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ABSTRACT 

 The biological applications involving antibacterial coatings and controlled release 

systems require careful design and realization of the material system. Layer-by-layer (LbL) 

assembly of interacting molecules is a versatile method to prepare functional coatings. The 

formation of such coatings on sacrificial 3-dimensional templates allows the preparation of 

hollow capsules which show significant potential as controlled release systems.  

 In this thesis study, pH-responsive hydrogen-bonded (H-bonded) 2-dimensional 

(films) and 3-dimensional (hollow capsules) LbL assemblies of poly(2-ethyl-2-oxazoline) 

(PEOX) and Tannic Acid (TA) have been prepared, investigated and their biological 

applications as antibacterial coatings and controlled release systems have been demonstrated. 

 Contact-killing, pH-responsive antibacterial coatings, especially for surgical devices 

and implants, were realized by H-bonded LbL assembly of PEOX stabilized silver nanoparticles 

(AgNPs) (~10-20 nm in diameter) as H-acceptor and TA as H-donor. The effect of PEOX molar 

mass (5,000 to 500,000 g/mol) on the stabilization of AgNPs and the antibacterial efficacy of the 

resulting coatings has been investigated. The coatings were stable below pH 8.5 and disintegrated 

above pH 8.5. JIS Z 2801 antibacterial tests demonstrated the antibacterial efficacy of the coatings 

through contact killing against both gram negative and gram-positive bacteria. The coatings on 

titanium substrates remained stable and retained their antibacterial efficacy at pH 7.4 in phosphate 

buffered saline up to 3 months. 

 Hollow microcapsules (5-8 m in diameter) formed of 8 bilayers PEOX/TA LbL films 

were prepared by coating CaCO3 microparticle templates followed by the dissolution of the 

microparticles. Rhodamine 6G was used as positively charged model cargo to evaluate the loading 

and release properties of the hollow capsules for potential controlled release applications. 

Rhodamine 6G loaded capsules exhibited pH-dependent release which increased with pH towards 
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physiological pH of 7.4. The increase in the amount of released Rhodamine 6G molecules with 

increasing pH was attributed to the increased permeability of the capsules as a result of the 

decreasing number of H-bonds due to ionization of TA. Such H-bonded capsules have a high 

potential to be used as pH-responsive micro-carriers in drug delivery applications. 

Keywords: Antibacterial coatings, Hydrogen-bond, Stabilized silver nanoparticles, 

Hollow microcapsules, Micro-carriers. 
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ÖZET 

Anti-bakteriyel kaplamalar ve kontrollü salım sistemlerini içeren biyolojik uygulamalar 

malzeme sistemlerinin dikkatli tasarımını ve gerçekleştirilmesini gerektirir. Etkileşen 

moleküllerin tabaka-tabaka (LbL) yapılandırılması fonksiyonel kaplamaların elde 

edilebilmesi için çok kullanışlı ve uygun bir yöntemdir. Bu tür kaplamaların ayırılabilen 3-

boyutlu şablonlar üzerinde oluşturulması kontrollü salım sistemlerinde önemli bir uygulama 

potansiyeli olan içi boş kapsüllerin hazırlanmasına olanak verir. 

Bu tez çalışmasında, pH duyarlı hidrojen bağlı 2-boyutlu (filmler) ve 3-boyutlu  (içi boş 

kapsüller) tabaka-tabaka poli-2-etil 2-oksazolin (PEOX) ve tanik asit (TA) yapılar hazırlandı, 

incelendi ve bu yapıların anti-bakteriyel kaplamalar ve kontrollü salım sistemleri olarak 

biyolojik uygulamaları gösterildi. 

Özellikle cerrahi aletler ve implantlar için, temas halinde bakteri öldürme özelliği olan, 

pH’ya duyarlı anti-bakteriyel kaplamalar, PEOX ile kararlı hale getirilmiş gümüş 

nanoparçacıkların (AgNP) (~10-20 nm çaplı) hidrojen alıcısı ve TA’nın hidrojen vericisi 

olarak kullanılmasıyla hidrojen bağlı tabaka-tabaka yapılar şeklinde elde edildi. PEOX 

molekül ağırlığının (5000 g/mol ile 500 000 g/mol’e aralığında) AgNP kararlılığına ve 

oluşturulan kaplamaların anti-bakteriyel etkinliğine etkisi incelendi. Kaplamalar pH 8,5 

altında kararlı kaldı ve pH 8,5 üzerinde parçalandı. JIS Z 2801 anti-bakteriyel testleri bu 

kaplamaların temas halinde bakteri öldürme özelliği aracılığıyla, hem gram negatif hem de 

gram pozitif bakteriler üzerinde etkili olduğunu gösterdi. Titanyum yüzeyler üzerindeki 

kaplamalar, pH 7,4 fosfat tampon çözeltisi içinde 3 aya kadar kararlı kaldı ve anti-bakteriyel 

etkinliğini korudu. 

8 çift katmanlı PEOX/TA tabaka-tabaka filmlerinden oluşan içi boş mikro kapsüller (5-

8 µm çapında), CaCO3 mikroparçacık şablonları üzerine kaplanma sonrası bu 

mikroparçacıkların çözünmesiyle hazırlandı. Bu içi boş kapsüllerin yükleme ve salınım 
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özelliklerini potansiyel kontrollü salım uygulamalarında değerlendirmek için, pozitif yüklü 

Rhodamine 6G model kargo molekülü olarak kullanıldı. Rhodamine 6G yüklenmiş kapsüller 

fizyolojik pH 7,4’e doğru artan pH-duyarlı bir salım sergiledi. Salınan Rhodamine 6G 

moleküllerinin miktarının pH ile artması, TA’nın iyonlaşmasına bağlı olarak hidrojen bağı 

sayısının azalması sonucu kapsül geçirgenliğinin artmasına bağlanmaktadır. Bu hidrojen 

bağlı kapsüllerin ilaç dağıtım uygulamalarında pH-duyarlı mikrotaşıyıcılar olarak kullanım 

potansiyeli yüksektir.  

Anahtar kelime: Anti-bakteriyel kaplamalar, Hidrojen bağ , Gümüş nanoparçacıklar,  

pH-duyarlı, Mikrotaşıyıcı. 
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Figure 5.3: JIS Z 2801 assay to test contact inhibition of coated surfaces against gram 

negative (E.coli) and gram positive (S.epidermidis) bacteria. E.coli grown on PEOX5K-

AgNP/TA (a) and  PEOX5K/TA film coated surfaces (b).  S.epidermidis grown on 

PEOX5K-AgNP/TA (c) and  PEOX5K/TA film coated surfaces (d).          87 

Figure 5.4: Relative U2OS cell viability grown on PEOX-AgNP/TA (horizontal lines) and 

PEOX/TA (square patterns) films. Relative biocompatibility of films was investigated by 

assessing the metabolic activity of U2OS cells grown on films with MTT. Data was presented 
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test was performed to test significance of differences. *p > 0.05 was considered as 

statistically significant, and non-significant differences was presented as ‘ns’.  90 

Figure 5.5: Morphology change of PEOX500K/TA coated Ti substrate in PBS pH7.4 at 
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Figure 5.6: Morphology change of PEOX500K-AgNP/TA coated Ti substrate in PBS pH7.4 
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NOMENCLATURE 

AFM: Atomic force microscopy 

AgNPs: Silver nanoparticles  

AMPs: Antimicrobial peptides 

BPEI: Branched polyethyleneimine 

CFU: Colony-forming unit 

CLSM: Confocal scanning laser microscopy 

CVD: Chemical vapor deposition 

DLS: Dynamic light scattering  

E.coli: Eshrechia coli 

EDTA: Ethylenediaminetetraacetic acid 

FESEM: Field emission scanning electron 

HM-PEO: Hydrophobically modified poly(ethylene oxide)  

HPC: Hydroxypropylcellulose 

JIS: Japanese industrial standard 

LB: Langmuir-Blodgett 

LbL: Layer-by-layer 

LCST: Low critical solution temperature  

MF: Melamine formaldehyde 

MIC: Minimum inhibitory concentration  

MPR: M-methylpheol-fomraldehyde resin  

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

OM: Optival microscopy 

PAA: Poly(acrylic acid) 

PAAM: Poly(acrylamide) 

PAH: Poly(allylamine hydrochloride) 
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PAH: Poly(allylamine hydrochloride) 

PANI: Polyaniline 

PAOX: Poly (2-alkyl-2- oxazoline)s 

PBS:  Phosphate buffered saline 

PCL: Poly(caprolactone)  

PDA: Polydopamine  

PEA: Poly(ethylacrylic acid)  

PEG: Poly(ethylene glycol)  

PEI: Poly(ethylene imine) 

PEO: Poly(ethylene oxide) 

PEO: Poly(ethylene oxide) 

PEO-b-PCL: PEO-block-poly (ε-caprolactone)  

PEOX: Poly(2-ethyl-2-oxazoline) 

PEOXSH: Thiol-containing poly(2-ethyl-2-oxazoline)  

PHEA: Poly(2- hydroxyethyl acrylate) 

PLAA: Poly(L-aspartic acid)  

PMA: Poly (methacrylic acid)  

PMAC: Poly (methacrylic acid) modified with a cholesterol group 

PMASH: Thiol-modified poly(methacrylic acid)   

PMMA: Poly(methacrylic acid) 

PNIPAM: Poly(N-isopropylacrylamide)  

PP: Polypropylene  

PS: Polystyrene  

PSMA: Poly[styrene-alt-(maleic acid)]  

PSS: Poly(sodium 4-styrene sulfonate) 

PVA: Poly (vinyl alcohol) 
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PVCL: Polyvinyl chloride 

PVCPL: poly(N-vinylcaprolactam) 

PVME: Poly(N-vinyl methyl ether) 

PVP: Poly-(vinylpyrrolidone)  

PVPON: Poly(vinyl pyrrolidone)  

QAC: Quaternary ammonium chitosan  

S. epidermidis: Staphylococcus epidermidis 

SAM: Self-assembled monolayers 

SEM: Scanning electron microscopy 

TA: Tannic acid 

THF: Tetrahydrofuran 

UCST: Upper critical solution temperature  

UV-Vis:  Ultra violet – visible 

XPS: X-ray photoelectron spectroscopy 
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Chapter 1: Layer-by-Layer Assembly of Multilayer Thin Films 

  

Overview 

Surface-mediated layer-by-layer (LbL) assembly results in high control over the 

properties of the resulting films and allows a wide range of materials to be incorporated 

within the films. This technique was first established by Decher and co-workers [1, 2], and it 

has been widely used over the past two decades inspiring the design of novel materials with 

advanced features. Advantageously, the LbL method can be used to make functional coatings 

on substrates in almost any shape and also allows the realization of several 3-dimensional 

structures such as hollow capsules [3] or nanotubes [4]. 

Pioneering work of Stockton [5] and Wang [6] in 1997 demonstrated that polymer self-

assembly can be driven by hydrogen-bonding interactions between adjacent layers. 

Subsequently, Sukhishvili and Granick demonstrated the pH controlled assembly and 

degradation of poly (carboxylic acid)-based H-bonded LbL films[7, 8], which was followed 

by numerous studies involving these multilayers for different applications, for example, to 

generate self-standing floating films, solid polymer electrolyte films, or for patterned 

delivery of nucleic acids to cells [9–11]. Since then, hydrogen-bonded LbL films have been 

receiving growing attention. Today, various applications such as pH- and/or temperature-

responsive drug delivery systems, materials with tunable mechanical properties, release films 

dissolvable under physiological conditions, and proton-exchange membranes for fuel cells [12], have 

been proposed for hydrogen-bonded films. The possibility to manipulate film properties, 

such as thickness and permeability by simple changes in solution pH, temperature or ionic 

strength make hydrogen-bonded films and capsules attractive candidates for controlled 

release applications. For example, both films and capsules derived from hydrogen-bonded 
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self-assembly, show an environmental response to pH, and disintegration of the hydrogen-

bonds at specific pH value can be used for drug release. Hydrogen-bonded multilayers have 

been also rendered antibacterial properties after they have been used as matrices for in situ 

synthesis of silver nanoparticles [13]. When hydrogen-bonded LbL self-assembly was 

deposited onto particulates, the dissolution of the particulates produces capsules which can 

be designed to drastically change their size and mechanical properties at neutral pH values. 

Such capsules present a unique platform for encapsulation and release of a wide range of 

chemicals based on precise tuning of the capsule wall mesh size triggered by environmental 

stimuli.  

In the present thesis, we present new strategies and functionalities of hydrogen-bonded 

films and capsules produced by LbL self-assembly of neutral polymer poly(2-ethyl-2-

oxazoline) (PEOX) and a polyphenol tannic acid (TA) in aqueous solutions.  

The second chapter of this thesis describes the materials and instruments which have been 

used in this study. The third chapter of this thesis gives details about the synthesis and 

stabilization of silver nanoparticle (AgNP) with four different molecular weight of PEOX. 

One aim is to investigate the effect of PEOX on stabilization of AgNP for the first time in 

literature. Another important aim was to show the effect of PEOX molar mass, PEOX 

concentration, pH and time on the temporal stability of AgNP dispersions.  

In the fourth chapter, the formation of hydrogen-bonded multilayers of PEOX stabilized 

AgNPs and TA by LbL process is reported. PEOX stabilized AgNPs was used as a hydrogen 

accepting component and TA as a hydrogen donating component in the preparation of LbL 

films. This chapter illustrates the growth profiles and the pH-induced disintegration of the 

multilayers. 

Work presented in the fifth chapter explores the potential of PEOX(AgNP)/TA LbL films 

as antibacterial multilayer films with stabilized AgNPs and examine the antibacterial 
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properties of multilayer films with different methods to present their non-releasing but 

effective contact-killing properties. In addition, cytotoxicity of coatings was investigated 

with U2OS cells, which have an extremely high proliferation rate and are very robust in 

experimental procedures and make them attractive for research that needs cells for in vitro 

experiments. Also, the long-term stability and contact killing property of the LbL self-

assembled coatings on titanium substrates in PBS pH7.4 were also studied.  

In the sixth chapter, hydrogen bonded pH-responsive hollow capsules of PEOX and TA 

are reported for the first time. In this chapter, loading and release properties of hollow 

capsules are studied by using rhodamine as a model cargo molecule. The formation and 

disintegration of H-bonds between PEOX and TA can be controlled easily by pH. Therefore, 

these capsules may have great importance in controlled drug-release systems, since they can 

be loaded with a large number of functional molecules and release them at physiological pH. 

Literature review 

1.1 Layer-by-layer self-assembly  

Surface engineering can be defined as an enabling technology, and it refers to a broad 

range of methods that aim to design and modify the surface properties of components. There 

are two main categories of surface engineering methods that can be used to optimize the 

surface properties and bulk materials. These are surface coatings and surface modification. 

Other processes involve surface shape design. 

