositions PV A-DICb&c are 

water insoluble and are not useful for the said purpose. The liposome binding 

affinity (3.5.2.3.2.1.1) of the pendant polymer and its albumin binding avidity 

(3.5.2.3.2.2, 3.5.2.3.8 & 3.5.2.2.1) has already discussed. 

5.1.2 Gross structure of the albumin coated liposomes 

Further the gross structure of the albumin molecule has been studied by 

TEM (as per the procedure 2.2.18.1). The Figure-5.1.1 shows the gross structure of 

the albumin self-assembled liposomes. All the samples has been negatively 

stained. To get the surface morphology of the coated liposomes we have dried the 

liposomes for 24 h, till the liposomes spread over the surface. The schematic 

representation of the albumin self-assembled liposomes and its preparation 1s 

shown in Scheme-5.1.1. This illustrates the overall form ofthe liposomes. 

Figure-5.1.1: TEM of the albumin coated liposomes. (Mag 
(bar=l5nm) 

X 50, 000), 

--~----------------------~~~---------------------------
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The understanding of the supramolecular chemistry which operates 

between the pendant polymer and the liposome as well as the self-assembling of 

albumin over the liposomes, is an important development, with implications for 

both pendant polymer and liposomes. This research outcome has far reaching 

implications for self-assembling of proteins, using designed chemical moieties. 

Apart from that it sends light to a new method of surface modification of 

nanosystems for various applications like implantable electrodes, drug delivery 

systems, tissue engineering devices etc. With this development it may be possible 

to increase the circulation time of the liposomes. The recent progress in the 

development of targeted drug delivery systems has specificity under in vitro 

conditions, but loses its specificity in vivo. The self-assembly of albumin around 

the liposomes gives another opportunity in this direction to hide the target 

molecules into the supramolecular assembly. 

Application-5.2: Thermoresponsiveness of the amphiphilic polymer 

Lipid monolayers are self-assembled systems, formed through 

intermolecular interaction of the hydrophobic straight chains of the lipid 

amphiphiles. The self-assembly is temperature dependent. Even though they didn't 

show change in polarity with respect to temperature, they can create a dynamic 

interface, which can disturb the ECM protein layer at different temperature 

condition. Further the thin film of nanoparticles formed out of the PV AD ICc 

pendant polymer has shown temperature dependent polarity differences like 

PNIP AAM. We have attempted to check the thermoresponsiveness of these 

modified surfaces towards cell removal. Macrophage adhesion studies were done 

with RAW 264.7 macrophage cell line (as per the procedure 2.3.3.5). For that the 

PS tissue culture plates were modified as per the procedure 2.2.4.1.2. 
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Figure5.2.1: Macrophage cell removal after changing the temperature from 
25 to 10°C for lOmin and washing with sterile PBS .Before washing (A), 
After Washing (B), Bare polymer (1), Modified with OCMC (2), PCMCc 
(3), PV ADICc(TRP) (4), TRP+OCMC(5), TRP+PCMCc(6) 

The figure-5.2.1 demonstrates that all the modified surfaces are thermo­

responsive. When the temperature is reduced from 25 to 1 0°C the adhered cells are 

removed. Almost all the cells adhered on TRP modified surface has been removed. 

Therefore cell layer removal studies has been done with this particular surface after 

5days (The medium has been changed on every alternate day) culture. 

Figure-5.2.2: Macrophage Cell layer pealing off, after changing the 
temperature from 25 to l0°C for 5min. Before (A), After (B) 

The figure-5.2.2 demonstrates that when the temperature is changed from 25 to 

1 0°C the cell layer is getting pealed off without any assistance. The mechanism of 

change of polarity with respect to the temperature is already discussed (3.5.2.3.7). 

This is an important development, as it can be explored for cell layer tissue engineering. 
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FUTURE PLAN 

6.1 Modification of substrates for blood compatible applications 

The thin films developed here by biomimetic strategies have tremendous 

opportunity for the surface modification of blood contacting devices. Since they 

are dynamic and renewable, it can elicit a sustained bioactive response for long 

time. In the case of devices with larger surface area, lipids can be entrapped into 

pits and which can form continuous renewable monolayer. The pendant polymer 

can further invite albumin from the blood and prolong the bioactive response in 

absence of the lipid layer. This strategy can be explored for the surface 

modification of stents, small diameter vascular grafts etc. 

In the case of miniaturized devices these thin films can be self-assembled 

over the surface by physical means. The core of these self-assembled architectures 

could be explored as a compartment for the synthesis of nanoparticles, which can 

be applied for drug delivery imaging or tissue regenerative applications. 
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6.2 Modification of substrates for tissue compatible applications 

These thin films could also be explored for the post synthetic surface 

modification of tissue engineering devices. Where it can do controlled ligand 

supplementation for regeneration of the tissue. On the other hand they can act as 

thermoresponsive surface for cell layer tissue engineering. They can also reduce 

biofriction and can be explored towards boundary lubrication for rheumatoid 

arthritis or as a lung surfactant. Here incorporation of proteins into the monolayer 

can be explored as a cheap substitute for the surfactant proteins. 

6.3 Modification of substrates for drug delivery applications 

These thin films have tremendous opportunity in the surface modification 

of drug delivery systems. Particularly for drug targeting, the compartmentalization 

efficiency added with controlled ligand supplementation and the antifouling 

properties could be explored for the targeting applications. It can also be explored 

for local systemic drug delivery as a liposome delivering matrix. Here a 

combination of drugs can be delivered at different rates to the inflammatory site. 

These systems can be developed in 2D or 3D form for the various 

therapeutic applications. These thin films are versatile in their functional aspect 

ratio and could be explored for bottom up or post synthetic surface modification of 

miniaturized devices. It has numerous therapeutic potential as demonstrated in the 

thesis and further studies are planned in these directions. 
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