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ABSTRACT 

Present project aims a molecular fabrication approach to study the behaviour of foulants on 

planar surfaces at specifically controlled pH for the polymeric thin films coatings fabricated by 

electrostatic layer-by-layer (LBL) assembly methods. Copolymers of polymethyl methacrylate 

PMMA and Poly (acrylic acid) (PAA, a weak polyanion) were synthesized with various 

compositions as PMMA-co-AA 70, 50 and 30%. These are employed as polyanion with 

poly(diallyl dimethylammonium chloride) (PDADMAC, a strong polycation) were used to 

build up the bulk films. The PDADMAC and in certain cases PAH was applied as a top layer 

in bacterial adhesive thin films. Surface charge tuning was accomplished by controlling the 

level of ionization of the weak polyelectrolytes at different pH values and subsequent 

manipulation of the amount of polyelectrolyte deposited in the one preceding the last and last 

layers, respectively. The prepared films were investigated for their antimicrobial and bacterial 

surface characteristics and role of hydrophilic and hydrophobic characteristics were discussed. 

The fouling behaviour of bacteria on the LBL films with similar hydrophilicity and roughness 

but different surface charge densities was studied. Antimicrobial activity of coated glass slides 

was evaluated against Escherichia coli (E. coli, ATCC# 8739) and Staphylococcus aureus (S. 

aureus, ATTC# 6538). The switchable thin films coatings developed allows achieving optimal 

microbial growth both in terms of repelling and adhesion performances at the specific pH 

values of the environment. The surface characteristics of the foulants as well as the bacterial 

adhesive thin films can be used to switchable attach or repel and detect control concentration 

of bacterial strains. 

Keywords: Copolymerization, Polymeric thin films, Electrostatic layer-by-layer (LBL) 

assembly method, Polyelectrolytes, Surface charge tuning, Bacterial adhesive thin films, 

Antimicrobial coatings, Hydrophilicity.
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CHAPTER 1: INTRODUCTION 

1.1 Background  

Polymers are large macromolecules made up of small repeating units known as 

monomers[1]. Polymers are naturally occurring and synthetic as well, plastic is one form of 

synthetic polymer. Several biological, synthetic and hybrid polymers are employed in a variety 

of medicinal applications. Polymers based on their composition classified into homopolymer 

& copolymer [2]. 

Copolymers which contain hydrophobic and hydrophilic part in them are called 

amphiphilic Copolymer [3].Amphiphilic copolymers effectively suppress bacterial 

development; they are acknowledged as significant biomaterials and are employed as 

antibacterial agents. Amphiphilic copolymers are attractive candidate for variety of 

applications particularly in medical field [3], [4]. 

Biofouling cause adverse effects on many applications like marine, industrial & 

particularly in medical field. Biofouling in medical field involves the formation of biofilm so 

this phenomenon is serious health and cost concern. Implant rejection, biosensor malfunction 

and propagation of infectious diseases are among the issue [5]. 

For both patients and medical staff, hospital-acquired infections resulting from 

implanted polymeric medical devices continue to be a significant concern. These infections 

frequently result from biofilm buildup on the device, which is challenging to remove and 

typically calls for both antibiotic treatment and device removal. 

The National Healthcare Safety Network of the Centres for Disease Control and 

Prevention [6](CDC) revealed 1 out of 25 patients reports HAIs (Healthcare-associated 

infections), furthermore it is estimated that UTIs (urinary tract infection) represent 30–40% of 

healthcare-associated infections (HAIs) globally. 

There is need to create functional polymeric coatings/devices with antimicrobial or 

antifouling qualities that inhibit or kill bacteria in close proximity to the device surface, or that 

restrict the initial attachment of proteins and bacteria, thereby limiting the formation of biofilms 

and subsequent infections.[7]. 
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One of the choices to inhibit microbes on some surface is to use the biocides[6]. Bio 

active substances are commonly used for inhibition of microbes but they have adverse effect 

associated with them they target other cell with the microbes so they may be the root cause of 

other diseases as well and they are also poorly degradable [8] .Bacteria and proteins are charged 

entities so it is important to study electrostatic interaction in order to minimize their attachment 

on a substrate or it can be a basic requirement to prepare low fouling materials [9]. 

Electrostatic LBL (SAMs) is a convenient, cost effective and environmentally friendly 

method to prepare polymer films with desirable surface characteristics. Antimicrobial material 

can be synthesized by LBL films. surface properties of materials can be modified by taking 

suitable material choice and by adjusting the surface parameter of which the material is to be 

deposited[10]. 

1.2 Antibiofouling Materials  

Biofouling is unwanted growth of microorganism protein & cells on a substrate, due to 

adverse effect of biofouling, Researchers try to develop such materials which have ability to 

stop them in their earlier stage by killing them or by stopping their attachment on substrate.  

Recent publications have included evaluations on the creation and use of antifouling 

surfaces, including synthetic polymers like PEG (poly ethylene glycol), zwitterionic polymers 

& fouling release coatings. Despite the fact that materials with strong antibiofouling properties 

are documented but limitations are still associated with them as well like they lost their 

functionality with any physical (detachment) & chemical change (deterioration with oxygen & 

water), therefore development of long lasting antibiofouling is crucial [11]. 

1.3 Amphiphilic Copolymer as Antifouling Polymer 

Different polymers have been developed for gram positive & negative bacteria, yeast 

& viruses [12]. Antimicrobial have garnered a lot of interest in clinical studies. Antimicrobial 

polymers to their small molecular counterparts, the former demonstrated higher efficacy, less 

toxicity, fewer environmental concerns, and enhanced resistance[13]. 

 As for now, amphiphilic polymers with antifouling behavior are in practice [14]. 
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Figure 1.1: Schematic illustration of Amphiphilic copolymer as Antimicrobial  

 

1.4 Layer by Layer (SAMs) as Antimicrobial  

Layer by layer SAMs are used to deposit oppositely charged materials on their surface. 

Different approaches now made to study the effect of surface charge on fouling properties [10], 

[15].Physical parameters can also be manipulated like mechanical properties, thickness and 

surface charges by altering the parameter like pH and ionic strength of solution. According to 

one of study   Poly (allylamine hydrochloride)/ Poly (acrylic acid) (PAH/PAA) thin multilayers 

were prepared at high & low pH.  

Those PAH/PAA multilayers who prepared at low pH shows swelling in physiological 

conditions and produce significant hydrated surfaces[9], [16], [17].Generally , LBL films are 

charge balance and the top layer is used to promote or demote the protein adsorption by 

electrostatic interaction .it is reported that positive charges are used to kill bacteria[18]. 

Importantly, present strategy allows achieving optimal antimicrobial performance of a given 

material taking into account at specific pH values that has not yet been demonstrated in detail. 

 

1.5 Problem Statement 

Antifouling polymers are the material that resist the microorganisms attack on their 

surface, particularly those materials which are amphiphilic in nature they stop biofilm 
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formation. As the adverse effect of biofouling already been discussed so the idea was to develop 

functional antifouling system, because many fouling organisms share similar properties, 

particularly surface characteristics, it is a well-established fact from the research literature that 

an anti-fouling system effective against one type of microorganism, like bacteria, they may 

also be effective against other species, like fungus or algae.  

In Pakistan biofouling covers all areas of life like food, water & bio medical so the idea 

was to develop such antifouling polymeric materials & surfaces which are functional, economic 

and nontoxic. 

Secondly to produce coatings on planar LBL films at various pH to check the activity 

of foulant that has not been discussed in detailed earlier. 

1.6 Research Framework  

The work scheme was expanded into following parts: 

1.6.1 Part 1 

Part 1 includes successful synthesis of copolymers with different compositions in 

presence of inert atmosphere. Polymers used were acrylic acid and methyl methacrylate in 

presence of THF solvent and the AIBN initiator was used by doing Free Radical 

Polymerization. 

1.6.2 Part 2 

  Prepare LBL thin films by taking different polymer a weak poly cation (PAH), a strong 

poly cation (PDAC). A weak poly anion PAA (PP50, synthesized polymer composition) at 

different working pH taking into account.  

1.6.3 Part 3 

1. Characterization done was FTIR to study functional group present in copolymer and 

TGA to check the thermal stability of prepared copolymer DSC was done to check the 

glass transition temperature of copolymers. 
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2. Characterization techniques chosen for LBL thin films was optical profilometry optical 

microscopy and contact angle. 

3. Antimicrobial was also performed. 

1.7 Aims & Objectives. 

Aims & objectives of designed research framework was: 

i. Synthesis of Copolymer with different composition. 

ii. Preparation of LBL thin films at various pH 

iii. Antimicrobial testing 

 

Purpose to fabricate copolymers was to increase the  

i. Antifouling character 

ii. Hydrophilicity  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Fouling  

Fouling is intricate/unwanted phenomenon which occurs when something from 

atmosphere like macromolecules, suspended particles, microorganisms (algae, bacteria, 

proteins) stick to the surface in reversible manner [19]. 

2.2 Bio Fouling 

The interfacial contact between microbes, plants, algae, or animals and organic 

substrates, followed by their buildup on moist surfaces, is known as biofouling. The major 

component of biofouling is the presence of bacterial colonies which are incorporated in an 

organic matrix made of extracellular polymeric materials (EPSs). Bacteria create EPSs which 

are made up of proteins and other related compounds [20]. 