By surface engineering methods we can design the surface of a material with different 

properties suitable for specific applications.  However, in many examples, advances in 

science and technologies are being limited by surface requirements that cannot be easily 

satisfied. In this regard, the ability to precisely control and adjust the surface properties of 

materials using simple means is extremely important. 
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Recent advances in bio- and nanotechnology have enabled and also demanded the 

development of functional surfaces and coatings that are potentially useful in advanced fields 

including energy, biomedical, and microelectronics applications.  

Different techniques to modify and functionalize the surface of different materials have 

been created. Ideally, the method has to be easy and simple to apply onto surfaces with 

different chemistry and shapes, and also should be reliable and robust. Uniformity and precise 

control over surface properties are very important but also challenging. Table 1.1 compares 

the advantages and drawbacks of different surface deposition techniques. 
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Table 1.1: Comparison of different surface deposition methods. 

Methods Advantages Disadvantages 

 

Self-assembled 

monolayers (SAM) 

[14–16] 

 

 Desired properties 

can be easily achieved 

with molecularly thin 

layers ( <2nm) 

 Cost is high 

 Poor thermal stability of thiol compounds on Au 

surfaces 

 limited deposition of targeted molecules within the 

films owing to the unfavorable stability of the films 

 Need for pre-deposition of specific compounds (e.g., 

thiols) on the substrate during the preparation of monolayers 

concurrently restrict its practical applications 

 

Chemical vapor 

deposition (CVD) 

[17–19] 

 

 Solvent-less 

method 

 Environment-

friendly, no pollutants 

produced 

 

 

 High-cost vacuum apparatus is required 

 Difficult to extended to colloidal particles or porous 

materials 

 

Surface grafting 

[20–23] 

 High molecular 

weight polymers can be 

deposited onto surfaces 

 Covalent 

attachment of graft 

chains; excellent 

adhesion and chemical 

stability 

 

 Difficult to apply to confined geometrics (e.g., high 

aspect ration pores) 

 Usually requires surface functional groups 

 

 

Langmuir-Blodgett 

(LB) 

[24–26] 

 High uniformity 

with low effect density 

 Films with 

molecular thickness can 

be readily deposited 

 

 

 Limited to macroscopically planer substrates 

 Cost is high 

 The requirements for specific molecules to prepare 

the films and long processing time limit its extensive 

applications. 



Chapter 1: Layer-by-Layer Assembly of Multilayer Thin Films                                         6 

 
 

 

In addition to methods mentioned in Table 1.1, there is another method called LbL 

deposition which is the main method used in this thesis. This method is simple and versatile 

in the selection of building blocks (e.g., polymers, and particles).  Compared to the above 

mentioned traditional methods, the LbL adsorption technique is a rich, versatile, easy and 

inexpensive process for fabricating multilayer thin films with controlled architecture and 

functions. LbL method allows different types of materials to be incorporated in the film 

structures [1, 27–31]. Therefore, the LbL assembly can be regarded as a versatile bottom-up 

nanofabrication technique. Singly charged, uncharged, or water-repellent molecules cannot 

be used directly in conventional LbL assembly. This problem can be solved with 

unconventional LbL techniques, by using the preassembly of building blocks in solution and 

use of them for LbL formation at the surface. 

An early study by Iler and Kirkland [32, 33] reported multilayer assembly. In both reports, 

an easy method of surface adsorption-induced multilayer film formation of particles was 

introduced. Kirkland studied the multilayer formation of inorganic particles concisely and 

explained the advantages of applied coating technique. Iler added more details about 

multilayer formation. Indeed, he developed his previous effort [Iler 1964] to build up 

multilayer films through alternating deposition of charged colloidal particles onto each other 

in a sequential manner. He also studied the possible adaptation of his method to small 

molecules and also studied some polymers in particulate form. 

Later, in the early 1990s, Decher and coworkers [35–38] developed the LbL technique to 

the organic materials. They studied the LbL surface deposition of polyelectrolytes on planar 

surfaces. Subsequently, a great number of reports concerning LbL films preparation using 

various techniques have been published. Many studies were done to improve this method, to 

extend its applications and to clarify the mechanism behind. Nowadays, polyelectrolytes, 

nonionic polymers, colloids and nanoparticles, dyes, dendrimers, carbon materials, proteins, 

DNA, viruses, micelles, and even drug can be assembled as LbL multilayer film [39–53]. 
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As an outline of the technique, LbL assembly is mainly deposition of building blocks on 

the substrate through intermolecular interactions, as illustrated in Figure 1.1. 

 

 

Figure 1.1: Formation of layer-by-layer film on the substrate. 

 

One of the most important advantages of the LbL assembly is its simplicity and low cost. 

To form LbL film beakers and tweezers are the only apparatus required. The variability of 

the applicable materials is another prominent advantage of this technique. Multilayers may 

be formed by using LbL assembly techniques that rely on different intermolecular 

interactions about which more information will be given in the following sections. 

1.1.1 LbL techniques: 

In the following sections, three main important techniques of LbL film deposition are 

discussed. 

1.1.1.1 Dip coating 

LbL assembled multilayer films is generally performed by manually dipping the substrate 

into solutions of the layering materials followed by rinsing (Figure 1.2). The earliest studies 

on dip coating LbL assembly actually used charged particles as building blocks, and it was 

noted that any charged material can be used for LbL assembly as long as deposition takes 

place at the appropriate pH [54–57]. 
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Figure 1.2: Dipping-assisted layer by layer film assembly. 

 

Early studies on dip coating LbL used short material deposition times (1 min per layer) 

because the large size of the particles and colloids used [55], while it was later determined 

that, for standard dip coating LbL assembly with polymers, the substrate should be dipped 

for more than 12 min for optimal deposition [36]. 

Similarly, particulate substrates can be layered using immersion-based methods; however, 

the particulate substrates need to be collected between washing and immersion steps, which 

in most cases needs centrifugation [3, 58–61]. 

1.1.1.2 Spin coating 

Spin coating is another LbL film deposition technique, (Figure 1.3) and it is one of the 

first technologies used for LbL assembly[62, 63]. Spin coaters are used for this method which 

facilitates coating and drying. This method is a common method in industry and has not 

undergone many technological improvements since its introduction to LbL assembly, due to 

its ease of use and presence in the industry, with associated equipment having been developed 

over decades. 
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Figure 1.3: Spinning assisted layer by layer film assembly. 

 

In the spin coating method, each spinning step is followed with rinsing and an only well-

adhered portion of spin-deposited material stays on the surface. This method is very time-

efficient. 

Spin coating method can be used for polymers and colloids. In the case of polymers, the 

spin coating forms thinner films than dip coating[64, 65]; however, for colloids, spin coating 

deposits thicker films [66]. The reason is that the spin coating results in more homogeneous 

films because of electrostatic interactions, centrifugal and viscous forces, and air shear. Thus 

polymer films deposited highly ordered with specific layer interfaces [67, 68]. But in colloids 

case, these forces lead to a monolayer of colloids, while standard immersive LbL assembly 

often leads to less than a monolayer, i.e., the substrate is not fully coated by the particles 

(e.g., <30% coverage has been reported when immersing poly(ethylene imine) (PEI)-

modified substrates into dispersions of colloidal gold) [66, 69]. 

1.1.1.3 Spray coating 

The spray coating method is another time-saving alternate method for LbL film 

fabrication, and it is a common method in industry and research as well. One advantage of 

this method is the substrate in any type and size can be used. In general, LbL films are 



Chapter 1: Layer-by-Layer Assembly of Multilayer Thin Films                                         10 

 
 

 

fabricated by spraying polymer solutions onto a substrate and spraying rinse solution on the 

substrate to remove excess unbounded molecules (Figure 1.4) [70, 71].  

 

Figure 1.4: Spraying assisted layer by layer film assembly. 

 

The morphology and membrane properties can be tuned based on the polymer 

concentration, spraying time, flow rate, resting duration, spraying direction, and washing 

time [70–75]. In some cases, e.g. for 3- dimensional (3D) nonplanar substrates, a vacuum can 

be used to speed up waiting times between spraying and washing [76]. In addition, sometimes 

spray assembly can be combined with other techniques to address some of the challenges 

associated with spraying. For example, a disadvantage of spray LbL assembly is that gravity 

draining and nozzle shape effects can lead to inhomogeneity in the films [76]. However, this 

problem can be solved by combining slow rotation with spray assembly [72, 73, 77–80]. 

Spray assembly can be combined with standard spin assembly to greatly reduce material 

waste, also allowing for material solution concentrations 10−50 times less than those used in 

immersive assembly [73, 79]. 

1.1.2 Molecular interactions used in LbL assembly 

LbL assembled multilayer films are driven by different driving forces. They allow for the 

formation of a large variety of building blocks into multilayer thin films without prior or post-

treatment. Different LbL methods are suitable for different building blocks. They have their 
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advantages as well as disadvantages. In some cases, the advantages and disadvantages are 

convertible. In contrast with the unconventional LbL methods that involve a two-step 

assembling process, conventional LbL methods include simply alternating deposition of 

building blocks with complementary interactions or structures. 

LbL films can be fabricated by using assembly techniques that rely on electrostatic 

interactions, hydrogen bonding, charge transfer, molecular recognition, hydrophobic 

interactions, van der Waals force, or a combination of these. As a result, such films may be 

comprised of a diverse range of components.  

For many years, electrostatic forces were the main driving forces for layer-by-layer self-

assembly.  One of the most important molecular interaction for LbL film formation is 

electrostatic interactions between molecules and surfaces when both molecule and adsorbent 

surface are electrically charged [81]. This method is basically the formation of multilayers 

by alternating adsorption of negatively and positively charged molecules on the substrate. 

LbL assembly based on electrostatic interactions allows us to obtain multilayer films with 

well-controlled composition, structure, and thickness by simply repeating the alternate 

immersion of a charged substrate into dilute solutions of oppositely charged molecules [1, 

82]. This method, which occurs entirely in aqueous solutions, is well-suited for the 

fabrication of homogeneous multilayer ultrathin films from combined materials and for 

several applications, including biomedical applications. Electrostatic attraction based 

multilayers do not require exact positional matching of the charged groups. Thus we can 

incorporate more than one molecule into the multilayer, and if necessary, different molecules 

are incorporated in a designed layer sequence.  

Figure 1.5 shows a schematic illustration of the LbL assembly process using 

polyelectrolytes.  
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Figure 1. 5: Schematic illustration of electrostatically-driven LbL film. 

 

After Decher and co-workers reports [1, 36, 38, 38, 83], several studies incorporating 

polyelectrolytes and other building blocks have been reported [84–127]. The mechanisms 

behind recharging and the driving forces for the buildup of the multilayer films are still not 

clear enough. In early studies, it was reported that the electrostatic interaction between 

oppositely charged molecules was the main driving force for the fabrication of the multilayer 

thin films. The finding that a minimum molecule charge density is needed for the successful 
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layer growth further supported that theory [128]. In this case, the growth is likely to stop 

when the coated substrate has a net neutral surface charge. Later on, some studies with weak 

polyelectrolytes supported this idea [129, 130]. However, in some studies polymers with low 

charge density have been successfully grown in LbL multilayer films [128, 131, 132] Then, 

it has been shown that the multilayer film fabrication is not limited is not to charged materials, 

and so, besides electrostatics, other driving interactions may play a key role in the growth of 

multilayer films with specific properties, compositions, and structures for the integration of 

new functionalities [131]. This investigation is important as many materials are uncharged, 

thus purely electrostatic interactions could not lead to the formation of the films. Moreover, 

by using electrostatic interactions, changes in the applied external stimuli, e.g. environment 

change such as pH [133–142], ionic strength[82, 135, 142–149],  electrical field[135, 142, 

150–158] ,  light[142, 159–165] , temperature[36, 142, 145, 166] , mechanical stress [1, 32, 

35, 142, 167–170] or the addition of specific biological moieties, namely, proteins, [142, 

171–175] or ionic surfactants [176] may change the properties of the layers or even cause 

their desorption, thus making other intermolecular interactions of great importance. 

The main focus of this thesis is on H-bonded LbL films, which is explained in details in 

the next section. 

1.2. H-bonded LbL assembly 

Although electrostatic interaction has been most widely used to fabricate multilayer thin 

films, non-electrostatic interactions, such as H-bonding, have also been employed as driving 

forces for the LbL assembly.  This method allows for the combination of different uncharged 

building blocks into multilayer thin films as long as they can serve as H-bonding donors and 

acceptors.  

Stockton and Rubner [5] and Zhang et al. [6] simultaneously were the pioneer of this 

method, and they reported the formation of H-bonded LbL multilayer thin films.  
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H-bonded LbL multilayer assemblies are sensitive to the surrounding environment 

including pH, ionic strength, temperature, external stress, and electrical field, thus indicating 

the intrinsic reversible properties [7, 8, 177, 178]. 

H-bonded systems are pH-responsive. When the pH of the environment increases, the 

bonds that hold these films together gradually weaken and break as the H-bond donor 

molecules become deprotonated. The breaking of the bonds within these films causes first to 

film swelling, as the layers are held weakly together, and finally, if pH conditions are 

increased beyond the critical pH of the film, the film may disintegrate. The exact value of the 

critical pH depends on several factors, including the strength of the polymers interaction and 

the pKa of the H-bonding donor. This allows the dissolution profile of the film to be adjusted 

to the desired pH.   In addition, the pH conditions under which the films are assembled have 

been shown to have an effect on the resulting film. Just as assembled films will dissolve as 

the environment becomes more basic, film assembly is hindered and even prevented entirely 

if the assembly pH is raised to values near the critical pH. If the H-bond donor is 

deprotonated, no interactions can occur between the two polymers, and no film will be 

deposited. In contrast, decreasing the pH may also have negative effects on the film assembly. 

Due to their varied properties, H-bonded LbL films are attractive for a variety of applications. 

These films are pH-responsive and their ability to absorb large quantities of bio-functional 

molecules such as dyes or drugs makes them appealing for molecular delivery. Also, this 

technique allows us to incorporate neutral molecules which is very important in Bio-

applications. Tunability and a different number of properties have opened up a variety of 

opportunities for H-bonded films, and this system is ever growing. 
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1.2.1 Factors affecting the growth of H-bonded multilayers 

Some factors affecting the growth of H-bonded multilayers, such as molecular weight of 

polymer constituents, and self-assembly conditions (pH, ionic strength, and temperature, and 

concentration of solutions), LbL deposition method. 