 2.3 Mechanism of Biofouling  

Mechanism of biofouling involved different stages.  

1.  In first stage nutrient from external environment within few seconds they get attach to 

surface to form primary biofilm, after passing one hour, the primary colonizer gets 

attached to surface. 

2.  The second stage involve the multiplication of cells to produce an EPS. Cells 

proliferation is useful to enhance their thickness and structural integrity, so they get 

enter into maturation phase. 

3. In last stage cell disperse into external environment again [20] 
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Figure 2.1: Formation of Bio Fouling. Different biofouling layers formation with time is shown with 

the colour band [20]. 

2.4 Fields Susceptible to Biofouling 

A table is given below which describe the hazards associated with biofouling in different areas. 

Table 2.1: Fields Susceptible to Biofouling with Common Examples [5] . 

Type Problem 

1. Medical Field 

Orthopedic implant, Respirator, catheter  

 

Removal owing to infection, Ventilator 

pneumonia, Urinary tract infection 

2. Marine 

Ship hull, Metals  

 

High fuel expenditure, increased cost & 

biocorrosion 

3. Industrial  

Membrane, Heat exchanger, Fluid flow, 

drinking water, metals etc.  

 

Reduced flux, Reduced convection 

efficiency, contamination, 

Food spoilage & health risk. 
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2.5 Main Factors Affecting Biofouling 

2.5.1 Surface Condition  

Biofilm growth at initial stage in water medium, started more readily as compared to 

air/solid media [21], [22].when a thin layer is adhered onto material surface .it will lead towards 

biofilm formation, among other unidentified elements this layer includes some organic 

macromolecules like amino acids, proteins, polysaccharides [23].  

The formation of fouling layer occurs instantaneously by the attachment of microorganism 

on the surface in a nutrient rich environment while their mechanism of adsorption is still not 

well understood. As an illustration, the conditioning layer is thought to represent the connection 

between the surface and the initial adhesion; as a result, the attachment strength determines the 

biofilm resistance [24]. 

 

 

Figure 2.2: Describe Various Surface Parameter That Effect Bacterial Attachment. 

 

Bacterial attachment is driven by various surface properties including surface charge 

density, wettability, roughness, topography and stiffness. This figure depicts a major reason of 

bacterial attachment to a single surface parameter[25]. 
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2.5.2 Fouling Settlement 

Biofilm spread with two things. first, microbes must align themselves with substrate 

(less than 1 nm) then they must stick to surface. physical /chemical interactions also play a role 

in establishment of conditioning layer after once it is formed [26]. Additionally DELVO theory 

of colloid stability provide idea of microorganism proliferation towards substrate [27]. 

 

 

 

 

 

 

 

Figure 2.3: Zoospores with flagella on polymeric membrane by scanning electron micrograph at a 

voltage of 20kv[28]. 

 

2.5.3 Biofilm Composition 

It is estimated that more than 99 percent of bacteria on earth reside in organized biofilm 

colonies. Bacterial biofilms are collection of cells affixed to surface encased in extracellular 

polymeric matrix. 

Availability of nutrient, PH & temperature are some examples of environmental factors 

that greatly affect the biofilm composition[29]. 
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Figure 2.4: The Five Stages of Biofilm Development. 

 

Stage 1: Microbes from external environment start to attach to substrate.  

Stage 2: Bacterial cells aggregate from microcolonies, secret extracellular polymeric 

substances (EPS).  

Stage 3: A biofilm produced and matured, and cells form multilayered cluster.  

Stage 4:  maturation of biofilm, providing protection against external environment.  

Stage 5: The biofilm reaches a critical mass, and planktonic bacteria disperse to colonize 

another surface [29].   

2.6 Antifouling Copolymers  

 Microorganisms like bacteria, algae are important source of infection, energy waste and 

financial loss. The food, pharmaceuticals and textiles are major sectors that particularly deals 

with antimicrobials. An antimicrobial is used to kill or resist the attachment of microbes on a 

substrate. A significant contributing factor to both academics and industry was the discovery 

of antibacterial polymer in 1965 [12], [30]. 
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Majority of the polymeric materials are perfect for the use of antimicrobial & are able 

to meet multiple requirements at once ,including the lowest possible production cost, control 

over the chemical/physical qualities and a capacity of combine functional groups [13], 

[31].Antimicrobial peptide works by first breaking down the bacterial cell wall, Heparin has 

antiadhesive activity  and add hydrophilic properties to inhibit the development of 

microorganisms [32], [33] . 

Biofilms are difficult to remove and various biocide don’t work on them [12], [34], 

[35], [36].It is difficult to prevent the growth of biofilm and minimize microbial adhesion than 

it is to eradicate microorganism in order to stop the spread of disease [37], [38]. There are two 

types of antifouling polymer one with active mechanism and second with passive mechanism.  

This research explains new development in antifouling polymer[39], [40], [41]. 

furthermore in case of copolymerization, the right monomer is either hydrophilic or 

zwitterionic in nature which are used to regulate the production of biofilms through hydration 

cell, hydrophilicity, surface charge energy etc [37], [38]. 

2.7 Chemical Nature of Antifouling Polymer 

2.7.1 Hydrophilic Polymer  

Hydration cells are produced by hydrogen boding which are essential for biofilms.[27] the 

cross-linkable polymer materials, the additional copolymers, P(VBCTMAM-co-AA 

20)/P(DMAm-co-GMA30), was bent in a water medium and cured for 1 day at 120 °C results 

in formation of  acrylic acid moieties of the trimethyl ammonium salt[42]. A table is given 

below which provide information of fouling resistant functional groups. 
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Figure 2.5:  Fouling Resistant Hydrophilic Functional Groups[42]. 

 

2.7.2 Amphiphilic Polymers  

Amphiphilic polymers comprise hydrophobic /hydrophilic constituents in them. 

Hydrophobic surfaces e.g. poly (dimethyl siloxane) PDMS shows ‘fouling release’ capacity 

while the surface of hydrophilic polymer like Poly (ethylene glycol) shows resistant to cell 

adhesion at low water interfaces. On a fluorinated surfaces researcher shows a significant 

decrease in staphylococcus aureus (p. aeruginosa) adherence as compared to control the surface 

[43]. 

 

 

 

 

 

Figure 2.6: Amphiphilic Pegylated Fluoroalkyl Block Copolymer Side Chains With The Antifouling 

Property [44]. 
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2.7.3 Zwitterionic Polymers 

Ionic connection between polymer zwitterionic groups results in limited adherence of 

proteins and organisms.[45], [46]. Both carboxy betaines and zwitterion hydrophilic amide 

groups are examples of functional anti-fouling groups found in several anti-fouling polymers. 

[37], [38], [47]. 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Fouling resistant groups of zwitterions[48]. 

 

2.8 Free Radical Polymerization 

The mechanism of free radical polymerization comprises three steps. 

 1.Initiation 

2. Propagation 

3.Termination [49] . 
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2.8.1 Initiation  

FRP initiation involves two steps.  

First is the formation of free radical by thermal decomposition of initiator like AIBN. 

secondly free radical attack on double bond of carbon atom and starts polymerization[50]. 

 

2.8.2 Propagation 

Free radical adds other monomers to elongate the chain of monomers [50]. 

 

2.8.3 Termination  

Two radical meet to form a single bond  [50]. 
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2.9 Methods to Incorporate Antifouling Properties 

Different methods have developed e.g. change in surface chemistry, topography & 

architectural changes. Polymer materials are suitable for this purpose because of their low 

processability, controllable physical chemical properties & due to attain a variety of functional 

groups at a time [51]. 

The characteristics of foulant with surface chemistry is hydrophilic /hydrophobic, 

hydrogen bonding and charge [52]. The formation of a surface of interest's microstructure or 

nanostructure that restricts the amount of attachment points, lowering foulant adherence and 

facilitating simple foulant removal during colonization[53]. 

The most common materials used to create fouling-release coatings are hydrophobic 

substances like silicon and fluorine, or modelled surfaces like "Sharklet" surfaces. Although 

interest in the materials has shifted toward zwitterionic polymers, hydrophilic polymers such 

as poly (ethylene glycol), polyacrylates, and polysaccharides that were resistant to foliage have 

been utilized most frequently[24], [34]. 
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Figure 2.8: Three different approaches to provide a surface with the antifouling properties: 1) surface 

chemistry modification, 2) topography of surface, and 3) architecture[54]. 

 

2.10 Mechanism of Antifouling Polymers  

 

Figure 2.9: The Schematic of The Reaction Mechanisms of Active Action And Passive Action of 

Antimicrobial Polymer[12]. 

 

2.10.1 Bio Passive / Static Copolymer  

These are the polymers that do not kill microbes but repel them due to Prescence of 

charges on functional group[55] .Usually microbes have a negative charge, so they repel other 
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microbes resulting no or reduced biofilm formation [56], [57]. These copolymers/polymers can 

be formulated as water-soluble soft films, rigid sheets, or semi-rigid sheets either alone or in 

conjunction with a catalyst[20]. 

In passive mode of action polymers repel microorganism instead killing[53]. Passive 

polymers with charge and hydrophobic properties show hydrophilic characteristics that are 

closely corelated with surface energy and contact angle [12].Some of passive action polymer 

with antimicrobial properties are given below in the Table 2. 

Table 2.2: Examples of Passive Action Polymers for Antimicrobial Applications [12]. 
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2.10.2 Bio Active Copolymer  

These polymers kill active bacteria that adhere to their surface and these polymers are 

utilized to destroy the bacteria like antibiotics, biocides and antimicrobial peptides [24], [58]. 

Bioactive polymers are the materials based on synthetic polymers that have additional bioactive 

species fused into the polymer structure, such as proteins, polysaccharides, or peptides, to 

produce a particular biological reaction.[41], [59]. 

Mechanism of action of these copolymers depends on the active agents present in 

them[12], [60]. A table is given below which describe some of  the active  polymer with their 

antimicrobial use. 

 Table 2.3: Active Action Polymers for The Antimicrobial Applications[12]. 
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2.11 Components used in Copolymerization 

Following are the components of Copolymerization method. 

2.11.1 Acrylic Acid (AA) 

Acrylic acid is colourless, volatile, and less toxic and dissolve completely in water at 

room temperature .it is used for synthesis of homopolymer and copolymer as well .It is 

produced from variety of raw materials fossil and renewables[61]. A study conducted to show 

the antifouling character of membranes based on acrylic acid [62]. 

 

 

 

 

 

Figure 2.10: Structural Formula of Acrylic Acid (AA) 

 

2.11.2 Methyl Methacrylate (MMA) 

Methyl methacrylate is a colorless liquid which is used in copolymerization reactions. 

Methyl methacrylate also known as Metha acrylic acid. A suitable choice of monomer in 

polymer is MMA because of its durability, high glass transition temperature & 

transparency[63]. 



 
 

20 
 

 

 

 

 

 

 

Figure 2.11: Structural Formula of MMA. 

 

2.11.3 Tetrahydrofuran (THF) Solvent  

THF is hygroscopic in nature which make it suitable for variety of applications[64]. 

THF promote acid catalyzed solubilization and it can easily be obtained from sugar solution so 

it has a less production cost and other advantage is less toxic in nature [65]. 

2.11.4 2,2-Azobisisobutyronitrile (AIBN) 

AIBN is used as initiator in polymerization processes. The process of free radical 

polymerization is activated with Prescence of initiator. The choice of particular initiator 

depends on template ion stability and electrostatic interaction with monomers[66]. 

 

 

 

 

Figure 2.12: Structural Formula of AIBN[66]. 
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2.12 Layer by Layer Self Assembly  

LBL self-assembly is a deposition process that grows an ultrathin film on solid 

substrates by alternating dipping or flip-flopping in positive and negative species [67]. 

This technology is widely employed in the construction of multilayer structures with 

regulated Langmuir-Blodgett (LB) phenomena for the adsorption of various charged species 

by thin films.[67], [68].  

Electrostatic interaction is driving force for layer-by-layer self-assembly, but hydrogen 

interaction also take part in them. In LBL self-assembly multilayers of material can be 

assembled in 2D support (slides, plastics, silicon wafers) or 3D support including micro/nano 

templates The resulting film's architecture can be made with nanoscale precision to fulfil 

various needs such as thickness, biocompatibility, optical / magnetic features etc [15], [17], 

[67]. 

  

 

 

 

 

 

 

 

 

 

Figure 2.13: The Mechanism of Electrostatic LBL Self-Assembly on 2-D Substrates and 3-D Nano 

Templates. 
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2.12.1 Thin Films Properties  

The thin film thickness/stability can be change by changing the concentration, pH and 

ionic strength of polyion solution. By knowing pH of polyelectrolyte solution high degree of 

polyion ionization is require for LBL process[69].  

Pka of carbonate group is about 4 and 5 which is used to attain negative charge of 

polyion solution whereas cationic characteristic of polymer control by amino/imino groups 

with IEP around 8-9, so to maintain a charge of these poly ions Use of PBS having pH around 

7.4 is appropriate [69], [70]. 

PBS gives physiological ionic strength which is requirement of proteins /enzyme 

assembly. pH value of coating solutions should not be close to IEP (at least 10% pendant should 

ionize). High ionic strength provides thicker film formation. Hydrophilic films produced by 

LBL self-assembly remain stable for about one month in incubation (900C oven) [69], [70], 

[71]. 

2.12.2 Advantage of Thin Film 

LBL self-assembly presents a number of following advantages in  encapsulation, coating 

or fixation of substances: [69], [71], [72], [73]. 

i. Tuneable thickness. 

ii. No sample loss. 

iii. Clean, cheap, easy to handle. 

iv. Tuneable properties (roughness, pattern, surface energy, corrosion resistance, and etc). 

v. Different kind of synthetic and natural colloids are present  for LBL. 

vi. The location/sequence of the layers can be controlled.  

vii. Surface labelling with targeting molecules is possible.  

viii. No restriction on substrate size, geometry and topography. 

ix. Mult composite films formation. 

x. LBL do not use of thermodynamically unstable mechanically micronized particles. 
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2.13 Polyelectrolytes 

By definition polyelectrolyte are macromolecules, shows ionization with water or other 

suitable solvent dissociate into charged polymer species [74]. Different experimentation has 

been done to understand the root cause of less diluted polyelectrolyte solution contains high 

number of charges on them. Relationship between polyion and other charge specie/neutral 

especially adsorption of ionisable polymer is another important part of polyelectrolyte that have 

been extensively studied & gain attention for numerus industrial purposes. As polyelectrolyte 

shows dissociation of ionic groups so this dissociation is achieved by small negatively charge 

counter ion which try to neutralize the charge.[75], [76], [77]. 

2.13.1 Classification of Polyelectrolyte  

Polyelectrolyte classified into strong and weak polyelectrolyte like acid and base. 

i. Strong polyelectrolyte: 

Strong polyelectrolyte is those which shows complete dissociation for most reasonable 

pH values. 

ii. Weak polyelectrolyte: 

Weak polyelectrolyte is those polyelectrolytes that are partially dissociate at 

intermediate pH values. 

2.14 pH Sensitive Behavior of Poly (Acrylic Acid) (PMMA-co-PAA) and Poly 

(DADMAC) (PAH)  

PAA is a weak polyion having pka of 6.5 Poly (acrylic acid) (PAA) and poly 

(dimethylaminoethyl methacrylate) (PDMAEMA) are commonly used polymers in the 

development of pH-sensitive materials due to their pH-responsive properties. When combined 

in a copolymer, such as poly (methyl methacrylate-co-poly (acrylic acid)) (PMMA-co-PAA), 

and poly (diallyldimethylammonium chloride) (PDADMAC), they can exhibit interesting pH-

sensitive behaviour [78],[79]. 

At low pH values, the carboxyl groups of acrylic acid in PAA are protonated, resulting 

in a positively charged polymer. On the other hand, the amine groups of PDADMAC are also 
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protonated under acidic conditions, making it positively charged. This results in electrostatic 

repulsion between the positively charged polymers, leading to swelling of the polymer network 

due to osmotic pressure. 

Conversely, at higher pH values, the carboxyl groups of PAA become deprotonated, 

rendering the polymer negatively charged. Similarly, the amine groups of PDADMAC become 

protonated and positively charged. In this state, electrostatic attraction between the oppositely 

charged polymers occurs, resulting in collapse or compaction of the polymer [18],[79],[80]. 

It has been found in the previous studies that pH-sensitive behaviour can be utilized in 

various applications, such as drug delivery systems, sensors, and controlled release devices. 

For instance, in drug delivery systems, the swelling and collapse of the polymer matrix in 

response to changes in pH can be exploited to control the release rate of encapsulated drugs. 

Additionally, pH-sensitive coatings based on these polymers can be employed in controlled 

release coatings for agricultural applications or in biomedical devices for targeted drug delivery    

[16], [78], [81], [82]. 

2.15 Antimicrobial Coatings 

Bacterial adhesion to a substrate can be of different methods such as hydrophobic and 

may be due to charge interactions. Microbial attachment may lead to cause infection in 

biological implant. By adjusting surface parameter like hydrophobicity, roughness, wettability 

bacterial attachment to substrate gets reduced [83].  

Coatings are designed to inhibit the growth and spread of microorganisms, including 

bacteria, viruses, fungi, and algae, on various surfaces. By incorporating antimicrobial agents 

into coatings, surfaces such as countertops, door handles, medical devices, and even textiles 

can effectively reduce the risk of infections and cross-contamination [84]. 

PEG is widely studied polymer having flexible chain that produce high steric repulsive 

force PEG is a biocompatible polymer that can be modified to exhibit antimicrobial activity 

through various mechanisms. One approach involves incorporating antimicrobial agents into 

PEG-based coatings, such as silver nanoparticles or quaternary ammonium compounds, which 

can effectively inhibit the growth of bacteria and other microorganisms on surfaces [85]. 

  Self-assembled monolayers (SAMs) have emerged as a promising approach for 

developing antimicrobial coatings with tailored properties and high efficacy. SAMs are formed 
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by the spontaneous organization of molecules onto surfaces, creating a single layer with well-

defined chemical structures and functionalities.Ostenui et al reported the SAMs containing 

oligo have ability to resist non specific adsorption of protein  .according to this study it was 

reveal that SAMs does not have ability to resist bacterial adhesion on the surface  so it was 

clear that parameter need to build a surface with protein adsorption are not sufficient for 

bacterial adhesion[85]. 