1.2.1.1 Polymer Type and Molecular Weight  

In H-bonded films a bilayer thickness depends on the number of interpolymer binding 

point, which is defined by the binding strength. Kharlampieva et al[179] , reported that for 

neutral polymers of comparable length, films of poly(methacrylic acid) (PMAA) with 

poly(ethylene oxide) (PEO), poly(N-vinyl methyl ether) (PVME), poly(acrylamide) 

(PAAM), or poly(2- hydroxyethyl acrylate) (PHEA) demonstrate higher bilayer thicknesses 

than strongly bound systems, such as PMAA assembled with poly(vinyl pyrrolidone) 

(PVPON), Poly(N-isopropylacrylamide) (PNIPAM), or Polyvinyl chloride (PVCL). Thicker 

bilayers is a result of more loopy conformations of the self-assembled polymer chains. The 

molecular weight dependence of bilayer thickness totally depends on the intrinsic strength of 

inter-polymer binding. For example, the weakly bound PEO/ poly(acrylic acid) (PAA) 

system shows about a seven-fold increase in bilayer thickness when the PEO molecular 

weight is increased from 1.5 to 20 kDa [9]. Likewise, an increase in a bilayer thickness of 

the deposited layers happened for a relatively weakly bound PAAM/PAA film when the 

PAAM molecular weight increased from 800 to 5000 kDa [180]. Guan and co-workers[181], 

reported more strongly bound PVPON/PAA HB films. Their results showed that molecular 

weight had a significant effect on the film thickness only when the molecular weight of 

PVPON and/or PAA was lower than 40 kDa. Kharlampieva and Sukhishvili [179] studied 

even more strongly PVCL/PMAA films. Their results showed the bilayer thickness was the 

same for polymers of a variety of molecular weights, including PVCL with such a low 

molecular weight as 1.8 kDa. Such independence of the bilayer thickness from molecular 

weight is caused by the high density of intermolecular H-bonds in this system.  
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1.2.1.2 pH of polymer solutions 

pH has a great effect on the thickness, content ratio and morphology of the H-bonded LbL 

films. This effect is a consequence of the ionization degree and conformation change of 

polymers. The assembly solution pH must be low enough to avoid ionization of the 

carboxylic acid groups. For both weakly and strongly bound H-bonded films, the bilayer 

thickness intensely decreases as the deposition pH approach the critical pH. At pH above 

critical pH, carboxylic acids incorporated into a H-bonded multilayer become ionized and 

the H-bonds are disrupted and the film dissolves. The critical pH depends on the strength of 

the H-bonding interactions within the multilayer film, with weaker interactions resulting in 

lower critical pH values [8, 179]. One of the weakest ones reported so far is PEO/PAA system 

with critical pH of 3.5 [9]. In order to determine the critical pH of LbL films, films were 

dipped into a pH-adjusted solution for a specific time, then dried and the film thickness is 

measured and compared to the original thickness. 

The effect of low deposition pH on H-bonded multilayers has been studied by Yang et al 

[181]. They reported that PAA/PVPON film deposited from solutions of pH 0.2 to 1.0 was 

very rough and thick, with a bilayer thickness of about 48 nm. This unusual large bilayer 

thickness was explained by the collapse of PAA chains into denser and less soluble globules 

at the extreme pH values where PAA becomes completely uncharged [181]. 

1.2.1.3 Ionic strength of polymer solutions 

The effect of salt on the growth of H-bonded LbL films is complex and in different ways. 

First, ions are capable of electrostatic screening, which causes an increase in ionization of 

weak polyelectrolytes. In this study, the addition of monovalent and divalent salts in higher 

concentrations (higher than 0.5 M) during deposition of PEO/ PAA systems resulted in 

inhibition of film growth, which was probably a result of increased ionization of PAA [9]. 

the addition of monovalent and divalent salts in higher concentrations (higher than 0.5M) 
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during assembly of PEO/PAA systems resulted in inhibition of film growth,[30] which was 

probably a result of increased ionization of PAA. the addition of monovalent and divalent 

salts in higher concentrations (higher than 0.5 M) during assembly of PEO/PAA systems 

resulted in inhibition of film growth,[30] which was probably a result of increased ionization 

of PAA.  the addition of monovalent and divalent salts in higher concentrations (higher than 

0.5M) during assembly of PEO/PAA systems resulted in inhibition of film growth [30] which 

was probably a result of increased ionization of PAA. The addition of monovalent and 

divalent salts in higher concentrations (higher than 0.5M) during assembly of PEO/PAA 

systems resulted in inhibition of film growth,[30] which was probably a result of increased 

ionization of PAA.  

Second, ions are able to interact with polymers.  At the same time, if both polymers remain 

uncharged, the effects of moderate concentrations of the salts on the growth of HB films 

involve dehydration and ion-dipole interactions and are usually smaller than that of 

electrostatically assembled systems. For example, in the case of strongly associated 

PVPON/PMAA films, the film thickness increased by only ~10% when self-assembly was 

performed in a 0.5 M NaCl solution [179]. 

Third, salts can affect the solubility of self-assembled polymers. These three factors affect 

the bilayer thickness. Quinn and Caruso [182], reported deposition of a relatively 

hydrophobic poly[styrene-alt-(maleic acid)] (PSMA) from 0.2 M NaCl solutions 

dramatically increased the thickness and roughness of PEO/PSMA films as compared to 

when the films were deposited from 0.02 M NaCl solutions [182]. 

1.2.1.4 Temperature of solutions 

Temperature is another important factor in the formation of an H-bonded multilayer. 

Caruso and coworkers [183], for the first time, demonstrated the effect of temperature on the 

H-bonded LBL film of temperature-responsive polymer PNIPAAM and PAA [183]. The 
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PNIPAAM/PAA films fabricated at 30 ⁰C showed higher thickness and much lower 

roughness compared to films prepared at 10 or 21 ⁰C [183]. The thicker bilayer reason is 

larger amounts of PNIPAAM were deposited within films when the low critical solution 

temperature (LCST) of PNIPAAM (32⁰C) was approached. Sukhishvili’s group [184], 

studied the behavior of another temperature-responsive polymer, PVME (LCST 36⁰C) and 

PAA, and found a similar result. The total amount adsorbed within the PAA/PVME film was 

the same for temperatures 15 and 20⁰C but increased 1.5 and 2-folds when the temperature 

was increased to 25 and 30⁰C, respectively [184]. 

On the other hand, if H-bonded multilayers contain a polymer pair with an upper critical 

solution temperature (UCST), thinner layers are deposited within LbL films at higher 

temperatures [179]. One example is the PAAM/PAA system, where the case of PAAM/PAA 

interpenetrated networks have a UCST of 20–25 ⁰C [185]. As the temperature is raised above 

the UCST, intermolecular H-bonds between the polyacid and PAAM dissociate, which 

results in thinner layers. 

1.2.1.5 Concentration of solutions 

In addition to pH, ionic strength and temperature, the growth of H-bonded multilayers is 

also affected by the concentration of assembly solutions. One example is the work reported 

by Yang et al [186]. They reported that H-bonded PVPON/PAA films at higher 

concentrations of assembly solutions resulted in larger amounts of bilayer thickness [186]. 

1.2.1.6 LbL deposition method 

Char and co-workers reported that the surface morphology and surface-wetting behavior 

of H-bonded LbL films can be controlled using different deposition methods [187]. 

Specifically, while grainy films were formed using a dip coating method, thinner and 

smoother films were formed by spin coating deposition. The different surface morphologies 

were reflected in film-wetting behavior. For the rougher morphology of the dip-assisted 
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hydrophobically modified poly(ethylene oxide) (HM-PEO) and PAA films, the contact angle 

increased as the number of layers increased; conversely, it was independent of the film 

thickness for the more uniform spin-coated films [187]. 

1.2.2 LbL assembled hollow capsules  

The LbL technique has proved to be a simple but versatile method for the preparation of 

self-assembled films with controlled thickness and composition since it was first introduced 

by Decher er at al [2]. One advantage of the LbL technique is that there is no restriction on 

the size and morphology of the substrate on which the film is made, which implies that the 

LbL method can be extended from 2D to the 3D system (for instance, spherical or other non-

planar substrates). Consequently, a large variety of core-shell particles with finely tuned 

polymer layer thickness and composition have been synthesized [58], and a series of novel 

hollow microcapsules constructed by subsequent removal of the sacrificial core of the 

resulting core-shell particles [3, 61, 188]. The LbL assembly of materials on particles and the 

subsequent formation of capsules [61, 189] are of particular interest, principally because of 

the promise of these carrier particles in therapeutic delivery applications [190]. In recent 

years, different techniques have been applied for the fabrication of LbL capsules, including 

centrifugation, filtration, and electrophoretic approaches. Depending on the type of polymers 

and templates, the technique has to be chosen carefully to allow for optimal particle coating. 

The choice of the template, as well as the polymer system are important factors for the 

construction of capsules with distinct properties and thus, applications. While the polymer 

choice directly determines the properties of the capsules, the template determines the size 

and shape of the final capsules. Suitable templates should be stable during LbL coating and 

the removal process of the template should not damage the structure and stability of the 

capsule shell. The most commonly used templates are melamine formaldehyde [61], 

polystyrene [191], SiO2 (solid/porous) [192, 193], CaCO3 [194, 195], MnCO3 [195, 196], red 

blood cell [197, 198], emulsion [199, 200]and bubble[201].  
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The noteworthy feature of a hollow capsule is that the interior volume can be loaded with 

functional cargo molecules and serve as a compartment for different applications. Different 

methods have been reported to load the molecules in LbL capsules. The cargo molecules can 

be directly loaded during formation of the capsule (pre-loading method), or after capsule 

formation (post-loading method) [202]. The cargo molecules can be loaded in the hollow 

capsule, into multilayers or on the external surface of the capsule.  

The LbL method for the formation of microcapsules was reported the first time in the late 

1990s[60] for oppositely charged polymers. In literature, for the preparation of LbL capsules, 

various interactions have been reported [203]. These complementary interactions can be 

categorized into three main strategies: (a) electrostatic interactions between oppositely 

charged polyelectrolytes [60], (b) H-bonding between H-donor and H-acceptor [12, 204, 

205], and (c) covalent bonding for direct multilayer buildup and stabilization of pre-formed 

films [206], respectively. In addition, other chemical and physical interactions have been 

implied to assemble and/or stabilize multilayer films, including: (d) DNA hybridization 

[207–212], (e) stereocomplexation [213, 214], (f) hydrophobic [215], and (g) host-guest 

interactions [216–218]. The variety of interactions which can be applied for the fabrication 

of multilayer films further demonstrates the enormous potential of LbL assembly for the 

fabrication of smart delivery systems. 

1.2.2.1 H-bonded LbL capsules 

Most common LbL assemblies are based on electrostatic interaction, thus due to 

cytotoxicity of polycations these systems are not favorable in biological applications. In this 

paper, the H-bonded LbL coated capsule is studied. H-bonded multilayers offer many different 

pathways for the development of responsive films and capsules. Firstly, the ability of these 

materials to disassemble within a mild pH range offers new possibilities for therapeutic delivery 

applications, as this disassembly pH can be readily tuned by varying the H-bonding pairs or the 

assembly conditions used. Secondly, stimuli-responsive swelling or cargo release can be achieved 
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by incorporating polymers such as PNIPAM, which is temperature-responsive, and PMA, which 

is pH-sensitive. The versatility of H-bonded multilayers has allowed the development of materials 

with a range of properties tailored to biomedical applications. These include the potential for 

controllable disassembly, the capability to respond to stimuli such as pH and temperature, and the 

ability to load and release cargo specifically. 

Zhang et al.[219], were first to investigate 3D materials using H-bonding-directed 

assembly, and they reported H-bond microcapsule of PVP and m-methylpheol-fomraldehyde 

resin (MPR) on two spherical templates, polystyrene (PS) and SiO2 particles. They show that 

intact hollow capsules only can be successfully obtained when SiO2 used as core and removed 

by HF. PVP/MPR membrane is not robust enough to allow the penetration of PS molecules 

with a high molar mass in tetrahydrofuran (THF) which is used to remove PS core [219]. 

After this work, the field of H-Bonded LbL capsules greatly advanced to achieve a variety of 

materials with a broad range of chemical compositions, mechanical properties, and 

permeability characteristics for advanced delivery applications. Feng et al. [220], reported 

the fabrication hollow H-bonded hollow microcapsules by polymerization of acrylic acid in 

a solution containing surface-modified silica particles and poly-(vinylpyrrolidone) (PVP) and 

a subsequent core removal with HF. Their results show that the size of microcapsules 

increased by increasing pH. This swelling-deswelling process of the microcapsules is 

completely reversible at high and low pH values, which provides a convenient way to mediate 

the capsule properties. Rubner and co-workers[221] demonstrated bioinert, H-bonded 

multilayer coatings of PAA/PAAM on melamine formaldehyde (MF) colloidal particles. The 

multilayer-coated colloidal particles showed excellent resistance toward mammalian cell 

adhesion. These bioinert H-bonded multilayer coatings offer the potential for biomedical 

applications [221]. Guan et al. [222], investigated H-bonded microcapsules of 

hydroxypropylcellulose (HPC), a cellulose derivative, and PAA onto colloidal SiO2 particle, 

and the size change of the hollow capsules in media with various pHs and salt concentrations.               
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They observed an unexpected slow swelling upon mixing with PBS of higher pH, which is 

attributed to the semi-rigidity and hydrophobicity of the HPC chains involved in the H-

bonded capsule wall [222].  Multilayer capsules of PVPON, PEO, PVME or PNIPAM with 

PMAA were successfully made on cadmium carbonate and on SiO2 particles [179, 223]. 

Kharlampieva et al.[224], demonstrated the feasibility of preparation of hollow capsules 

based on PMAA/PVME and PMAA/PVCL which they are promising as temperature-

responsive containers for controlled delivery applications [224]. Paramasivam et al.,[225] 

reported the temperature responsive of H-bonded capsules based on tannic acid and poly(2-

n-propyl-2-oxazoline) with the ability to capture and release of loaded fluorescent molecules 

at a physiological temperature of 37⁰C. Switching of temperature results in the collapse of 

the polymer chain and as a result morphological change of the capsules that induces the 

release of the loaded molecules [225]. 

In general, the deposition of polymers onto the colloidal substrates occurs in the same way 

as on planar surfaces; however, to remove the polymer solution a cycle of centrifugation and 

resuspension steps is typically employed. The film thickness can be controlled by altering 

the number of layers deposited during LbL assembly. The preparation of LbL hollow 

capsules using either oppositely charged polyelectrolytes or H-bonded polymers include the 

same steps. Polymers are sequentially deposited onto a template particle, and after the desired 

thickness and number of bilayers achieved and a core-shell particle is formed, the sacrificial 

core is dissolved, leaving behind a hollow capsule. Generally, the sacrificial template is 

removed by dissolution or calcination [226, 227]. The removal process of the template should 

not damage the loaded material. Thus, the template and loading method should be chosen 

based on the molecules that are going to be entrapped into the capsules. 

To prepare H-bonded thin film with LbL assembly, a polymer pair, one H-bond donor and 

the other H-bond acceptor, is needed. H-bonded multilayers based on water-soluble neutral 

polymers and polycarboxylic acids are mostly prepared at an acidic pH, at which polyacids 
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are completely protonated [7, 8]. At pH above critical pH, H-bonds disrupted due to 

ionization of the polyacid, therefore the LbL film is disintegrated [7, 8, 179, 184]. 