Polyelectrolyte multilayers (PEMs) are composed of alternating layers of 

poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA) have shown significant 

potential as antimicrobial coatings. These PEMs take advantage of the electrostatic interactions 

between the positively charged PAH and the negatively charged PAA to form stable, layer-by-

layer assemblies on various substrates. [86]. 
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CHAPTER 3: METHODOLOGY AND CHARACTERIZAITON 

3.1 Materials  

All chemicals were of analytical grade and used in synthesis without further purification. 

i. Methyl methacrylate (MMA, 99%) (Sigma, USA). 

ii. Acrylic acid (AA ,99%) (Sigma Aldrich ). 

iii. 2,2-Azobisisobutyronitrile (AIBN, 98%) (Sigma, USA). 

iv. Tetrahydrofuran (THF 99%) (sigma Aldrich Germany). 

v. Ethanol (sigma Aldrich Germany ). 

vi. NaOH (Sigma Aldrich Germany).  

vii. Diethyl ether. 

viii. H2O acquired from 18Ωmill pore RO Plant. 

3.1.1 For Bacterial Growth  

i. Phosphate Buffer Solution (PBS) (Ameresco, Belgium). 

ii. Mueller-Hinton agar (MHA) (Daejung, Korea). 

iii. Luria Bertani (LB) Agar.   

iv. E. Coli (ATTC 8739) strain 

v. S. Aureus (ATCC 6538) strain. 

3.2 Equipment and Characterization Tool for Copolymerization  

The following instruments and characterization tools were used during materials 

synthesis and characterization.   

i. Fume hood . 

ii. Hot plate. 

iii. Schlenk flask 250 ml. 

iv. Glass thermometer.  

v. Glass condenser. 

vi.  ATR-FTIR (BRUKER ALPHA II FTIR. 

vii. TGA (TGA/DSC with High Temperature Furnace Metler Toledo). 
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viii. DSC((DSC Q20 with RCS 90, TA instruments. 

3.3 Methods 

3.3.1 Synthesis of Copolymer P(MM-Co-AA) 

Polymers of acrylic acid ,.methyl methacrylate and copolymer having different molar 

ratios (7:3 , 5:5 , 3:7) were synthesized in Schlenk tube sealed with vacuum grease using THF 

as solvent and AIBN as free radical initiator by doing free radical polymerization  .Reaction 

was performed in oil bath by maintaining the temperature at 700C and in inert 

atmosphere(continuous supply of nitrogen gas).For synthesis of first molar ratio feed 7:3 ( 

PP70), took 7 g of AA and 3 g of MMA  in 70ml of THF with continuous stirring Then add 

AIBN initiator (0.2%w/v) and allow to proceed the reaction for 4 hours. 

After that rotatory evaporation was performed to remove excess solvent (rotatory 

evaporation was done under vacuum and at 40 0c temperature. The obtained polymer then adds 

dropwise to diethyl ether solvent placed in a liquid nitrogen and then pour onto petri dish for 

precipitation. after that polymer was dried at constant weight and used. PP50 (5:5), PP30(3:7) 

was also prepared by doing similar methodology with difference in their monomer 

concentration [87]. 

 

Table 3.1: Concentrations Used for Copolymerization (PP70, PP50, PP30), Solvent & Initiator 

Samples 

Codes 

AA 

(g) 

MMA 

(g) 

AIBN 

(g) 

THF 

(ml) 

PP70 7 3 0.02 70 

PP50 5 5 0.02 70 

PP30 3 7 0.02 70 
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3.3.2 Work Scheme 

Chemical reaction between AA and MMA monomers shown in Fig P(MMA-Co-AA) 

was done by free radical polymerization, using AIBN as initiator and THF as solvent at 70 OC 

temperature. Different copolymers were synthesized by varying their concentration of 

monomers.  

 

Figure 3.1: Chemical Reaction of Copolymirization between AA and MMA. 
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Figure 3.2:  Polymerization Setup. 

 

3.4 LBL (SAMS)  Dip Coating Method  

LBL dip coating is a conventional technique to fabricate a thin film and it require less 

expertise and more economical [88].The process of dip coating occur due to difference in zeta 

potential or charges of polymer, membranes, and PDAC [73], [89]. 

Layer by layer is thin film fabrication technique by depositing the oppositely charged 

alternating layers on material surface with wash steps in between them  [79], [90]. 
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Figure 3.3: General Process Describing the Thin Film Fabrication on Surface Material [68] 

 

3.4.1 Materials used for thin film Fabrication 

• Microscopic glass slides . 

• (25 x 75 x 1 mm, Globe Scientific Inc., US). 

•  APTMS (3-aminopropyltrimethoxysilane toluene solution,10mM) . 

•  Conc. Sulfuric acid (Sigma-Aldrich, 95-98% purity). 

•  Potassium dichromate (Scharlau, reagent grade). 

• PDADMAC (Polydiallyldimethylammonium chloride). 

• PAH (Poly(allylamine hydrochloride).  

• PAA or PP50. 

• Ultrapure water (Conductivity=0.0055µSiemens, Total dissolved solutes (TDS) =0). 
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Table 3.2: Depicting the Structural Formulas of Polymers Being Used in Thin Film Fabrication 

PAA or 

PP50(PMMA-co-

PAA) 

PAH PDADMAC 

(PDAC) 

APTMS 

Weak polyanion Weak polycation Strong polycation Polycation  

 
  

 

 

 

Figure 3.4: Illustrations of Commonly used Polyelectrolyte. 
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3.4.2 Fabrication of Thin Film 

3.4.2.1 Cleaning of Glass Substrate  

• Overnight soaking of micro-glass slides in chromic-sulfuric acid solution: 

▪ 50% sulphuric acid 

▪ 50% potassium dichromate 

•  Rinse with tap water and with ultrapure water. The slides dry under ambient 

conditions. 

3.4.2.2 General Process for LBL Assembly 

Fabrication of LBL-SAMs by manual dipping of the freshly cleaned glass slides into 

the desired solutions for a predetermined time. 

• A 10BL was prepared by alternating dipping of of the microslides in PDAC 

(Polycation) and PAA or PP50 (Polyanion). PP50 as the top layer was taken. 

Figure 3.4: General Process of LBL Self Assembly 

 

3.5 pH Responsive Behavior of Model PAA 

PAA has a pka value of 6.5 it shows complete ionization at (pH 9.5 or 10) and almost 

no ionization at pH 3, it has degree of ionization at pH 3 is 10% and at 7 is 60% and at 10 is 

almost 100%.PAA deposits in loop rich conformations at low pH whereas at high pH the fully 

charged molecule form thin flat layers[81], [91], [92]. 
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3.6 Sample Preparation for Thin Film Fabrication  

1 Step: Three different 10 bilayers samples were prepared using PP50(PAA) & PDAC at: 

• pH 3 

• pH 7 

• pH 10 

➢ With PDAC (polycation) as the top layer 

Figure 3.6: LBL Self Assembly at Different (3,7,10) pH with PDAC at Top Layer 

 

2 Step: Three different 10 bilayers samples were prepared using PAA or PP50 & PDAC at: 

• pH 3 

• pH 7 

• pH 10 
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➢ With PAA or PP50 (Polyanion) as the top layer 

 

Figure 3.7: LBL Self Assembly at Different (3,7,10) pH with PP50 at Top Layer 

 

3 Step: Four different samples of 1, 5, 10 and 15 bilayers were prepared using PAA or PP50, 

PDAC and PAH 

• PAA or PP50 at pH 10 

• PDAC at pH 10 

• PAA or PP50 at pH 3 in the penultimate 

layer 

• PAH at pH 7 (top layer)   

 

 Figure 3.8: 1BL at Different pH (3,7,10) with PAH at Top Layer. 
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3.7 Characterizations  

Table 3.3: Characterizations Done for Copolymer and for Thin Film SAMs. 

 

 

3.7.1 Characterization of Copolymer 

3.7.1.1 FTIR  

FTIR was used to detect the functional groups present in copolymer. The resolution was 

1 to 2 cm-1 and spectral range was about 500- 4000cm-1. A BRUKER ALPHA II FTIR 

spectrophotometer was used for this purpose. 

 

Figure 3.9: ATR-FTIR (BRUKER ALPHA II FTIR). 

Characterization of polymer Characterization of Thin Films 

FTIR Optical microscopy 

TGA Optical profilometry 

DSC Contact angle measurement 

 Antimicrobial Testing 
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3.7.1.2 TGA (Thermogravimetric Analysis) 

Thermogravimetric analysis is used to observe the changes in weight with respect to 

temperature or time. The weight changes of polymer material may be due to decomposition 

and oxidation reaction or may be some of physical parameter like sublimation vaporization etc 

[93].  

Samples were scanned around 2500c temperature under inert atmosphere, scan rate was 

10 oC per minute and amount of sample used was in mg. For TGA analysis sample preferably 

in powder form because it is easy to put in sample pan .TGA was done to analyse the sample 

and graph is plot between temperature and weight loss. 

3.7.1.3 DSC (Differential Scanning Calorimetry) 

DSC is widely used to test thermal properties of material such as glass transition 

temperature in case of polymers. DSC provide information of melting crystallisation and 

transition temperature. Advantage of DSC compared to other calorimetric technique in broad 

range of heating or cooling state [94], [95]. 

Sample taken for DSC in mg and scanning rate was 10 Celsius per minute and samples 

were scanned about 250 Celsius temperatures. 