We focus on H-bonded systems because they can be designed to show stimuli-responsive 

properties under physiologically-relevant conditions, and allow the incorporation of 

uncharged polymers, which is important for developing stealth materials.  Herein to prepare H-

bonded LbL capsule, PEOX and TA were used as H-acceptor and H-donor respectively. In 

the previous chapters, we reported the pH-responsive LbL film of PEOX and TA. Also, we 

introduced H-bonded LbL film of PEOX stabilized silver nanoparticle/TA as antibacterial 

coatings. The hollow capsules prepared by PEOX has also been studied. Kempe et al. [228], 

reported the hollow capsules prepared by the LbL assembly of PEOX and PMMA. Later, 

they also reported the LbL assembly of Thiol-containing poly(2-ethyl-2-oxazoline) 

(PEtOxMA SH ) brushes and PMA multilayers onto silica (SiO 2) particle templates, wherein 

the layers are stabilized by cross-linking them through disulfide formation [229].  

In chapter 6, we report on the formation of pH-responsive hollow capsules of PEOX and 

TA. H-bonded PEOX/TA capsules have not been reported previously. Rhodamine 6g is used 

as a model cargo molecule to study the loading and release properties of the PEOX/TA 

capsule.  Since the formation and destruction of H-bonds can be controlled easily by external 

stimuli, such as pH, PEOX/TA capsules may have great merit when being used in controlled 

drug-release systems, since they can be loaded with a large number of functional molecules 

and release them at physiological pH. The instability of this H-bonded capsule is linked with 

the disassociation of TA when pH approaches its pKa, which is commonly used as H-donor. 

1.3 Biomedical applications of H-bonded LbL films 

A great deal of researches has focused on the development of H-bond multilayered 

films as materials with promising properties for biomedical and engineering applications 

due to special features when compared to conventional electrostatically driven assemblies.  
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H-bonded systems can be designed to show stimuli-responsive properties under 

physiologically-relevant conditions, and allow the incorporation of neutral polymers, which 

is important for the biomedical application. In this section, emphasis will be given to 

materials engineered for biomedical applications, specifically films/capsules that afford 

controlled loading/release of therapeutic cargo and films with antibacterial properties. 

1.3.1 Encapsulation and release  

The LbL films deposited on a surface provide a matrix to load and release functional 

agents embedded within the film. Moreover, the further release of incorporated molecules 

can be exactly triggered by changing environmental stimuli and/or through adsorption of 

polymers. Developing therapeutic molecules loaded LbL systems is fundamental for gene 

and drug delivery applications [190]. Various molecules have been encapsulated within H-

bonded LbL multilayers. Different methods for encapsulation of these molecules are needed 

due to their different chemical and physical properties. The encapsulation methods divided 

broadly into three categories: incorporating of cargo molecules within the films/capsules 

during film deposition; post-loading preformed films/capsules; or pre-loading the cargo onto 

the template (either planar or colloidal). In following some examples of each is given. 

Cargo molecules can be encapsulated into LbL multilayers during LbL deposition. Hammond 

and coworkers reported that polymeric micelles can be incorporated within H-bonded films to 

encapsulate the hydrophobic antibacterial and antifungal agent triclosan [230]. Similar loading 

method has been used to the assembly of films on particles to form microcapsules containing drug-

loaded liposomes. For example, liposomes have been incorporated into Thiol-modified 

poly(methacrylic acid) (PMASH) / PVPON multilayer films and capsules by using PMA modified 

with a cholesterol group (PMAC) as an anchor layer [231]. The cholesterol moiety inserts into the 

hydrophobic shell of the liposomes, enabling the PMAC to assemble on top of the liposomes and 

providing a PMA surface for subsequent film growth. This method has been implied to show that 
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both enzymes (β-lactamase) [231] and anticancer drugs(thiocoraline) [232] can be encapsulated 

within PMASH capsules and retain their activity. 

The encapsulation of cargo molecule can be done by adsorbing cargo onto or within a film 

after it has been assembled. Typically this is achieved using films that are responsive to certain 

environmental stimuli, causing morphological changes within the film to retain cargo. Wang et 

al. synthesized pH- and temperature-responsive capsules from PNIPAM and sodium alginate 

[233]. At low pH (3.5), high molecular weight (2000 kDa) fluorescein-labeled dextran permeates 

into the capsules, but at close to physiological pH (6.8), the capsule permeability to the dextran is 

decreased. In a different method, oil-soluble drugs, such as DOX, can be encapsulated in 

preformed polymer capsules by loading an oil phase into the capsules [234]. Sivakumar et al. 

incubated dehydrated PMASH capsules in an oleic acid/DOX mixture. When these capsules were 

rehydrated in an aqueous buffer, the oleic acid/DOX mixture was retained within the capsules 

[234].  

A recent technique that has been used to encapsulate materials is to preloading. This method 

has been used to encapsulate DNA within PMASH films by adsorbing single-

stranded oligonucleotides, double-stranded DNA and plasmids onto amine-functionalised 

(positively charged) silica templates using nano-molar concentrations of DNA [235]. The DNA 

is electrostatically bound to the surface of the particles and subsequent assembly of 

PMASH/PVPON multilayers encapsulates the DNA. Removal of the sacrificial silica particles 

results in DNA contained within the interior of the PMASH capsules. A similar method can be used 

to encapsulate whole proteins [236].  Higher loadings can be achieved by directly layering on 

cargo that crystallizes into particles (e.g., protein crystals)  [233, 237]; however, this technique is 

limited by the ability to generate a crystalline form of the cargo and the polydispersity of the 

crystals formed. 

Another important aspect of developing of films/capsules for delivery applications is to 

control the release of the cargo from the LbL system. This ability is fundamental especially 
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for biomedical applications, where materials need to be engineered to release therapeutics 

within specific regions (e.g., in cells) and/or in response to specific triggers. There are three 

main methods used to address this challenge in H-bonded systems: (a) disassembly of LbL 

film; (b) incorporating responsive components within the film; or (c) using degradable 

crosslinking agents that result in film disassembly. In this thesis, the focus is on the release 

of active agents from H-bonded LbL films by disassembly of films or capsules, which more 

details are given in following. 

The ability of H-bonded films to disassemble within a specific pH range has been widely 

studied for different applications, including drug delivery and biomedical coatings. Ono and 

Decher reported the construction of free-floating films using a sacrificial film comprised of 

H-bonded layers [10]. They demonstrated this concept by assembling polyelectrolyte 

multilayer film of poly(styrene sulfonate) (PSS) and poly(allylamine hydrochloride) (PAH) 

on top of pH-responsive H-bonded PAA/ poly(ethylene glycol)(PEG)  multilayers [10]. By 

increasing pH to 5.6–6.3, the pH-responsive polymer multilayer segments disintegrate and 

release self-standing polyelectrolyte multilayer films. Sukhishvili et al. reported a 

temperature-responsive H-bonded film [184]. They investigated LbL films based on the 

assembly of PNIPAM/PMA followed by PVPON/PMA multilayers. A detachment of the 

LbL coating from the substrate was seen when the temperature was decreased to 10⁰C at a 

pH of 5.6 due to the temperature response of the PNIPAM/PMA multilayers. Sukhishvili and 

Granick also investigated the use of various materials for the tunable disassembly of LbL 

capsules [8]. In first work PMA assembled with either PEG or PVPON to form responsive 

polyacid capsules; however, these films were not stable at physiological pH. Next work 

showed that the pH range where the H-bonded multilayers are stable could be increased 

significantly by the use of polyacids, such as poly(ethylacrylic acid) (PEA) or tannic acid 

(TA), due to the higher pKa of both materials [238]. Films were assembled from TA (pKa 

~8.5) as H-donor alternately deposited with a series of H- acceptors, and disassembly was 
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found to occur above pH 8. Sukhishvili and coworkers also showed tuning of the disassembly 

pH of a weakly interacting H-bonding system, PVCL/poly(L-aspartic acid) (PLAA), by 

combining this system with a strong H-bonding pair [239]. Mehrotra et al. used similar films 

to release components from particles, by using PAA/PEG multilayers to release lysozyme 

over periods greater than two weeks [240]. In another study, Sukhishvili et al.[7] used the 

strategy of adding positively charged dye molecule within LbL film and develop poly- 

(methacrylic acid) (PMAA)/poly(ethylene oxide) (PEO) dye containing LbL films from a 

solution with pH = 4, and showing strong retention of dyes at a constant pH. Subsequently, 

the incorporated dye molecule was released when the pH increased up to 4.6 as a result of 

film disintegration because of the ionization of the polyacid. Kim et al. [241] showed the 

delivery of biocompatible and biodegradable PEO-block-poly (ε-caprolactone) (PEO-b-

PCL) micelles from the disintegration of PAA/PEO-b-PCL multilayers at physiological 

conditions. The strong capability of micellar core of Poly(caprolactone) (PCL) in loading a 

large amount of functional compound, triclosan, as well as the biocompatibility of this H-

bonding LbL films, offers a new topic to the drug delivery field.  Erel et al. [242] reported 

the fabrication of H-bonded films of micelles of a dually responsive, dicationic block 

copolymer, poly[2-(N-morpholino)ethyl methacrylate-block-2-(Diisopropylamino)ethyl 

methacrylate] and tannic acid. At basic pH (pH=8.75), multilayers disintegrated because of 

ionization of TA and disruption of H-bonding interactions between layers of micelles and 

TA. H-bonded multilayers of micelles of a dicationic block copolymer are interesting due to 

the response of both multilayers and micellar cores at different pH paving the way for 

multiple pH-controlled deliveries of functional molecules from surfaces. 

An alternative for loading and releasing cargo is by incorporating components within 

multilayer films that are responsive to specific environmental stimuli. This allows the release of 

cargo without degradation of the host film. Ding et al. reported this approach for a PAA-based 

film modified with boronic acid [243]. A model dye, Alizarin Red S, was loaded into the film by 
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complexation with the boronic acid. When the film was incubated in a glucose solution, the 

glucose competed with the dye for complexation to the boronic acid, thus releasing the dye. 

In another approach, the release of therapeutic cargo can be designed through the responsive 

characteristics of the H-bonded film, such as temperature or pH-induced swelling, causing an 

increase in permeability. Zhu and Sukhishvili designed a multilayer system containing PNIPAM-

based polymer micelles that swelled reversibly with temperature [244]. It was reported that this 

structural change could retard cargo release from the micelles by a factor of two. 

An alternative method to degraded H-bonded multilayer films is by using cleavable 

crosslinking moieties. For instance, Becker et al. studied the properties of PMASH capsules 

stabilized with different degrees of thiol crosslinking, and found that degradation could be 

controlled by changing the thiolation degree [245]. Several therapeutics were loaded into these 

capsules, and the activity of the encapsulated cargo, such as plasmid DNA, was confirmed using 

PCR.  

1.3.2 Antibacterial coatings 

Many studies have been done to develop antibacterial surfaces. The antibacterial surfaces 

aim to eliminate or prevent the initial adhesion of bacteria, and subsequently the formation 

of a biofilm. Generally, the antibacterial surfaces have to be able to kill (bactericidal) or 

prevent the adhesion of bacteria (anti-adhesive). Some surfaces may have both functions. A 

method that has attracted much interest recently to form an antibacterial coating, generally 

by loading antibacterial agents into the multilayers, is LbL assembly. The functions of the 

LbL multilayers can be determined by the deposited components.  

Jiang et al.,[246] used a hydrophobic polypropylene (PP) membrane, modified the surface 

by a layer of polydopamine (PDA), and then hydrophilic PVP was immobilized onto the 

PDA-coated PP membrane via H-bonding interactions. Afterward, they introduced 

antimicrobial iodine onto the membrane by complexation with the PVP layer. The PP 
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membranes were endowed with high antimicrobial activity after iodine complexation, being 

able to suppress the formation of biofilm on the membrane surface during the separation 

process.  

Different bactericidal molecules can kill bacteria based on different mechanisms. Very 

early studies show that using heavy metals such as silver and copper as bactericidal 

components were very common. It is well known that metal species participate in spatially 

localized or discrete reactions that disrupt enzymatic activities, disable membrane function 

or damage DNA [247]. However heavy metals have bactericidal effects, their potential 

toxicity for mammalian cells limits their use. Antibiotics only target bacteria, causing 

bacterial cell death by inhibiting DNA, RNA, cell wall or protein synthesis [248]. Although, 

the effect of an antibiotic decreases with time because bacteria will develop resistance to the 

specific antibiotic. Cationic molecules and supramolecular also showed bactericidal 

properties, and interact with phospholipid components in the cytoplasmic membrane 

resulting in bacterial cell membrane distortion and protoplast lysis under osmotic stress [249]. 

LbL assembly allows us to incorporate all the bactericidal components mentioned above into 

multilayer systems. Due to the different interaction strengths between the bactericidal 

components and the LbL assemblies, the bactericidal components can be either released into 

the surrounding environment to kill bacteria or firmly stay on the substrate surface to kill 

bacteria upon contact.  

In general, release-killing capacity is introduced to a surface by incorporating bacteria-

killing chemicals such as antibiotics, [250] phenols, [251] and heavy metals [252, 253]. One 

example of release based bactericidal H-bonded LbL film is a study done by Etienne et al. 

[254] Silver is one of the most widely used bactericidal agents. Different forms of silver such 

as ions, metallic nanoparticles and silver halide nanoparticles were incorporated into LbL 

films and subsequently released to kill bacteria. Silver ions were loaded into H-bonded 

multilayers (PAA/polyacrylamide) and were reduced in situ into silver nanoparticles 
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(AgNPs) as a biocidal agent. AgNPs were leached from the assembled multilayer thin films 

and effectively killed both Gram-positive strain Staphylococcus epidermidis (S. epidermidis) 

and Gram-negative strain Escherichia coli  (E. coli) bacteria [254]. The release-based 

antibacterial coating has its own advantages in certain circumstances but disadvantages in 

other settings. For instance, when the released antibacterial agent is depleted below the 

minimum inhibitory concentration (MIC), a chemical-releasing coating will lose its 

antibacterial efficiency dramatically [255].  

Biocidal components in the non-release based bactericidal LbL assemblies are firmly 

immobilized and will only kill bacteria upon contact. In general, most of the biocidal components 

used in non-release based LbL systems are similar to those used in a release based LbL films. The 

main difference is the stability of the biocidal components immobilized in the LbL assemblies. To 

the best of my knowledge, H-bonded LbL film with contact killing property is not reported. 

However, there are different studies show electrostatic LbL film with contact killing effect [256–

262]. 