3.8 Characterization of Thin Films  

3.8.1 Antimicrobial Testing  

Antimicrobial testing was performed by taking two freshly prepared bacterial strain E. 

coli and S aureus by cultivated them in bacterial culture of LB broth at 370C. Bacterial culture 

were prepared before 16 h of harvesting and then bacteria containing broth was centrifuge at 

about 3000 rpm for about 10 minutes. After cell washing with PBS (pH 7.4), samples were 

incubated with bacterial suspension for one hour then again wash three times for PBS, fixed 

with 3% glutaraldehyde for 5 hours and then rinsed with DI water then Dried at 60 °C in the 

oven for one day [16], [96], [97]. 
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3.8.2 Optical Microscopy  

Optical microscopy provides magnified image of objects that are small and cannot be 

visible with naked eye. Optical microscopy is commonly used to visualize the polymeric films 

or nanostructure deposited on substrate optical microscope with a features like phase contrast 

or differential interference contrast (DIC) to enhance the visibility of transparent and low 

contrast sample like polymer thin films [98], [99]. 

 

 

 

 

 

 

 

 

 

Figure 3.10: Optical Microscope (Optica B-600 MET ) was Used to Analyze the Adsorption of 

Polymer Chain. 

  

3.8.3 Optical Profilometry 

Optical profilometry is non-contact surface measurement technique which is used to 

analyse the surface parameter of objects .it measure height variations of surface with high 

precision 

Optical microscope is used to evaluate the roughness of surface (Nanovea PS 50), 

Optical profilometer perform measurement with transparent layer.[100], [101], [102] . 
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3.8.4 Contact Angle Measurement  

Contact angle of the LBL SAMs thin films was measured by placing a 10-20µL drop 

of ultrapure water on the surface of glass slide using a micropipette or syringe (sessile drop 

method). Then take image of it  

 

 

 

 

 

 

 

 

Figure 3.11: Contact angle measurement device. 

 

 

Figure 3.12: Image J* Low Bond Axisymmetric Drop Shape Analysis. 
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CHAPTER 4: RESULTS AND DISCUSSIONS 

4.1 ATR-FTIR 

Figure 4.1 represents FTIR analysis of synthesized polymer compositions of PP70, 

PP50, PP30. FTIR Spectra shows OH stretching at 3350cm-1,C=O stretching of ester group 

was observed at 1721 cm−1 ,C=C peak  is not present at 1400-1600 cm-1 shows that 

polymerization of AA and MMA was successfully completed. 

Figure 4.1: ATR-FTIR Spectra for Copolymer Compositions. 

 

The polymerization approach offers a promising solution for enhancing the 

hydrophilicity of PMMA and expanding its potential uses. Acrylic acid unit are incorporated 

into MMA that can greatly improve water absorption properties of Copolymer. 

These polymerizations typical follow overall rate of polymerization model: 
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Where Rp is overall rate of polymerization; (kp, kd, kt) these are the rate constants of 

propagation, and termination, fi is the initiator efficiency and M and I are respectively 

Monomer and initiator concentration. During polymerization M and I are variable and allow to 

control properties of polymers including degree of hydrophilicity and hydrophobicity. Upon 

polymerization of monomers through initation with AIBN initiator, copolymer structure 

formed which were characterized by FTIR. 

  The compositional peaks observed in the FTIR spectrum, as illustrated in Figure, 

provide valuable insights into the distribution of these monomers within the copolymer 

structure. By analyzing these peaks, it can be determine the optimal ratio that achieves the 

desired balance between hydrophilicity and hydrophobicity. By studying the FTIR of MMA. 

It was observed that characteristic absorption were at 2800–3000 is of C-H strectching 

and absorption peak at 1728 were of C=O strectching .In case of AA, the stretching peaks were 

observed at  3550 cm−1 and the bending vibrations were observed  at 1640 cm-1 of –OH 

groups. .  t is noteworthy that the absence of the characteristic absorption peak attributed to 

C═C bonds in the range of 1620–1680 cm−1 indicates that the double bonds in the acrylic acid 

(AA) molecule have been successfully polymerized or reacted during the copolymerization 

process.  

This suggests that the unsaturated C═C bonds in AA have undergone conversion into 

other functional groups or have participated in the copolymerization reaction, leading to the 

formation of the desired copolymer structure. 

The prepared copolymers were also used to make composites thin films. By 

incorporating AA monomers into the compositions of the PMMA(PMMA-co-PAA) composite 

film, the surface hydrophilicity of the resulting material was enhanced. This improvement in 

hydrophilicity can be attributed to the presence of polar functional groups, such as -OH, within 

the acrylic acid units.  

These groups have an affinity for water molecules, leading to increased wetting and 

adhesion properties on the surface of the composite film.   It is expected that the absorption 
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peaks at (3500 cm-1, OH) and (1728 cm−1, C═O) of MMA, become weaker by adding the 

amount of PAA copolymer. it is may be due to intermolecular hydrogen bonding is present 

between copolymer.  

The emergence of two new absorption peaks at 1548 and 1406 cm−1, corresponding to 

the symmetric and antisymmetric stretching vibrations of the carboxylate group (-COO-), 

indicates the successful formation of this functional group on the surface after activation. The 

detection of these absorption peaks provides valuable insights into the chemical changes 

occurring at the surface and can aid in understanding the surface modification processes 

involved in film formation.  

The method outlined for constructing hydrophilic PMMA-co-PAA composite films in 

the current study involves several key steps, starting with the synthesis of the copolymers, 

followed by the mixing of these copolymers in solution, and adjusting the pH using a sodium 

hydroxide solution.  

As depicted in Scheme 1, the process begins with the pre-polymerization of MMA 

monomers to form the PMMA backbone, which is then copolymerized with PAA monomers to 

introduce the desired hydrophilic properties. The subsequent mixing of these copolymers in a 

solution allows for the preparation of the composite film with controlled composition and 

structure. 

Adjusting the pH using a sodium hydroxide solution is a crucial step in fine-tuning the 

properties of the composite film, as it can influence the ionization state of the carboxylic acid 

groups present in the PAA segments. 

This pH variation helps optimize the hydrophilicity of the film by promoting 

interactions between the polymer chains and the surrounding environment. Overall, this 

method offers a systematic approach to tailor the properties of the PMMA-co-PAA composite 

films for specific applications requiring enhanced hydrophilicity and surface characteristics. 
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Figure 4.2: Schematic representation of the model formation of hydrophilic PMMA-co-PAAS 

composite films as adopted from sources. 

 

4.2 Thermo Gravimetric Analysis (TGA) 

TGA was done to study the percentage weight loss of polymer composition against 

temperature change. This method reveals about thermal stability and thermal decomposition of 

various polymers samples prepared.  

Figure 4.2 depict that about 100 C moisture was present in polymer which is removed 

and decomposition of copolymer compositions started in the range 100 °C up to 240 °C. Above 

190 °C the major weight loss was completed. With the further increase in temperature there 

was a negligible weight loss was observed. 
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Figure 4.3: TGA Spectra for Copolymer Compositions. 

 

The thermal stability study conducted on PMMA/PMMA-co-PAA aimed to assess how 

the incorporation of PMMA-co-PAA copolymer affects the degradation behavior of the 

polymers and their respective films.  

The results indicate that the presence of PMMA-co-PAA copolymer led to a decrease 

in the maximum degradation rate from 15.4% per 10°C to 11.2% per 10°C. This observation 

suggests that the introduction of PMMA-co-PAA copolymer has a beneficial effect on 

enhancing the thermal stability of the composite material. 

The decrease in the maximum degradation rate implies that the presence of PMMA-co-

PAA copolymer helps to mitigate the rate of degradation of the polymer blend at elevated 

temperatures. This improved thermal stability can be attributed to the specific chemical 

interactions or structural characteristics introduced by the copolymer, which may enhance the 

overall resistance of the material to thermal degradation processes.  

By influencing the degradation kinetics, the PMMA-co-PAA copolymer contributes to 

the overall thermal performance and longevity of the polymer blend and its films. This finding 
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underscores the potential of PMMA-co-PAA copolymer as a valuable additive for enhancing 

the thermal stability of polymer systems in various applications. 

The thermal degradation analysis reveals the presence of two distinct temperature 

regions associated with degradation processes. The low-temperature region primarily involves 

the dehydration of carboxylic acid groups to form anhydride moieties.  

This initial stage of degradation likely contributes to the early weight loss observed in 

the polymers, as the carboxylic acid groups undergo structural transformations to yield 

anhydride functionalities. As the temperature increases, a significant weight loss event occurs 

after reaching around 200°C, indicating a more pronounced degradation phase characterized 

by an irregular break of the main polymer chain. 

The 10% degradation temperature of PMMA75-co-PAA25 composite film can increase 

to 250 °C, which is lower than the PMMA polymers. The maximum degradation rate was also 

affected when the content of PMMA-co-PAA copolymer was increased from 10% to 50%, 

suggesting that the introduction of copolymer with higher MMA can slightly promote 

thermostability. 

The enhanced thermal stability of the PMMA-co-PAA is directly related to the 

intermolecular hydrogen bonding present with in the copolymer. There is noteworthy 

observation that at the low-temperature the process of degradation rise in the pure PMMA film 

after surface activation, that can be known as partial hydrolysis of MMA units in basic 

condition.  