1.4 Materials for H-bonded LbL Systems 

H-bonding LbL assembly is based on the alternate deposition of polymers containing an H-

acceptor and an H- donor, respectively. Commonly used acceptors include PEG, where the 

oxygen atoms on the polymer backbone act as H-acceptors, and PVPON where the carbonyl 

group acts as the H-acceptor. The most commonly used donors include polyacids, such as PMA 

and PAA, which contain carboxylic acid groups. When protonated, the carboxylic acid groups act 

as H-donors. Early studies on H-bonded multilayers formed on planar surfaces were reported by 

the Rubner and Zhang groups [5, 6]. The study by Stockton and Rubner investigated the use of 

polyaniline (PANI) alternately layered with uncharged polymers, such as PVPON, poly (vinyl 

alcohol) (PVA), PAAM, and PEG [5]. Zhang et al. studied multilayer systems of PAA and poly 

(vinylpyridine) (PVP) to show H-bonding could be used to facilitate multilayer growth [6]. In 

2003, H-bonding assembly was extended to particle templates by using PVPON and m-
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methylphenol-formaldehyde as the H-acceptor and donor, respectively [219].  Compared to 

electrostatic interaction based LbL film, the pH range where H-bonding polymers can interact and 

form stable films is limited. This range is dependent on the pKa of the components, as well as the 

strength of the interaction between the H-bonding pairs. For example, PMA/PEG and 

PMA/PVPON H-bonded multilayer films have different disassembly properties: the former 

disassemble at pH ≈ 4, while the latter are significantly more stable and disassemble at pH ≈ 6.4 

[263]. The strength of the H-bonding interactions also plays an important role in the thickness and 

morphology of the multilayer films assembled [263]. 

As it mentioned before, H-bonded allows a range of uncharged materials to be incorporated 

into the multilayers. Polymers such as PEG, PVPON, and PVA are important because they have 

well-documented low-fouling properties in vivo and thus are attractive polymers for biomedical 

applications. Another type of component that can be incorporated in H-bonded multilayers is 

temperature-responsive macromolecules such as PNIPAM, poly(N-vinylcaprolactam) (PVCPL) 

and PVME. These polymers have an LCST, the temperature at which the polymers undergo a 

dramatic change in solubility [264]. The most common example is PNIPAM, which has an LCST 

of 32 °C, which can be readily tuned by copolymerization with a hydrophilic or hydrophobic 

comonomer. Incorporation of these polymers into LbL multilayer films offers the potential to 

engineer temperature-responsive films and capsules that undergo transitions close to body 

temperature (37 °C), making them of interest for biomedical applications. The thickness of 

multilayers based on thermally responsive polymers can be tuned by temperature 

during polymer deposition [183] or after fabrication of the films [244]. 

Although H-bonding film assembly has been well demonstrated for a different 

synthetic polymers such as PAA, PMA, and PVPON, recent interest has also focused on the use 

of biopolymers. It is well known that DNA forms secondary and tertiary structures based on its 

capacity to H-bond. These interactions can be used to assemble multilayer films of DNA [212] and 

PNA (peptide nucleic acids) [190]. For these films, the oligonucleotides are engineered so that 
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‘sticky’ single-stranded ends are present on each oligomer, which facilitate multilayer 

film assembly based on the programmable interactions of specific DNA sequences. DNA films 

and capsules formed via this process have significantly different shrinking and swelling 

properties, [207] depending on the type, length and order of the nucleic acid sequences used 

(e.g., homopolymers, diblock copolymers). 

In the present study, we focus on H-bonded multilayers film and capsules produced by LbL 

self-assembly of TA and PEOX. 

1.4.1 PEOX and TA 

In this thesis, PEOX and TA were used as H-acceptor and H-donor respectively. TA has 

a unique functional structure with numerous terminal hydroxyl groups, (Figure 1.6.a) thus it 

is able to form multiple H-bonding. Moreover, TA has shown high biological activity 

including antioxidant, antimicrobial, anti-carcinogenic, anti-mutagenic and antibacterial 

properties [265–267]. 

 

 

Figure 1.6: Chemical structure of (a) tannic acid, (b) poly (2-ethyl-2-oxazoline). 

b a 
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TA is a polyphenolic molecule consisting of five digallic acid units attached to a glucose 

core, and its high abundance of hydroxyl groups makes it appealing for inclusion in H-bonded 

films. In fact, TA has the maximum amount of hydroxyl groups of any tannin derivative 

[268]. Due to its high density of H-donors and relatively high pKa value of 8.5 [269], the 

inclusion of TA in H-bonded multilayers tends to lead to more stable systems than those 

fabricated from most other polymers [5]. For these reasons, TA has been assembled with a 

variety of neutral polymers, including PVPON, PEO, PVCL, and PNIPAM  [269, 270]. 

PEOX is a member of poly (2-alkyl-2- oxazoline)s (PAOX) family and nonionic, non-

toxic and biocompatible polymer (Figure 1.6.b) showing LCST of ~60⁰C [271–274]. H-

bonds are primarily formed between the carbonyl groups of PEOX and hydroxyl groups of 

TA [275]. 

Previously, H-bonded LbL films based on PEOX and TA were reported by the group of 

Hoogenbom[276]. Hoogenboom investigated the LbL thin film of TA with poly(2-

oxazoline)s with varying hydrophilicity. The results showed the effect of different alkyl side 

chains of PAOX, and thus hydrophobicity on the thermodynamics of the LbL assembly 

process[276].  

In this thesis, pH-responsive LbL films of PEOX and TA is reported.  Also, we introduced 

H-bonded LbL film of PEOX stabilized AgNP/TA as antibacterial coatings. AgNP loaded 

LbL films of PEOX and TA have potential biomedical applications as antibacterial coatings 

which can release Ag+ ions from stable multilayers below the critical pH and disintegrate by 

releasing all AgNPs at the critical pH. 

1.4.1.1 Antibacterial efficacy of PEOX/TA LbL Films containing AgNPs  

Bacterial adhesion on the surface of materials such as medical implant can lead to biofilm 

formation. This biofilm can spread the infection diseases, and cause critical problems in 

surgeries [277]. Since the development of effective surface coatings to prevent bacterial 
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growth has great importance, many studies have been done on antimicrobial coatings. 

Therefore, new alternative methods are needed for killing or slowing down the growth of 

bacteria. For an effective antimicrobial surface design, the coating material should delay or 

prevent bacterial growth either through the release of an antibacterial agent or through the 

direct contact-killing mechanism. Several types of nanomaterials can be modified and 

incorporated as antibacterial agents in polymer coating matrices which prohibit harmful 

microorganisms from growing, therefore, minimize the risk of infection. An often used 

method to form nanoparticle loaded thin film coating on colloidal particles is via LbL 

assembly. LbL films provide an alternative method for creating nanoparticle-loaded thin 

films on different substrates. It is very well known that metal and metal oxide nanoparticles 

such as silver, copper, gold, titanium, and zinc along with carbon-based nanotubes have 

antibacterial properties. which they reflect these antibacterial properties on their polymeric 

nanocomposites [278–283]. Among them, AgNPs are one of the most promising and 

potential candidate nanomaterials for antibacterial coating. AgNPs have captured wide 

attention due to their sustained Ag+ ion release, low-toxicity of the active Ag+ to a human 

cell, and great antimicrobial activities against a broad spectrum of bacterial and fungal 

species [284–286]. 

Several methodologies are available to synthesize AgNP. The most frequently used 

method is the chemical reduction of Ag+ into zero-valent silver (Ag0) in aqueous solution 

[287–298]. Commonly, a silver salt (e.g. AgNO3) is mixed together with a reduction agent 

(e.g. NaBH4) and a coating agent. After having been reduced, Ag0 atoms aggregate and 

forming the AgNPs, and the coating agent attaches on their surface, preventing collisions and 

agglomeration, and adding specific properties to the AgNP. Types of possible coating include 

organic or inorganic molecules, which can be neutral, positively or negatively charged, and 

which stabilize the AgNP electrostatically or sterically. Consequently, the AgNP can show 

both hydrophobic and hydrophilic properties, which will strongly effect their behavior in the 
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aquatic environment, as well as biological interactions. Examples of coatings that 

electrostatically stabilize the AgNPs include the negatively charged citrate [290], L-cysteine 

[298] , gallic acid [287] and thiol [295], as well as positively charged molecules such as 

branched polyethyleneimine (NH4 
+) [299] As sterically stabilizing coatings, sodium dodecyl 

sulfate [288, 300], PVP [289] and oleic acid [292, 294] were reported in the literature. In the 

case of adenine [296],  cellulose [289], gelatin [289], and humic acids [293], both negative 

electrostatic and steric stabilization can be expected. 

Antibacterial studies of AgNPs show the effect of AgNP depend on their size [287, 301], 

shape[302], surface charge and coating composition [303]. For example, an increase in the 

toxicity of gallic coated AgNP with decreasing particle size was reported for both Gram-

negative (E.coli) and Gram-positive (S.aureus) bacteria [287]. The role of the AgNP coating 

was studied by [303]. Higher toxicity of positively charged AgNP compared to negatively 

charged AgNP to a non-specified Gram-positive Bacillus species was observed, probably 

because of the higher electrostatic attraction between the negatively charged bacterial cell 

membrane and the positively charged nanoparticle surface. Additionally, the presence of 

organic molecules or oxygen in the exposure media can influence the toxicity of AgNP. As 

reported by [304], effects of citrate-coated AgNP on bacterial biofilms (Pseudomonas putida) 

were lower in the presence of fulvic acids, suggesting the formation of a fulvic acids coating. 

For E. coli, lower AgNP toxicity was seen under anaerobic conditions, which hindered AgNP 

oxidation and Ag+ release [305]. E. coli biofilms compared to planktonic culture were 

observed to be less sensitive to PVA-coated AgNP and AgNO3, suggesting a limited diffusion 

of AgNP and Ag+ through the biofilm [306]. 

The exact mechanism which AgNPs employ to cause antimicrobial effect is not clearly 

known and is a debated topic. However, several mechanisms of action were reported to 

explain the bactericidal effect of Ag+ and AgNP, AgNPs are able to physically interact with 

the cell membrane of different bacteria. This is especially important in the case of Gram-

http://www.thesaurus.com/browse/especially


Chapter 1: Layer-by-Layer Assembly of Multilayer Thin Films                                         36 

 
 

 

negative bacteria where several studies have observed the adhesion and accumulation of 

AgNPs to the bacterial surface. Many studies have reported that AgNPs can damage cell 

membranes leading to structural changes, which render bacteria more permeable [307, 308]. 

This effect is highly effected by the nanoparticles’ size, shape and concentration [307, 309] 

and a study using E.coli [14] confirmed that AgNPs accumulation on the membrane cell 

creates gaps in the integrity of the bilayer which predisposes it to a permeability increase and 

finally bacterial cell death [310]. Various studies reported that AgNP activity is strongly 

dependent on size [311, 312]. In fact, the bactericidal activity of AgNPs of smaller 

dimensions (<30nm) was found to be optimal against S.aureus and Klebsiella pneumoniae 

[313]. Smaller nanoparticles seem to have a superior ability to penetrate into bacteria. In fact, 

the interactions with the membranes and any resulting damage, which may lead to cell death, 

are certainly more evident in the case of nanoparticles with a smaller diameter and positive 

zeta potential. Electrostatic forces that develop when nanoparticles with a positive zeta 

potential encounter bacteria with a negative surface charge promote a closer attraction and 

interaction between the two entities and possibly the penetration in bacterial membranes. 

AgNPs have not only been noted to show broad antimicrobial activity but also broad 

cytotoxicity towards mammalian cells [314, 315]. Cytotoxicity studies of nanoparticles 

towards mammalian cells have focused on (I) uncapped AgNPs, (II) chemically capped 

AgNPs and (III) biogenic capped AgNPs [315]. Herein, my focus is on the cytotoxicity of 

capped AgNPs. AgNPs are often stabilized with reagents such as citrate [316], chitosan [316], 

polyethylenimine [317], polyvinylpyrrolidone(PVP) [318], polysaccharides [316], carbon , 

hydrocarbons [318–320],  starch [302], peptides [320], and bovine serum albumin [321]. The 

capping agent could introduce several surface chemistries on AgNPs in solution [321]. 

Capping agent used to stabilize AgNPs can have an effect on inducing oxidative stress, DNA 

damage, and apoptosis of mammalian cells. Ahamed et al. compared the performance of 

uncapped and polysaccharide capped AgNPs of similar sizes and found that polysaccharide-
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capped AgNPs was lethal towards mouse embryonic stem cells and fibroblasts and showed 

extensive genotoxic DNA alterations and apoptotic changes [322]. On the other hand, carbon-

coated AgNPs were found to be less lethal than uncoated AgNPs of similar sizes in mouse 

macrophages[323]. This shows that the capping agent functionality is critical to the 

cytotoxicity of AgNPs. Further studies are needed to determine the effect of capping agent 

and surface charge on AgNPs -induced cytotoxicity. 

Aggregation of colloidal AgNPs in biological mediums caused the uncontrollable release 

of Ag+ ions, an increase in adhesion of bacteria and reduction of the antibacterial effect of 

AgNPs [324–329].  Also, ecotoxicology studies have shown that silver is highly toxic for 

some aquatic organisms, accumulate in phytoplankton’s and also toxic to zebrafish embryos 

[330–339].  Therefore the nanoparticles should be embedded to a polymer matrix where the 

release of silver ions should be controlled.  Different nanocomposites containing AgNPs 

alone or in combination with other nanomaterials have been prepared with natural and 

biodegradable polymeric matrices[340–345]. 

 Polymers do not only stabilize the nanoparticle dispersions, but also influence their sizes 

and shapes resulting in different physical properties for various applications. PEG, PVA, and 

PVP were commonly used in AgNP synthesis for stabilization [346]. Among these, PVP is 

preferred because of the highly polar cyclic amide group on the side chain which has a strong 

affinity for silver ions and AgNPs. The mechanism of formation and stabilization of AgNPs 

in the presence of PVP has previously been reported [323]. However, the stability of poly(N-

vinyl-2-pyrolidone-co-vinyl acetate) and PEOX containing AgNP dispersions are 

significantly better compared to those stabilized by PVP [346]. 

In this thesis, PEOX was used to encapsulate the AgNP in order to diminish the unwanted 

aggregation. Then, stabilized AgNPs by PEOX, were used as an H-accepting and TA as H-

donating component in the preparation of LbL films. Afterward, antibacterial activity and 
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cytotoxicity of films were also studied. In Chapter 6 of this thesis, the formation of pH-

responsive hollow capsules of PEOX and TA will be reported. 
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Chapter 2: Materials and Methods 

2.1 Chemicals 

Silver nitrate (AgNO3), sodium borohydride (NaBH4), tannic acid (TA, Mw = 1701.2 

g.mol-1 ), hydrochloric acid (HCl), sodium hydroxide (NaOH),  calcium chloride (CaCl2), 

sodium carbonate (Na2CO3), and sodium dihydrogen phosphate (NaH2PO4.2H2O) were 

purchased from Merck. Branched polyethyleneimine (BPEI, Mw ~25,000 g.mol-1), 

poly(sodium 4-styrene sulfonate) (PSS) (Mw = 70,000 g.mol-1 ) and 

ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma–Aldrich. Poly(2-ethyl-

2-oxazoline) having Mw ~50 000 g.mol-1 (PEOX50K) and Mw ~500 000 g.mol-1 

(PEOX500K) were purchased from Aldrich. PEOX having Mw ~ 5000 g.mol-1 (PEOX5K) 

and 200 000 g.mol-1 (PEOX200K) were purchased from Alfa Aesar. The polymers used had 

broad molar mass distributions (PDI ~ 3–4). Prime quality Silicon (100) wafers were 

purchased from Ultrasil Corporation (USA). Optical grade quartz substrates were purchased 

from Louwers (Netherlands). All chemicals were used without further purification. 

Deionized (DI) water (~ 18.0 MΩ cm resistivity) was purified through a Milli-Q system 

(Millpore). 

2.2 Instruments 

2.2.1 Dynamic Light Scattering (DLS) 

Hydrodynamic size distributions of nanoparticles were determined by dynamic light 

scattering (DLS) measurements at 25 ⁰C using Malvern Zetasizer Nano S instrument with 

632.8 nm wavelength laser at 173⁰ scattering angle.  
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2.2.2 Ultra Violet – Visible (UV-VIS) spectroscopy  

In this work, PG T80 Ultraviolet-visible spectrophotometer was used to monitor AgNP 

synthesis and dispersion stability, to determine the nanoparticle concentrations, LbL growth 

and pH-induced disintegration of LbL films on quartz substrates. The spectra were measured 

in the 200-600 nm range. 

2.2.3 Ellipsometry    

Thickness of the films after each bilayer deposition was measured by ellipsometry (EL X-

01R Ellipsometer, Microphotonics with 632.8 nm HeNe laser at a 70⁰ angle).   

2.2.4 Field emission scanning electron microscope (FESEM) 

The surface morphology of the multilayers at the surface and microcapsules were 

characterized by Zeiss Ultra Plus FESEM. Secondary electron and in-lense detectors were 

used for SEM images. The images of multilayers were taken at different magnifications by 

using accelerating voltage in the range of 3 to 5 kV.  To avoid surface charging and improving 

the imaging of the samples, a 10-15nm gold coating was deposited on the silver nanoparticle 

loaded multilayers, and carbon coating was deposited on the microcapsules by sputter coater 

before insertion them in the sample chamber. Sensitive X-ray Spectroscopy (EDX) 

measurements were performed with the Bruker XFlash 5010 EDX detector at a precision of 

123 eV. 

2.2.5 Atomic Force Microscopy (AFM) 

AFM, a very-high-resolution type of scanning probe microscopy, is used to image surface 

morphology. In this thesis, AFM was used to study microscopic details and morphology of 

multilayers. All AFM images in this thesis are recorded by Bruker Dimension AFM in 

tapping mode with silicon cantilevers at room temperature.  

 

http://www.wiki-zero.net/index.php?q=aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvU2Nhbm5pbmdfcHJvYmVfbWljcm9zY29weQ
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2.2.6 X-ray Photoelectron Spectroscopy (XPS)  

Thermo Scientific K-Alpha X-Ray Photoelectron Spectrometer (XPS) was used to 

determine the amount of AgNP loaded in the multilayers by etching from the top surface 

down to the substrate. The X-ray source was monochromatized Al-Kα irradiation. During the 

measurements, the load compensation was controlled with the flood gun at a pressure of ~ 

2.0 × 10-7 mbar. The beam size was ~ 400 μm. 

2.2.7 Fluorescence spectroscopy 

In this thesis, fluorescence spectra were recorded with an Agilent Cary Eclipse 

Fluorescence Spectrophotometer equipped with a Xenon flash lamp and a slit width of 

1.5 nm.  Fluorescence spectra were recorded in the range of 535–700 nm upon excitation at 

532 nm.  

2.2.8 Confocal scanning laser microscopy (CLSM)  

Confocal micrographs were taken with a Leica DMI8 Confocal System. Images were 

acquired using 100X oil immersion objective (HC PL APO CS2  100x/1.40 OIL)  with a 

numerical aperture of 1.4. The excitation wavelength was 553 nm. Confocal micrographs 

were used to study the loading and the effect of pH on shell permeability and morphology of 

microcapsules. The release of loaded Rhodamine 6G from the capsules was investigated in 

phosphate buffer solution (PBS) at pH 1.5, 4.5, and 7.4. For CLSM imaging, 2 mL of the 

capsule suspension was placed on a microscopic cover glasses and allowed to desiccate 

gradually. Cover glasses were inverted on glass slides and their edges were immobilized onto 

the glass slides. Images were processed using Adobe Photoshop cc 2018.  

 



  Chapter 3: Synthesis and Characterization of Stabilized Silver Nanoparticles                 42 

 
 

 

 

 

Chapter 3:  Synthesis and Characterization of Stabilized Silver Nanoparticles 

 

Overview 

In recent years, incorporation of AgNPs in the polymer matrix has attracted great interest 

because of their broad-spectrum antimicrobial activity in preventing biofouling, optical 

properties and potential as electron-transfer catalysts [347–349]. For these applications, the 

selection of the polymer system for surface stabilization is crucial because it can ideally fulfill 

various functions. For example, the adsorbing polymer can affect the NP sizes and 

morphologies during the preparation of the metal colloids, or it can also prevent the 

destabilization and deactivation of the metal colloids during storage and application [346]. 

One approach for the preparation of AgNP loaded polymeric systems is to synthesize 

stable AgNPs first for better reproducibility. Among different methods of AgNP synthesis, 

chemical reduction of Ag+ ions is the most common used method. In general, different 

reducing agents have been used for the reduction of Ag+ ions in aqueous or non-aqueous 

solutions. One method for aqueous synthesis of AgNPs where NaBH4 is used as a reducing 

agent is Creighton method [350]. The reducing agent reduces Ag+ ion and cause the formation 

of metallic Ag0 which then grows and forms metallic colloidal AgNPs with possible 

agglomeration into clusters [351–353]. Using stabilizing agents to coat dispersive NPs during 

synthesis is important in order to protect the NPs that can be absorbed on or bind onto NP 

surfaces and avoiding their agglomeration [354]. Types of possible coating include inorganic 

or organic molecules. These molecules can be positively or negatively charged or neutral and 

enable to stabilize the AgNP sterically or electrostatically.  
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For incorporation of AgNPs in polymer systems, stabilization of AgNPs by polymers has 

also been commonly studied. Polymers do not only stabilize the NP dispersions but also 

affect their sizes and shapes resulting in different physical properties for different 

applications. Commonly used polymer stabilizer in AgNP preparation is PEG, PVA, and PVP 

[346]. PVP is the most preferred one due to highly polar cyclic amide group on the side chain 

which has a strong affinity for Ag ions and AgNPs. Previously, the formation mechanism 

and stabilization of AgNPs with PVP has been studied [355]. They prepared silver colloids 

by photo reduction of AgNO3 with 254 nm UV light in the presence of PVP. Results showed 

that both UV-vis absorption peak and particle size are strongly dependent on the PVP 

concentration. In addition, PVP is seen to have a significant effect on the silver reduction and 

may actually participate in the process [355].  However, the stability of PEOX containing -

as presented in this chapter - and poly(N-vinyl-2-pyrolidoneco-vinyl acetate) containing 

AgNP dispersions are significantly better compared to those stabilized by PVP [346]. 

In this chapter, the synthesis and characterization of PEOX stabilized AgNP are reported. 

PEOX is a biocompatible and non-toxic polymer, which has an amide group linked to the 

backbone and the side chain which is expected to result in better stabilization of AgNPs. The 

effect of PEOX concentration, PEOX molar mass, pH and time on the stability of AgNP 

colloidal dispersions have also been investigated.  

3.1 Experimental details  

3.1.1 Synthesis and characterization of PEOX stabilized AgNPs in aqueous solutions 

Among the various known approaches, a chemical reduction method is one of the simple 

and facile methods for bottom-up synthesis of AgNPs. Reduction of Ag salts to form AgNPs 

has been achieved by using sodium borohydride and/or citrate. Using NaBH4 (a strong 

reductant) usually leads to the formation of smaller monodispersed AgNPs while the use of 

only citrate (a weaker reductant) usually leads to the formation of larger polydispersed 
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AgNPs because of slower reduction rate [356].  NaBH4 has been used with PVA, PVP, 

cellulose, Bovine Serum Albumin (BSA), and citrate which are used as stabilizing agents. 

 In this part of the study, NaBH4 was used as reducing agent. The fundamental method 

used in the current work is a chemical reduction from AgNO3. AgNPs were synthesized in 

aqueous solutions using AgNO3 and NaBH4 as a reducing agent in the presence of PEOX as 

a stabilizer. (Figure 3.1) A large excess of NaBH4 is needed to reduce the ionic silver.  Freshly 

prepared NaBH4 and AgNO3 solutions were cooled down to 3 ± 1 ⁰C and the synthesis was 

done in an ice-bath while continuous stirring to slow down the rate of reaction and give better 

control over final particle size/shape. 30 mL of 2 × 10-3 M NaBH4 solution was stirred in an 

ice bath for about 20 min. 1mL of 2 mg/mL PEOX solution was mixed with 5mL of 2 × 10-

3 M AgNO3 solution at room temperature and cooled in ice bath. PEOX containing AgNO3 

solution was added into the stirring cooled NaBH4 solution at approximately 1 drop per 

second. Stirring was stopped as soon as all of the AgNO3-PEOX mixed solutions was added. 

By adding both solutions (NaBH4 and AgNO3-PEOX), Ag+ ions were reduced and clustered 

to form monodispersed AgNPs in the aqueous medium.  
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Figure 3.1: Schematic presentation of AgNP stability, with and without PEOX. 

 

Four different molar mass PEOX (5K, 50K, 200K and 500K) were used to synthesize 

PEOX stabilized AgNPs (PEOX-AgNP). At the end of the reaction, yellow suspensions were 

observed confirming the formation of AgNPs. The AgNP dispersions were then stored in 

dark bottles or bottles covered with aluminum foil at 4⁰C for further studies. Hydrodynamic 

size distributions of AgNPs were determined by DLS measurements at 25 ⁰C. UV–visible 

spectra of dispersions were measured by UV–vis Spectrometer between 300 and 600 nm to 

monitor dispersion stability and to determine the nanoparticle concentrations. 
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3.2 Results and discussion 

3.2.1 Synthesis of PEOX stabilized AgNPs  

To synthesize stable AgNPs by chemical reduction method, it is important to select a 

suitable reducing agent and stabilizer. In this study, a water-soluble stabilizer (PEOX) and a 

strong reducing agent (NaBH4) were used. AgNO3 was reduced by NaBH4 in the presence of 

PEOX and resulting in formation of AgNPs, according to the following equation. 

 

The freshly synthesized AgNP dispersions had initially light yellow color indicating the 

presence of colloidal AgNPs. (Figure 3.11) AgNPs with no PEOX was also synthesized as 

the control sample. The color change from yellow to brownish yellow in about 2 days was 

observed for control samples. This change was either because of an increase in NP size, 

agglomeration of NPs or both. To investigate more in detail, the stability of AgNP dispersion 

in time was monitored by DLS and UV–visible spectroscopy. Figure 3.2a shows the change 

of UV–visible spectrum of the control sample in 2 weeks after preparation. The peak 

wavelength stayed nearly constant at 390–396 nm, but the peak intensity decreased sharply 

2 days after synthesis and continued to decrease later at a slower pace by as much as 25% in 

2 weeks. UV–visible spectra also showed a slight increase in absorbance at larger 

wavelengths (~450–500 nm) in time. Both the appearance of the shoulder at a larger 

wavelength and the decrease in peak intensity demonstrated that the AgNPs were not stable 

in time and agglomerated [357, 358]. This result also has been confirmed by DLS analysis 

as shown in Figure 3.2b. Just after synthesis, a bimodal distribution of NP sizes at 2 nm and 

45 nm was seen. Both sizes increased sharply to 30 nm and 230 nm, respectively, within 2 

days after synthesis. The sizes continued to increase at much slower rate after the 2nd day 

indicating both growth and agglomeration.  

(3.1) 
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Figure 3.2: a) The change of UV–visible spectra of control AgNPs (no PEOX) in time, b) 

the change of hydrodynamic size of control AgNPs (no PEOX) in time [359]. 

 

The effect of PEOX molar mass, PEOX concentration, pH and time on the stability of 

AgNP colloidal dispersions has been studied. 

3.2.1.1 Effect of PEOX molar mass 

The addition of PEOX during synthesis cause steric stabilization of nucleated AgNPs 

significantly. The duration of stability depended on the PEOX molar mass. Four different 

PEOX molecular weight have been studied (5K, 50K, 200K, and 500K). Figure 3.3 shows 

the UV–visible spectra of AgNPs stabilized by different molecular weight PEOX 6 days after 

synthesis. UV–visible spectrum of freshly prepared dispersions all showed an intense 

absorbance peak at 394 ± 2 nm. In time, the absorbance peak position stayed nearly constant 

at ~394 nm, but the peak intensity decreased. In contrast to the ~20% decrease in peak 

absorbance of control samples in 6 days, the peak absorbance of PEOX(AgNPs) decreased 
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maximum by ~10%. The absorbance at larger wavelengths (~450–500 nm) also increased 

slightly but depended on the molar mass of PEOX as shown in Figure 3.3. The shoulder at a 

larger wavelength was more apparent for PEOX5K and decreased with increasing PEOX 

molar mass. These results are in consistence with the color change of dispersions. The change 

in color of the AgNP dispersions from yellow to brownish yellow was more dominant for the 

control sample and decreased with the PEOX molar mass. The color change of dispersions 

and the corresponding shoulder appearance shows an increase in the NP size and 

agglomeration in time [357, 358]. 

 

Figure 3.3: UV-visible spectra of AgNPs stabilized by different molar mass PEOX 6 days 

after synthesis: PEOX5K(black), PEOX50K(red), PEOX200K(green), PEOX500K(blue) 

[359]. 

 

Surface plasmon band of AgNPs smaller than 10 nm in size is known to peak at 394 nm 

[357, 358, 360]. The absorbance peak exhibited a red shift and significant broadening at 

larger wavelengths with increasing NP size. Larger wavelength broadening can be because 
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of an increase in size, agglomeration of particles and formation of different shape particles  

[361].  