According to one study, the maximum degradation rate decreased from 23.2%/10 °C to 

12.1%/ by 10 °C when the content of PMMA70-co- PAA30 copolymer was increased from 

15% to 55%, resulting that by surface activation the copolymer can still improve the 

thermostability of the composite film through addition of NaOH by adjusting pH.  

Furthermore, the carbon residue rises from 2.81% to 27.91% with the PMMA70-co- 

PAA30 copolymer content increased to 60%. In short, the addition of a copolymer can enhance 

the thermal stability of the polymers as well as their composite films. 
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4.3 Differential Scanning Calorimetry (DSC) 

DSc was done to check the thermal transition of copolymer compositions (PP70, PP50, 

PP30) DSC is used to check the Tg like crystallinity, oxidation and melting etc we want to 

investigate the Tg of polymers. According to literature Tg of PAA was about 106 C and of 

PMMA Tg was 120 C, so Tg observed in our synthesized compositions of copolymer was 

about 120 C. It was also observed that by increasing acrylic acid component the process of 

degradation decreased. 

 

 

 

 

 

 

 

 

 

Figure 4.4: DSC Spectra for Copolymer Compositions. 

 

The presence of PAA repeat unit can have influence on chain segmental motion as 

presented below figure 4.5. If substituted group becomes larger, then chain rotation becomes 

effected too.  
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Figure 4.5: Structural Formula of Poly (Acrylic Acid) and Poly (Di-Acrylic Acid). 

 

This is important to understand the melting and glass transition temperatures (Tm and 

Tg) since both are important parameter in polymer science. For many applications particularly 

with semicrystalline polymers, they are regarded as the upper and lower temperature 

limitations, respectively. 

The Tg may also define the upper use temperature for glassy amorphous materials. 

Furthermore, Tm and Tg can affect synthesis procedure for polymers / polymer-matrix 

composites. Figure 4.6 shows the normal melting and glass transition thermal transitions. It is 

anticipated that the entire volume will remain constant at Tg and not change. 

The PMMA and PMMA-co-AA copolymers' DSC curves have been documented in the 

literature. When compared to PMMA, the Tg values of PMMA-co-AA copolymers were 

inconsistent and were impacted by the quantity of AA monomers. Each of these copolymers 

has a single Tg, suggesting that they are homogenous and primarily in a single block [27].  

Consequently, it is possible to see the addition of AA monomers to the PMMA main 

chain as random and as a single copolymer except blend. 

As a result, the bulky MI units significantly affected the segmental movements of the 

polymer chains, increasing the Tg value of the copolymers. Additionally, link between the Tg 

values and the AA content of the copolymers can be discovered with further investigation. 
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Figure 4.6: Depicting Specific volume w.r.t temperature. On cooling from liquid melt, total 

amorphous (Curve A, semicrystalline (Curve B), and crystalline (Curve C) polymers observed. 

 

 

 

 

 

Figure 4.7:  Normal Melting and Glass Transition Temperature. 

 

The following elements are crucial to comprehend when analyzing the impact of 

copolymer composition and structure: 

• One prominent impact is chain stiffness, which is determined by how easy it is to rotate 

about the chemical connections along the chain. 

• Tm rises when double bonds and aromatic groups in the polymer backbone are present 

because they reduce chain flexibility.  
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• In addition, the kind and amount of side groups affect the flexibility and freedom of 

chain rotation; big or bulky side groups typically limit molecule rotation and increase 

Tm. 

The significance of the structure-property relationship in the case of copolymers is 

typically shown by polypropylene, which melts at a greater temperature than polyethylene. 

Compared to polyethylene, polypropylene's CH3 methyl side group is bigger. Similar 

to this, the presence of polar groups—Cl, OH, and CN—even in small enough amounts 

increases the value of thermal transition by producing strong intermolecular bonding 

interactions. By contrasting the melting points of polyvinyl chloride (212 °C) and 

polypropylene (175 °C), this can be confirmed.  

The flexibility of the chain is another aspect that determines Tm and Tg overall. 

Therefore, Tm and Tg will be increased by any factor that decreases chain flexibility.  

Table 4.1: Melting Temperature of Common Polymers. 

 

Chain flexibility in general is affected by following factors: 

• Prescence of Bulky side groups; (from Table 4.1) Tm for polypropylene is 175 C  and 

polystyrene is 240 C. 

• Prescence of Polar groups; e.g, Tm of poly (vinyl chloride) is 212 °C and of 

polypropylene is 175 °C, respectively. 

Polymers Melting Temperature (°C) 

PE (LDPE) 110 

PE (HDPE) 125 

PTFE 327 

PP 175 

PVC 212 

PS 240 

PMMA 120 (Tg 106) 

PAA 116 (Tg 106) 
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• Prescence of aromatic groups, which tend to stiffen the polymer chain. See Nylon and 

PET. 

• Higher crystallinity led to higher Tm (see LDPE and HDPE). 

PAA and PMMA have Tm and Tg values that are reasonably close to one another. In 

these circumstances, the impact of compositions might not be immediately apparent. The DSC 

curves shown in Figure 4.3 also show this.  

Since the groups in a copolymer structure are identical to those in acrylic and acrylate, 

their mobility within the structure may not differ significantly enough to significantly affect 

the temperature transitions of the copolymers that are produced. 

4.5 Contact Angle Measurement  

The polymer samples and their thin films were examined for surface wettability using 

contact angle measurement. Equation 1 and the Young Model, which is shown in figure 4.8, 

can be used to explain surface wettability. 

 

 

 

Figure 4.8: The Young Equation Represented on an Ideal Surface, Together with The 

Equilibrium (Or Static) Contact Angle θE 

 

▪ cos θE = (S,V - S,L ) / L,V   (Equation 1) 
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where θE = equilibrium (or static) wetting contact angle; 

S,V = solid-vapor interfacial surface tension; 

S,L = solid-liquid interfacial surface tension; 

L,V = liquid-vapor interfacial surface tension. 

and various values of cosθ are: 

cos -1 (0) = 90 °; cos -1 (1) = 0 ; cos -1 (-1) = 180 

 

 

Figure 4.9: Depicting by Increasing No of Bilayers, The Value of Contact Angle Decreased. 

Measurement of surface wettability through contact angel for various fabricated thin 

films is given in Table 4.2 and also presented in Figure 4.9.  

It was done by sessile drop method as proposed by Young model and observed the value 

of contact angle so observation was the lowest contact angle in case of PP50 because it contain 
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acrylic acid group in it which is more hydrophilic in nature so presence of both hydrophilic and 

hydrophobic part in them allows them to interact more readily with water and non-polar 

surfaces.  

Resulting in lower contact angle as they spread more easily on surface on contrary 

positive polymer predominantly have hydrophobic part in them leading to higher contact angle 

values on polar surface.  

It was observed that by increasing the No of bilayers from 1 to 15, the value of contact 

angle is decreased, making the surface more hydrophilic. By taking pH into account, it was 

observed that in case of PP50 least value of contact angle was observed. 

Table 4.2: 15 BL Samples (PAH Top Layer shows less Hydrophilicity). 

Samples Standard Deviation 

1 BL 90.7±4 

5 BL 57.1±2 

10 BL 51.1±1 

15 BL 41.3±0 
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Figure 4.10: Shows Increasing the Value of pH (10) Contact Angle Value Decreased. 

 

Table 4.3: 15 BL Samples (PDAC as the Top Layer). 

Samples Standard Deviation 

pH 3 33.5±1 

pH 7 30.9±0 

pH 10 28.0±1 
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Figure 4.11: Shows Increasing the Value of pH (10) Contact Angle Value Decreased. 

 

Table 4.4: 15 BL Samples (PP50 as the Top Layer provide Lowest Contact Angle Values with more 

Hydrophilicity) 

Samples Standard Deviation 

pH 3 33.0±1 

pH 7 29.8±1 

pH 10 27.7±1 

 

The following points should be taken into consideration in order to provide an 

intriguing explanation for contact angle values. A single, distinct contact angle is implied by 

the Young Model. Owing to its diverse intricacies, models have been utilized to acquire a more 

profound comprehension of the thermodynamic state of contact angles. Overall, it has been 
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discovered that the Young contact angle, θE (theoretical), and the experimentally observed 

apparent contact angle, θ* (experimental), may or may not be equal. 

In consideration of above points, various complement models have been proposed such 

as: 

(i) Wenzel Model: chemical homogeneous, but physically rough surface: 

▪ Cos θ* = r cos θE     (Equation 2) 

(ii) Cassie-Baxter Model: physically smooth, but chemically heterogeneous: 

▪ Cos θ* = Φ1 cos θ1 + Φ2 cos θ2  (Equation 3) 

(iii) Composite Hydrophilic Model: Porous surface with liquid fills pores and drop finds 

itself on mixed solid/liquid surface: 

▪ Cos θ* = 1 + ΦS( -1 + cos θE )  (Equation 4)  

(iv)  Composite Hydrophobic Model: Porous surface with air trapped below the drop: 

▪ Cos θ* = -1 + ΦS (1+ cos θE )   (Equation 5)  

Where, 

▪ θ* is apparent contact angle (experimental); 

▪ surface roughness r is defined as the ratio of the actual area over the apparent surface 

area of the substrate. For flat surface r = 1. 

▪ θ1 and θ2 are CA of two different surfaces each has Φ1 and Φ2  fractional surface area;  

▪ ΦS is the fractional areas of the solid relative to fluid area (liquid or air) underneath the 

drop. 