The change of AgNP size in time was determined by a DLS analyzer. A bimodal 

distribution of NP sizes was observed for all AgNP dispersions. Figure 3.4a shows the size 

distributions of the control sample 2 days after synthesis, for PEOX200K and PEOX500K 

stabilized AgNPs. For the control sample, both small and large size particles agglomerated 

initially fast and at later stages slower as shown in Figure 3.4b. The AgNP sizes were 

measured as 2 and 45 nm just after synthesis which after 2days increased to 30 and 230 nm 

respectively. Small particles of PEOX200K-AgNPs showed significantly smaller size change 

from ~6 nm to ~9 nm in 10 days, but agglomerated particles size was observed nearly 

constant at 71 ± 8 nm. For PEOX5K-AgNPs and PEOX50K-AgNPs, similar size 

distributions were seen initially, but the dispersions were only stable up to 6 days. After 6 

days the AgNP dispersions showed more agglomeration and their size increased above 200 

nm. In the case of PEOX500K-AgNPs, the size of both small and agglomerated particles 

stayed constant at 10 ± 2 nm and 90 ± 11 nm, respectively. The DLS measurement at 6–10 

nm corresponds to individual PEOX stabilized AgNPs in the dispersion, and the peaks larger 

than 70 nm correspond to individual AgNP agglomerates in the mesh of bridging PEOX 

chains. Microscopic analysis also confirms these assignments as shown below. 
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Figure 3.4: a) Hydrodynamic size distribution of AgNPs 2 days after synthesis, b) the 

change in the size of AgNPs in days: Control sample (black squares), PEOX200K  

stabilized (red circles), PEOX500K stabilized (blue triangles). The filled symbols 

correspond to the small size individual particles and the open symbols to large size 

agglomerates for the bimodal distribution seen in (a) [359]. 

The difference between the initial size of control AgNP and PEOX-AgNP clearly shows 

that PEOX adsorbs on the nanoparticle surface and sterically stabilizes them in dispersions. 

Amide dipole of PEOX monomer is expected to interact strongly with the Ag surface [362–

364]. This interaction is significantly enhanced in PEOX chains by the connectivity of the 

monomers and results in stronger adsorption of PEOX chains on AgNP surfaces with 

increasing PEOX molar mass. Therefore, the stability of AgNP dispersions increased with 

increasing molar mass of PEOX chains from ~2 days for the control sample to ~6 days for 

PEOX5K and PEOX50K to more than 2 weeks for PEOX200K and PEOX500K. While UV–

visible spectra of PEOX200K and PEOX500K stabilized AgNP dispersions did not show 

significant agglomeration in time, agglomerates were observed by DLS in these dispersions 

as well. The agglomerate size was slightly larger for PEOX500Kcompared to PEOX-200K. 

We ascribe these agglomerates to bridging capability of larger molar mass chains. In these 
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agglomerates, ~10 nm diameter individual AgNPs (Figure 3.5a) are expected to be well-

separated but held together by bridging polymer chains as shown in Figure 3.5b. Therefore, 

the surface plasmon band of individual AgNPs stabilized by PEOX200K and PEOX500K 

was clearly seen in UV–visible spectra without any significant shoulder at larger 

wavelengths. The flexibility of the bridging PEOX chains is expected to result in rather 

flattened conformations of these agglomerates when adsorbed on the substrate during LbL 

film preparation which is depicted in Fig. 5c. This is discussed below in relation to the 

observation of rather smooth surface morphology in PEOX(AgNP)/TA LbL films.  

 

Figure 3.5: Illustrations of: a) individual PEOX stabilized AgNP, b) agglomerate of AgNPs 

in dispersion formed by bridging PEOX chains, c) rather flattened conformation of the 

agglomerate adsorbed on a solid substrate [359]. 

 

3.2.1.2 Effect of polymer concentration 

The effect of PEOX concentration on the stability of NPs was investigated for 

PEOX500K, which was the most effective in stabilizing AgNPs. AgNPs with four different 

PEOX500K concentrations (0.005 mg/mL, 0.010 mg/mL, 0.030 mg/mL and 0.055 mg/mL) 

were synthesized. AgNPs without PEOX was synthesized as a control sample. All PEOX 

coated AgNPs showed stability up to 2 weeks after synthesis. The peak wavelength in the 

UV–visible spectrum increased by ~2 nm, while the peak absorbance decreased slightly 

(Figure 3.6).  
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Figure 3.6: UV-visible spectra of: a) control sample of control AgNP dispersion in time, b) 

PEOX500K(AgNP) dispersion at PEOX-500K concentration of 0.005 mg/mL in time, c) 

concentration of 0.010 mg/mL in time, d) concentration of 0.030 mg/mL in time, e) 

concentration of 0.055 mg/mL in time. All middle figures show the change in peak 

wavelength in time, and all right figures show the change of peak absorbance in time[359].  
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The lowest decrease in absorbance was observed for the highest concentration of 

PEOX500K 0.055 mg/mL. The individual AgNP sizes stayed constant at ~8±2 nm and the 

agglomerate sizes at ~85 ± 15 nm. In contrast, in the control AgNP sample, the peak 

wavelength increased by ~12 nm within 2 days after synthesis with no significant change 

afterward. The peak absorbance decreased by more than 50% within a day after synthesis 

and continued to decrease slightly afterward. The main difference with changing PEOX 

concentration was seen in the UV–visible peak absorbance. The absorbance peak increased 

with increasing PEOX concentration (Figure 3.7).  

 

Figure 3.7: The change of peak absorbance in time in the UV-visible spectra of 

PEOX500K(AgNP) dispersions at different PEOX-500K concentrations (Figures 3.6 a-e) 

[359]. 

These results demonstrate that the concentration of AgNPs increased with PEOX 

concentration and show the effect of PEOX chains in the stabilization of nucleated AgNPs. 
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3.2.1.3 Effect of pH 

LbL films of PEOX-AgNPs/TA were assembled at pH 4.5, therefore the effect of pH on 

the stability of different molar mass PEOX stabilized AgNPs at a concentration of 0.055 

mg/mL was also investigated. The pH of the as-prepared AgNP dispersions was measured as 

~9.9, and adjusted to 4.5 by adding HNO3. By the addition of HNO3, an increase in peak 

absorbance wavelength from ~5–6 nm to 396–397 nm was observed for all PEOX molar 

masses and stayed constant in the range of pH 7 to pH 4 (Figure 3.8).  
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Figure 3.8: The effect of changing the pH of dispersion from 9.9 to 4.5 on the UV-visible 

spectrum and on the dispersion color of: a) PEOX5K(AgNP) dispersion, b) 

PEOX50K(AgNP) dispersion All PEOX stabilized AgNP dispersions are at PEOX 

concentration of 0.055 mg/mL, c) PEOX200K(AgNP) dispersion, d) PEOX500K(AgNP) 

dispersion [359].  
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The individual NP size was measured to increase from ~10 nm to ~15 ± 1 nm (Figure 3.9).  

 

Figure 3.9: AgNP dispersion stabilized by PEOX-500K at concentration of 0.055 mg/mL. 

The effect of changing the pH of dispersion from 9.9 (black squares) to 4.5 (red circles) on 

the hydrodynamic sizes as measured by DLS [359].  

 

The agglomerate size also increased slightly with decreasing pH from ~85 nm to ~120 nm 

and stayed constant in the pH 7 to pH 4 range. All PEOX stabilized dispersions at a 

concentration of 0.055 mg/mL were stable at pH < 9.9 during the observation period up to 8 

days (Figure 3.10).  

 

 

 

 

 



  Chapter 3: Synthesis and Characterization of Stabilized Silver Nanoparticles                 57 

 
 

 

 

Figure 3.10: Temporal stability of the Ag-NP dispersion stabilized by PEOX-500K at a 

concentration of 0.055 mg/mL at pH4.5: UV-visible spectra in time (left); peak wavelength 

in time (middle); peak absorbance in time (right) [359].  

 

By changing pH from 9.9 to 4.5, the change in color of PEOX-AgNP dispersion was 

observed as seen in Figure 3.6. The color of all AgNP dispersions changed from yellow to 

brownish yellow as expected from the increase in peak wavelength and the appearance of 

shoulder in larger wavelength in UV–visible spectra (Figure 3.8). The better stabilization of 

AgNPs by higher molar mass PEOX is clearly visible at pH 4.5 in Figure 3.11.  

 

Figure 3.11: The effect of changing the pH of dispersion from 9.9 to 4.5 on the dispersion 

color for AgNP dispersions stabilized by different molar mass PEOX at a concentration of 

0.055 mg/mL [359].  
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For PEOX stabilized AgNP dispersions, darker brownish yellow color was observed with 

decreasing molar mass. All dispersions were stable during the observation period up to 8 

days. Figure 3.12a shows the dispersions and Figure 3.12b shows their UV–visible spectra at 

pH 4.5 after 8 days. The peak absorbance wavelength increased slightly to 402 nm and a 

broad shoulder appeared at larger wavelengths. The intensity of this shoulder was largest for 

the control sample which showed the most intense color change to brownish yellow. The 

shoulder decreased with increasing PEOX molar mass and was not apparent for the 

dispersion stabilized by PEOX-500K.  

 

Figure 3.12: a) AgNP dispersions at pH 4.5 after 8 days. No PEOX, PEOX-5K, PEOX-

50K, PEOX-200K, PEOX500Kstabilized dispersions are seen from left to right. b) UV–

Visible absorption spectra of AgNP dispersions seen in (a) [359]. 

 

PNIPAM (molar mass ~22,000 g/mol) and TA were also investigated as stabilizing agents 

during AgNP synthesis. TA was slow in stabilizing the AgNP dispersions and required ~2–

3 days for stable dispersions. PNIPAM stabilized AgNPs in ~1 day similar to PEOX. While 
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both TA and PNIPAM were observed to stabilize AgNPs initially, the resulting AgNP 

dispersions did not show long term temporal stability as good as those stabilized by PEOX 

chains. We attribute the effectiveness of PEOX chains in stabilizing AgNPs to better 

interaction of its amide dipoles with Ag+ ions (less steric hindrance compared to PNIPAM) 

and stronger adsorption of the chains on the AgNP surface. 

3.3 Conclusions 

AgNPs were prepared by a chemical reduction process in aqueous solution in the presence 

of PEOX as a stabilizing agent. Four different molar mass PEOX (5K, 50K, 200K, 500K) 

was used to stabilize the AgNPs in the dispersion. The effect of PEOX molar mass, PEOX 

concentration, pH and time on the temporal stability of AgNP dispersions was studied. All 

dispersions showed a bimodal size distribution. Individual PEOX stabilized AgNPs had sizes 

less than 10 nm. The size of agglomerates depended on the PEOX molar mass and was larger 

than 50 nm. The agglomerates consisted of individual AgNPs held together by bridging 

polymer chains. DLS and UV-vis spectrum show that the particle size and the kinetic stability 

of the dispersions depended on PEOX molar mass. The effect of the molar mass study showed 

that PEOX5K and PEOX50K stabilized AgNP dispersions were stable for 6 days, while 

PEOX200K and PEOX500K stabilized dispersions remained stable during the observation 

period up to 2 weeks. The effect of PEOX concentration study showed that the amount of 

AgNPs in the dispersion increased with PEOX concentration. Control samples (no PEOX) 

were not stable. The effect of pH on stabilization of AgNP study showed that by decreasing 

pH from 9.9 in as prepared dispersion to 4.5 the individual AgNP size increased slightly from 

10 nm to 16 nm. All PEOX stabilized dispersions were stable up to 8 days at pH < 9.9.  
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Chapter 4: Hydrogen Bonded Multilayers of Poly(2-ethyl-2-oxazoline) Stabilized 

Silver Nanoparticles and Tannic Acid    

 

 Overview  

LbL assembly is a simple, versatile and pervasive method for formation of functional 

coatings on solid substrates with interacting macromolecules [365]. Recently, incorporation 

of nanoparticles in LbL multilayer films has attracted scientific interest due to formation of 

composite films with enhanced antibacterial, optical and mechanical properties [366–370]. 

Regarding metal nanoparticles, compared to the in-situ synthesis of them in multilayers [371–

373], the external synthesis has the advantage of controlling the particle size, surface 

chemistry, and shape better prior to using them as one of the LbL process component [287, 

361, 374, 375].  

In Chapter 3, synthesis and stabilization of AgNPs by chemical reduction of Ag+ ions by 

NaBH4 in presence of PEOX has been reported.  In the first part of this chapter, the 

construction of H-bonded LbL films of PEOX stabilized AgNPs and TA, and their stability 

at different pH is reported. H-bonded LbL film deposition is quite well-established technique 

and has the advantage of being pH-responsive [6, 7, 238, 376]. H-bonded LbL films of 

different poly(2-alkyl-2-oxazoline)s have already been studied [275, 377, 378] and their 

applications as pH-responsive controlled release systems in the biomedical field has been 

shown [379]. Using TA as the H-donor in H-bonded LbL coatings has the advantage of being 

stable up to pH ˷ 8.5 [6, 238, 275, 376]. In this chapter, for preparation of H-bonded LbL film, 

TA was used as H-donating and PEOX stabilized AgNPs were used as H-accepting 

component. The growth behavior and the pH stability of LbL films demonstrate that all of 

them grow linearly and were stable up to pH 8.5 as measured by ellipsometry and UV–visible 
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spectroscopy. Also UV–visible spectroscopy was used to calculate the AgNP concentration 

in multilayers formed on quartz substrates. 

4.1 Experimental details 

4.1.1 Preparation and characterization of PEOX(AgNP)/TA multilayers 

TA multilayers with PEOX stabilized AgNP were deposited on silicon wafer and quartz. 

Before film deposition, substrates were kept in UV-Ozone Cleaner (Model 42-220 Jelight 

Company, Inc.) for 30 min to remove organic impurities from the surface. UV-irradiated 

substrates were immersed 30 min in 5.0 mg/mL BPEI solution to deposit a pioneer layer for 

LbL self-assembly initiation and enhance the adhesion of multilayer films to the substrate. 

Then the substrate was washed with DI water to remove excess BPEI. After rinsing, the 

substrate was dried by nitrogen gas. TA solution with a concentration of 0.2 mg/mL was 

prepared and the pH was measured as 4.5. Thus, the pH of PEOX stabilized AgNP 

dispersions were adjusted to pH 4.5 by addition of HNO3. The following process was used 

for deposition of PEOX(AgNP)/TA bilayers on a substrate: first, the substrate was dipped 

into the PEOX(AgNP) solution then into TA solution for 15 min at each step. After each 

layer formation, coatings were rinsed by dipping it in pH 4.5 aqueous solutions and dried 

gently with nitrogen gas. This process was repeated to obtain 12 bilayers. All solutions were 

refreshed after each bilayer formation to prevent any possible contaminations. After each 

bilayer deposition, the thickness of the coatings was measured by ellipsometry. The measured 

data were collected and averaged from three different spots. UV–vis Spectrometer was used 

to study film growth and pH-induced disintegration of multilayers on quartz substrates. The 

pH stability of the multilayers was determined by measuring the thicknesses of the 

multilayers and by running UV–visible spectrum after immersing them in solutions at 

different pH (in the order of increasing pH) for 20 min. For pH stability study, aqueous 

solutions at pH range of 4 to 9 were prepared by using HNO3 and NaOH. The initial and final 
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thickness of multilayers after sequential exposure to solutions in the order of increasing pH 

were plotted to measure the critical dissolution pH. FESEM and AFM were used to check 

the surface morphology of multilayers and distribution of AgNPs at the surface. Two 

different detectors were used in FESEM characterization: secondary electron and in-lens 

detectors. The elemental analysis was done by Energy Dispersive X-ray Spectroscopy (EDX; 

Bruker XFlash 5010) detector with 123 eV resolution. XPS was used to measure the amount 

of AgNPs loaded in the LbL films.  