The surface wettability of the prepared films can be explained from the consideration of 

Young Model as well as above mentioned various surface model given in Equations 1 to 5.  

For example, composite Hydrophobic Model: Porous surface with air trapped below 

the drop: 

 Cos θ* = - 1 + ΦS (1 +  cos θE )  (Equation 5)  
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Figure 4.12: A Liquid is Deposited on a Model Surface That has Holes or Spikes. When The Contact 

Angle is Greater Than 90°, Air is Trapped Beneath The Liquid, Causing The Solid and The Drop to 

Form a Composite Interface. 

It is possible that through increase in hydrophobic part of the polymers, thin films can 

be developed that results in such surfaces. This is reflected in relatively higher contact angle 

with lower wettability. Also, due to higher contents of PMMA in polymers which act as 

polyelectrolytes chain, there is possibility of mor enough films with loopy structures in it, 

which ultimate enhances the contact angel values.  

Upon moving towards acidic pH in PMMA-co-AA copolymer, chains are less ionized 

and hence lead to relatively less dense but loopy films. Such effect is very subtle and have a 

significant effect on controlling the hydrophilic to hydrophobic interactions. 

Upon increasing the hydrophilic components in the copolymer compositions, With 

porous surfaces, when liquid fills pores and drops land on surfaces that are partially solid and 

partially liquid, the hydrophilic model becomes relevant. Figure displays this. 

This is presented in Figure X: 

 Cos θ* = 1 + ΦS(-1+ cos θE )  (Equation 4)  

 

 

 

 

Figure 4.13: Spike-Adorned Solid Surface Being Invaded by Liquid Film (Or Microchannels). An 

Arrow Points to The Forward. 
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Figure 4.14: Calculation of θ* on a Composite Surface 

Another intriguing scenario is in Figure 4.14, when a drop rests on a composite surface 

made of both liquid and solid and a film infiltrates the solid roughness.  

It is then discovered that θ* lies in the middle of θ, the contact angle on a flat 

homogeneous solid, and 0 (which would be observed if the substrate consisted solely of liquid). 

The hydrophilic model is relevant when AA monomers in the polymer composition 

becomes higher. This leads to two factors; First, thin films expect to be more compact and less 

dense due to strong interaction between oppositely charged counter ions of polycations and 

polyanions.  

Secondly, roughness of films can also be tuned through compositional control via pH 

variation. It is observed through that at lower pH with AA in structure, chain is less ionized and 

in general lead to loopy films; However, with higher AA contents, chains are more ionized at 

basic pH values to lead to more compact with higher ionic interaction films. Thus, allow to 

control hydrophilic and hydrophobic interactions. 

Since hydrophilic and hydrophobic interactions are strongly influenced by surface 

roughness, and such observation can be explained by Wenzel Model. Contrary to all existing 

findings, a surface with complete wetting (θ* = 0) or superhydrophobic de-wetting (θ* = 180) 

can be generated by texture, as long as the roughness is sufficiently great (r >1). 

The Wenzel relation qualitatively supports the main findings: roughness increases 

hydrophilicity and hydrophobicity since θ* > θ > 90° and θ* < θ < 90°. The Wenzel connection 

is only applicable to mild roughness factors and is typically non-quantitative. 
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One final comment needed to be addressed is that the in the formation of self-assembled 

multilayers thin films of PMMA-co-PAA, it is expected that there is hysteresis. The non-

equivalent advances and retreating contact angles are what characterize hysteresis. Contacts 

angle hysteresis is present on almost all solid surfaces;, H the difference between 

  H = CA (adv) – CA (rec)   (Equation 6) 

A solid surface's heterogeneity and roughness may be the cause of contact angle 

hysteresis. According to Young's equation, the measured contact angles have little significance 

if roughness is the main contributing factor.  

Contact angles are greater on extremely rough surfaces than they are on smooth, 

chemically equivalent surfaces. It is obvious that interpreting such angles in terms of the Young 

Model Contact angles are greater on extremely rough surfaces than they are on smooth, 

chemically equivalent surfaces.  

It is obvious that interpreting such angles in terms of the Young Model would produce 

incorrect findings since, because of ( S,V , S,L,  L,V),the CA would inexorably reflect surface 

topography rather than only surface energetics.  

 4.6 Optical Profilometry 

Optical profilometry was used to determine the surface characteristic of thin films, so 

it was observed that the coated films show less roughness value as compare to control 

(roughness value decrease after coating).  

A general trend in surface roughness was observed with an increase by the number of 

bilayers and at pH 3, the average roughness was greater due to accumulation of PP50 in loop 

rick conformation as compare to pH10 where smooth thin layers was formed.  
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1BL 

 

 

Figure 4.15: 1 Bilayers Surface Roughness Measures for The Fabricated Thin Films of PMMA-Co-

AA Copolymers. 
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5BL 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: 5 Bilayers Surface Roughness Measures for The Fabricated Thin Films of PMMA-Co-

AA Copolymers. 
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10BL 

 

 

 

 

 

 

 

 

 

 

Figure 4.17: 10 Bilayers Surface Roughness Measures for The Fabricated Thin Films of PMMA-Co-

AA Copolymers. 
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15 BL 

 

 

 

 

 

 

 

Figure 4.18: 15 Bilayers Surface Roughness Measures for The Fabricated Thin Films of PMMA-Co-

AA Copolymers. 
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Figure 4.19: By Increasing number of LBL Bilayers, the Average Roughness Value Increased. 

 

 

 

Figure 4.20: 10 BL Samples (PAA50 as the Top Layer) 
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Figure 4.21: 10 BL Samples (PDAC as the Top Layer) 

 

The data and figures presented above for the fabricated films of 1, 5, 10 and 15 are 

explained and correlated with reported results. Further understanding of the surface 

morphology can be obtained by tracking the rise in surface roughness with increasing layer 

count. One way to quantify the variations in surface height is to look at RMS roughness. 

Features that have similar dimensions in the surface topography are associated with a certain 

density, which in turn determines the RMS roughness.  

The polyelectrolyte film produced on naked glass, as well as the film grown on strongly 

ionized and loosely ionized polymer chains, exhibit broad trends for the RMS roughness, as 

shown in figure 4.23. The two curves differ significantly, as would be predicted based on 

roughness data and topographic photos taken with an optical microscope. 

The film applied to bare glass reveals that chains with loosely ionized and pH-tuneable 

effects have relatively rough surfaces, whereas strongly ionized chains have less rough 

surfaces. Additionally, it was noted that roughness increased gradually as the number of 

bilayers increased before somewhat plateauing once more. On the other hand, the film-

deposited glass with ionized chain exhibits significantly less surface roughness.  
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Figure 4.22: Bilayers Effect on Surface Roughness of The Self-Assembled Multilayers Films. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23: Tuneable pH Effect on The Surface Roughness of The Self-Assembled Multilayers 

Films. 
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For instance, during the production of two distinct polyelectrolyte films, the root mean-

square surface roughness values were determined based on shear force measurements. The 

surface roughness difference between a film having PEI\PSS(PAH\PSS)x and a film containing 

just (PAH\PSS)x is plotted. By employing the commercial scanning electronics to calculate the 

RMS roughness at ten distinct locations on the film, surface roughness measurements were 

made for each growth phase measured.  

Once the polyelectrolyte films formed on bare and PEI-treated glass achieve a steady-

state value, both their apparent morphology and surface roughness are likely due to the intrinsic 

morphology of the layers rather than nucleated defects.  

This is in sharp contrast to films made via metal phosphonate self-assembly or 

Langmuir–Blodgett processes, in which the quantity of surface features and surface roughness 

rise linearly as the number of layers increases, as does the size of surface bumps. 

As more layers are deposited, a highly branched polyelectrolyte decreases interface 

roughness and enhances film adhesion. Since the steady-state surface topography depends on 

the intrinsic morphology of the polyelectrolytes rather than the substrate topography, these 

results suggest that the deposition of polyelectrolyte layers has the ability to "smooth-out" or 

"heal" a rough surface. There have been various earlier organizations that have proposed the 

"healing" properties of polyelectrolyte layers. 

4.7 Optical Microscopy 

Optical microscopy of the prepared self-assembled multilayers thin films was observed 

with the objective to understand surface morphology of the deposited chains and also surface 

area coverage. The images of the prepared thin films are presented in figure 4.24. Among 

various observation, it was noted that LBL thin films of polyelectrolytes with water insoluble 

polyelectrolyte components can undergoes the process of intermolecular association while 

intramolecular aggregation.  

This effect can be observed due to hydrophobic effect when dissolved in aqueous media 

and from the PMMA part of the polyelectrolytes chains. The images observed suggest the 

presence of the aggregation of the films during self-assembly as was investigated studying the 

film morphology using optical microscopy. By doing microscopic analysis it was observed that 
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more polymer films were deposited to cover surface with higher number of LBL as compare 

to low no. of LBL.  

This is due to presence of a greater number of oppositely charged surfaces adsorbed 

here in comparison of 1BL or 5BL, so more surface area was covered due to presence of 

polymer chain in 10BL.  

As an illustration, consider a study that used near-field scanning optical microscopy 

and scanning force to examine the nanoscale morphology of polyelectrolyte self-assembled 

films. Here are topography pictures of the prepared thin films produced receptively after zero, 

two, and ten bilayers on naked glass and on a surface coated with PEI. Picture of a raw glass 

surface that has been cleaned using the appropriate solutions; the picture shows no 

characteristics at all.  

A number of tiny elevated characteristics emerge on the raw glass surface when two 

bilayers are added. Similar findings were found when LBL was deposited in the current study.  

These features' diameter and height are in line with earlier research on a related system 

that employed cutting-edge microscopic techniques. The density of these features has expanded 

to cover most of the surface with the addition of 10 bilayers, but their approximate size has not 

changed.  

After the deposition of ten bilayers, there is little change in the surface topography, and 

images of films with more than ten bilayers are remarkably comparable to those of other LBL. 

If pH-tuneable conditions are applied to the glass surface during bilayer deposition, a 

significant shift in the surface topography is seen. 

The topography of the glass surface treated with PAHs is depicted in Figures 10 and 

15, where the surface seems featureless and remarkably comparable to the naked glass surface. 

There are much fewer tiny features than in the film without the PAH layers after the deposition 

of two bilayers. Ten bilayers have been deposited, and while this has improved the density of 

the microscopic features, their size is still lower than it was in the ten-bilayer film formed on 

naked glass. 
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By understanding of surface morphology by tracking the rise in surface roughness in 

relation to layer count. The rms roughness, as was covered in the preceding section, is a 

measurement of the surface's height fluctuations. The rms roughness is correlated with the 

density of features if the surface topography is typified by features of comparable dimensions.  

The surface morphological features and coverage of polyelectrolyte films grown on 

bare glass and glass treated with PAHs are significantly influenced by their respective rms 

roughness and pH, as demonstrated by optical microscopic pictures. There are noticeable 

variations, as would be expected based on the topography photos. 

 

 

OM - 1BL@100X  OM - 5BL@100X     OM - 10BL@100X 

Figure 4.24: Optical Microscopic (OM) Images of 1, 5 and 10 BL at 100X Magnification. 

 

4.8 Antimicrobial Testing of the Thin Films 

The produced copolymers' antibacterial efficacy against S. aureus, E. coli, and P. 

aeruginosa demonstrates that activity increases with an increase in PAA content. It was 

determined that the presence of acrylic acid in copolymers had a bactericidal effect. A few key 

findings are: 

• Bacterial Strain: Escherichia coli, SRS, and P. aeruginosa were used. 

• The antimicrobial activity of the copolymers against S. aureus, E. coli, and P. 

aeruginosa rises with increasing PAA contents. 

• High pH during fabrication of films leads to repulsive effect. 
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• Prescence of high concentration of acrylic acid in the Copolymer produce harsh 

environment for bacteria consequently leading to the death of the microbes. High pH 

during fabrication of films leads to repulsive effect. 

 

The observed results are presented below and in good agreement with previous work. 

 

Figure 4.25: More Negative Charge Toward Substrate Produces More Repulsive Substrate for 

Microbial Attachment and Vice Versa. 

 

Figure 4.26: Number Of Bacterial Attachments Increases with The Number of Bilayers as Bacterial 

Get More Surface Area to Attached to Substrate. 
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4.8.1 Bacteria Repulsion and Attraction Study on Switchable Surface Coatings: 

As bacterial fouling is mainly related to biomedical applications, in this study two 

common bacteria were used living in the physiological environment that is E. coli (Gram 

negative) and S. aureus (Gram positive) negatively charged and positively charged films in 

PBS (artificial physiological environment) at pH 7.4. 

The aforementioned microorganisms were subjected to fouling experiments, which 

were conducted in accordance with a predetermined settlement technique and evaluated 

accordingly. The bacterial cell surfaces have a net negative electric charge because of the 

ionized phosphoryl and carboxylate substituents on their outer cell envelope [102]. 

4.8.2 Bacterial repellent thin films on the basis of surface charge and Ionization degree: 

In this study the bacterial repellent thin films were prepared by using PAA and 

PDADMAC. PAA that is a weak Polyanion and is sensitive to pH was used as the top layer. At 

pH 10 PAA is fully ionized so greater amount of negative charge is exposed on the surface thus 

the surface become highly bacteria repellent and no bacterial attachment was found on the 

surface of glass slides as compared to pH 7 where PAA is not fully ionized and expose less 

negative charge, resulted in less bacterial attachment on the glass slide and at pH 3 where PAA 

is almost fully deionized and do not repel bacteria. As a result, large amount of bacterial 

attachment was found. As shown in figure 4.7. 

4.8.3 Bacterial attraction thin films: 

The bacterial attractive thin films were prepared using PAA and PDADMAC, where 

PDADMAC that is a strong Polycation was used as the top layer. At pH 3 large amount of 

bacterial attachment was found due to the greater load of deionized PAA that as a result 

attracted large amount of PDADMAC in order to compensate the underlying charge. On the 

other hand, less, bacterial attachment was found at pH 7 and little bacterial attachment at pH 

10 due to fully ionized PAA in the underlying layer. (as shown in the figure 4.8). 

Microbicidal properties that are either intrinsic or enhanced by nanotechnology are 

exhibited by antimicrobial thin films, or ATFs. Due to their many uses in a variety of industries, 

particularly in textile finishing, food packaging, wound dressing, and anti-fouling water 
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treatment membranes, they are growing in popularity. By customizing their functionality to 

target particular microorganisms in different engineering designs, ATFs can be used to stop the 

growth of dangerous pathogens like fungi and bacteria on a range of surfaces. 

A number of factors need to be carefully taken into account when designing an ideal 

antimicrobial thin film, such as the type of active agent material, stability against external 

environmental triggers, manufacturing processes, geometric requirements for adhesion to 

substrate material/surface, physical advantages like breathability, 

  The current study uses chemical biocides embedded in films as a common antimicrobial 

action mechanism for nano-enabled antimicrobial thin films in the current work. For example, 

in thin-film based on PDADMAC, positively charged cationic residues typically first attach 

themselves to anionic charge group to produce electrostatic repulsion to kill microorganism 

polymer-based antimicrobial coating design comprises three components; the active layer, the 

adhesive/repulsive layer, and the polymer backbone.  

The physical and chemical states of the substrate have been created by a range of 

surface treatment and media switchable approaches to explore the mechanism of how the 

substrate state influences the adhesive.  

While active layers, such as those with specific killing mechanisms, impart antibacterial 

and antifungal properties, the adhesive layer aids in adhering the film. The PMMA-co-AA 

produced LBL thin films, which exhibit hydrophilic to hydrophobic properties and pH 

tuneability, are intriguing polymer materials that can showcase inherent antimicrobial activity 

in ATF systems. Additionally, they can function as a matrix medium to support active agents. 

Three primary mechanisms are demonstrated in figure 4.27 for the action of polymer-

based antimicrobial thin films: diffusion killing (semi-leaching), contact killing (leaching), and 

physical barriers (non-leaching).  

Physical barriers employ contact angles and surface roughness features to hinder bacterial 

attachment, whereas contact killing biofilms, when dampened and lit, allow direct killing 

through leachate release, frequently through ion exchange processes. Finally, diffusion killing 

systems work with preformed pores and capillaries in the film matrix to allow small amounts 

of chemicals scattered throughout the layer to slowly seep out over time through thermally 

induced polymer chain motions upon exposure to light or humidity triggers.  
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This process reduces transport away from the site and contributes to localized and prolonged 

efficacy while also minimizing environmental impact.  

 

 

 

Figure 4.27: PMMA-Co-PAA Polymer-Based Thin Film Antimicrobial Mechanisms Illustrate the 

Role of Attractive and Repulsive Nature. With Increase in PMMA Amount in Copolymers, There is a 

Possibility of More Adhesion; At Higher pH with Highly Charged Anionic Chain can Perform 

Repulsive Action to Foulants. 
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CHAPTER 5: CONCLUSION AND FUTURE RECOMENDATIONS 

5.1 Conclusion 

The main conclusions from the current works are mentioned below: 

• A general decreasing trend in contact angle was observed with an increase in 

number of bi-layers which means that more water molecules interact with the 

surface due to accumulation of a greater number of surface charges. 

• Lowest value of contact angle was observed at pH 10 because of greater number 

of surface charges as compared to pH 3 

• However, a general increasing trend in surface roughness was observed with an 

increase in number of bi-layers 

• At pH 3 average roughness was greater due to accumulation of PP50 in loop rich 

conformations as compared to pH 10 where smooth thin layers were formed 

• The slides were coated at pH 10 with PP50 as the top layer following LBL 

deposition process as an application of the above work and no bacterial attachment 

was found. 

5.2 Future Recommendations 

In present work, interesting polymer compositions with variable amount of hydrophilic 

and hydrophobic structure were prepared. These structures allow to tune many properties and 

applications. For example, coatings of these films of membranes and materials can eb explored 

to as the bacterial repellent thin films for water purification purpose.  

The prepared polymer compositions can also be used for sterilization purpose in 

biomedical application such as in a range of applications. The bacterial adhesive thin films can 

also be used to attach and detect desired bacterial strains in cases when strains are in very 

minute concentrations.  

Coatings can be performed on surgical equipment to understand their efficacy and 

performance. In future it can be used to fabricate the charge control LBL capsule for drug 

delivery purpose; it can also be used for selective adsorption or purification of proteins through 

the exploration of the prepared copolymers. 
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