4.1.2 Determination of the amount of AgNP loaded in multilayers 

To measure the loaded amount of AgNPs in the LbL films, 12 bilayers of 

PEOX500K(AgNP)/TA films on quartz substrates were prepared by dip coating technique. 

After each bilayer substrate was dried and UV-vis spectrophotometer was used to measure 

the absorption. The Beer-Lambert law (Eq. 2.4) was used to calculate the AgNP 

concentration in films. 

Moreover, XPS was used to measure the amount of loaded AgNPs in the LbL films by 

etching from the top of the surface down to the silicon substrate. The X-ray source was 

monochromatized Al-Kα radiation while the charge compensation during the measurements 

was controlled by flood gun at a vacuum chamber pressure ~2.0 × 10-7 mbar. The beam size 

was ~400 µm. 

4.2 Results and discussion 

4.2.1 LbL Films of PEOX and TA 

12 bilayer (BL) films of PEOX/TA were prepared by using four different molar mass of 

PEOX. Growth profile of all different molar masses shows that all multilayers grew linearly 

as shown in Figure 4.1a. Growth profile showed molar mass dependence. A BL thickness of 

PEOX5K was measured by linear fits to be 3.5 nm. Thickness was increased with increasing 
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molar mass to 5.0 nm for PEOX500K. As expected, the growth profile of films with different 

molar masses shows that by increasing molar mass, the PEOX chains are deposited on the 

surface by larger loops and tails. Another possibility is that the polymer chains deposited on 

the surface rather flat during assembly and then relaxed to equilibrium conformations 

reflecting the molar mass dependent sizes [376]. 

 

Figure 4.1: a) The growth profiles of PEOX/TA LbL films with different PEOX molar 

mass, b) pH-induced disintegration profiles of the multilayers in (a) [359].  

 

The pH stability experiments show that all multilayers were stable up to pH 8.5 as 

demonstrated in Figure 4.1b. The disintegration of LbL films was observed at pH 9 because 

of deprotonation of TA and breakage of H-bonds between TA and PEOX. Previously, similar 

results were reported for the critical pH values of PVP/TA and poly(2-isopropyl-2-

oxazoline)/TA [238, 275]. 
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4.2.2 LbL Films of PEOX(AgNP) and TA: Growth, Characterization and 

Disintegration  

The H-bonded multilayers of PEOX(AgNPs)/TA were also assembled at pH 4.5 similar 

to PEOX/TA film. As shown in Figure 4.7a, by adjusting pH, the color of solutions changed 

and a broad shoulder at larger wavelengths observed in UV–visible spectrum showing an 

increase in the size of AgNPs due to agglomeration. The AgNP sizes were measured by DLS 

as ~19 nm, ~18 nm, ~18 nm and ~15 for PEOX5K, PEOX50K, PEOX200K, and PEOX500K, 

respectively. These sizes are consistent with the color changes observed. The agglomerate 

size also increased to ~114 nm for PEOX5K and ~120 nm for PEOX50K, PEOX200K, and 

PEOX500K. The most significant size changes were observed for PEOX5K and PEOX50K 

confirming that lower molar mass PEOX cannot stabilize the AgNP dispersions kinetically 

as good as higher molar mass PEOX. The growth profiles of 12 BL PEOX(AgNP)/TA LbL 

films prepared by using AgNPs (Figure 3.12a) are shown in Figure 4.2a. Similar to PEOX/TA 

multilayers, PEOX(AgNP)/TA films also grew linearly but with larger BL thickness of 4.6–

6.8 nm as measured by linear fits to the data. These larger BL thicknesses of 

PEOX(AgNP)/TA films show the presence of NPs in the adsorbed layers. 
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Figure 4.2: a) The growth profiles of PEOX(AgNP)/TA LbL films with different PEOX 

molar mass, b) pH-induced disintegration profiles of the multilayers in (a) [359].   

 

The BL thickness of PEOX5K(AgNP)/TA film was measured as 4.6 nm and the BL 

thickness of PEOX-50K(AgNP)/TA films was measured as 6.8 nm. The larger thickness 

measured for the film with larger PEOX molar mass shows that the adsorption of AgNP 

agglomerates during film deposition affected the BL thickness. PEOX5K(AgNP) and 

PEOX50K(AgNP) had a similar individual particle size of 18–19 nm, but the agglomerate 

size was larger for PEOX50K(AgNP). Agglomerates (114–124 nm in size) are expected to 

consist of individual AgNPs (15–19 nm in size) in a mesh of bridging PEOX chains (Figure 

3.5b). The bridging polymer chain is expected to relax during adsorption on to the substrate 

and form flatter conformations (Figure 3.5c). The individual AgNP size was measured as 16–

19 nm, however BL thicknesses of films was measured as 4.6–6.8 nm. This shows that only 

a certain fraction of each layer is covered by AgNPs which was also confirmed by 

microscopies. PEOX(AgNP)/TA multilayers were also stable up to pH 8.5 and disintegration 

started at pH 9, as shown in Figure 4.2b. Previously, the incorporation of Ag+ ions into H-

bonded multilayers of poly(vinyl pyrolidone)/poly(acrylic acid) films was reported to 
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improve pH-stability [380]. No significant increase was observed in critical pH value of 

PEOX(AgNP)/TA multilayers compared to PEOX/TA multilayers.  

The surface morphology of 12 BL PEOX(AgNP)/TA LbL films were characterized by 

SEM shown in Figure 4.3. The lighter spots in the images are AgNPs which was confirmed 

by EDX analysis. In Figure 4.3a, an aggregate was chosen on the surface for EDX analysis. 

The detected EDX signal from the marked regions is also shown in Figure 4.3. Two major 

peaks were observed, one at 1.75 keV corresponding to Si coming from the substrate and one 

at 3.00 keV corresponding to Ag. The intensity of the Ag peak from individual AgNPs in 

Figures of 4.3b-d was rather low compared to AgNP aggregate peak in Figure 4.3a, but still, 

peak position is at 3.00 keV and the intensity is above the background noise level. This clearly 

confirms the lighter color regions are AgNPs. 

 

 

 

 

 

 

 

 

c 
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Figure 4.3: SEM pictures of 12 BL PEOX(Ag-NP)/TA LbL films and EDX results. (a) 

PEOX-5K(Ag-NP)/TA: Ag-NP aggregate chosen for detection of enhanced Ag signal in 

EDX, (b) PEOX-5K(Ag-NP)/TA, (c) PEOX-200K(Ag-NP)/TA, (d) PEOX-500K(Ag-

NP)/TA. Below images are related EDX results [359]. 
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The distribution of AgNPs was more uniform for PEOX200K and PEOX500K compared 

to PEOX5K films. PEOX5K films had larger particles and agglomerates on the surface which 

is consistent with the observed stability of AgNP dispersions. The individual NP size 

measured by SEM as ~15 nm for both PEOX200K and PEOX500K stabilized AgNPs, which 

is in agreement with DLS size measurement of individual NPs.  

4.2.2.1 Determination of the amount of AgNPs loaded in multilayers 

To determine the amount of AgNPs loaded in the films by UV-Vis Spectroscopy, we have 

prepared PEOX500K(AgNP)/TA LbL films on quartz substrates by dip-coating. Figure 4.4a 

shows the UV–visible spectra of the deposited films after each bilayer up to 12 bilayers. A 

clear AgNP peak was observed at 419 nm and a TA peak at 277 nm. The red-shift of the 

AgNP absorbance peak from 397 nm in dispersions to 419 nm in LbL multilayers is due to 

the absence of H2O molecules in multilayers. In dispersions, peak absorbance at 419 nm 

corresponds to a AgNP size of 48 nm [357, 358]. In LbL films, individual AgNP sizes were 

measured as ~15 nm (Figure 4.3d). Therefore, we do not attribute the red shift in absorbance 

to an increase in the AgNP size during LbL film formation. As shown in Figure 4.4b, the 

absorbance at 419 nm increased linearly with the number of bilayers. Considering the linear 

growth profiles (Figures 4.2a and 4.4b), this illustrates that the same amount of AgNPs was 

incorporated into the film after each bilayer. Assuming that Beer’s law is valid, an 

enhancement of AgNP concentration in the film by a factor of ~104 compared to that in the 

dispersion is estimated. Using the molar absorptivity values for spherical citrate-capped 

AgNPs [358] at 398 nm (14–16 nm diameter particles), the number density of AgNPs was 

found to be 9.0 × 1014 L-1 in the dispersion and 9.6 × 1018 L-1 in LbL films.                                                                  
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Figure 4.4:  (a) The change of UV–visible spectra by bilayer deposition of PEOX-

500K(Ag-NP)/TA LbL films prepared by dip-coating on quartz substrates, (b) the change 

of absorbance at 419 nm with the number of bilayers[359]. 

The loading capacity of AgNPs in the multilayers was determined by XPS. XPS 

investigations were done as a function of depth for C, N, O, and Ag by etching down from 

the top surface. The XPS shows the depth profile of silver in 12 BL of PEOX-AgNP /TA 

films with different PEOX molecular weights in Figure 4.5. Small PEOX molecular weights 

(5K and 50K) appear to be more Ag-doped (~ 7-9 atom percentage) into multilayers. For 

200K and 500K PEOX coated AgNPs the peak value of atomic % Ag is found in ~ 3-4 

atomic% in 12 BL films. The reason that the ability of smaller molecular weight polymer 

chains to involve more AgNP in the assembly process is the lower possibility of small 

polymer chains to bridge these NPs and assemble them together. While PEOX coated single 

Ag-NPs are able to adhere better to the surfaces coated with TA, these NPs in a large PEOX 

chain cannot adhere strongly to the TA coated surface. 
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Figure 4.5: XPS depth profile of silver in PEOX-AgNP/ TA films with different PEOX 

molecular weights. (Films were stripped at a speed of 0.07 nm / s, calibrated with the Ta2O5 

standard.) 

 

4.2.2.2 pH-induced film disintegration  

pH-induced disintegration of PEOX-500K(AgNP)/TA LbL films was also followed by 

UV–visible spectroscopy. Figure 4.6.a shows the UV–visible spectra of 12 BL PEOX-

500K(AgNP)/TA film after 20 min exposure to aqueous solutions at different pH sequentially 

from pH 6 to pH 10 in the order of increasing pH. The change of absorbance at 277 nm (TA 

peak) and 419 nm (AgNP peak) was plotted in Figure 4.6b as a function of pH. In agreement 

with the ellipsometric results (Figure 4.2b), the absorbance values stayed rather constant 

below pH 9 indicating that the film was stable. UV–visible spectroscopic measurements 

clearly showed that the release of TA at the critical disintegration pH was much faster than 

the release of PEOX500Kstabilized AgNPs.  
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Figure 4.6: (a) UV–visible spectra of 12 BL PEOX-500K(Ag-NP)/TA LbL films on quartz 

substrates after 20 min exposure to aqueous solutions at different pH sequentially from pH 

6 to pH 10 in the order of increasing pH, (b) the change of absorbance at 277 nm (TA peak) 

and 419 nm (Ag-NP peak) with pH [359].  

 

The surface morphology of the 12 BL PEOX-500K(AgNP)/TA after each pH exposure 

was also investigated by AFM and SEM. Figure 4.7 shows the 2 µm × 2 µm area AFM height 

and phase pictures of the as-prepared film (Figure 4.7a and d), after pH 8 exposure (Figure 

4.7b and e) and after pH 10 exposure (Figure 4.7c and f). The surface of as-prepared films 

had peak-to-peak roughness of ~20 nm. Any sign of ~120 nm size agglomerates was not 

observed in AFM images. This might be due to the relaxation of the bridging polymer chains 

forming the agglomerate upon adsorption and resulting in flatter conformations for the 

agglomerates in the LbL films (Figure 4.7c). After pH 8 exposure, the surface morphology 

of the film was similar to that of the as-prepared film and had the same peak-to-peak 

roughness of ~20 nm which indicates that the films were stable at pH 8. The bright regions 

in the phase pictures correspond to the AgNPs. After pH 8 exposure, AgNPs were more 
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apparent in the phase picture (Figure 4.7e). This might be due to the release of some loosely 

bound PEOX chains from the surface. After pH 10 exposure, large area patches of the film 

were seen to be removed from the substrate (the center part of Figure 4.6c and f). Some 

AgNPs with much less surface density were still present at the upper and lower part of Figure 

4.6c and f. This is consistent with the observation of faster release of TA from LbL films 

above pH 9 compared to AgNPs (Figure 4.6).  

 

Figure 4.7: AFM images of 12 BL PEOX-500K(Ag-NP)/TA film: (a) height image of as-

prepared film, (b) height image after exposure to pH 8, (c) height image after exposure to 

pH 10, (d) phase image of (a), (e) phase image of (b), phase image of (c) [359].
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4.3 Conclusions 

In this chapter, we reported on the incorporation of stabilized AgNP in H-bonded 

multilayers of PEOX and TA by LbL technique. After successfully synthesizing PEOX 

stabilized AgNP, PEOX(AgNP) were used as H-accepting component and TA as H-donating 

component in the formation of LbL films. The growth profiles and the pH-induced 

disintegration of the multilayers were similar to those of PEOX/TA multilayers. All 

multilayers showed linear growth profiles and were stable up to pH 8.5 as determined by 

ellipsometry and UV–visible spectroscopy. The pH-induced disintegration of 

PEOX(AgNP)/TA LbL films was monitored by UV–visible spectroscopy, and showed the 

faster release of TA at the critical disintegration pH compared to PEOX stabilized AgNPs. 

The SEM images of the surface of 12 BL PEOX(AgNP)/TA LbL films showed the 

homogeneous distribution of AgNPs in the films. The lower limit of PEOX-500K stabilized 

AgNP concentration in multilayers prepared on quartz substrates was measured by UV–

visible spectroscopy to be 9.6 × 1018 L-1 in 12 bilayer films. The loading capacity of AgNPs 

in the multilayers was determined by XPS to be 7-9 atomic% for small PEOX molecular 

weights (5K and 50K), and 3-4 atomic % for 200K and 500K PEOX coated AgNPs in 12 BL 

films. The understanding of the effect of different molar mass PEOX in stabilizing AgNPs in 

dispersions and in forming uniform AgNP loaded pH-responsive LbL films are important in 

controlling the size and loading capacity of AgNPs in multilayers. As shown above, XPS 

data indicate that films contain silver at 3-9 atomic%. These amounts are more than sufficient 

to form Ag+ formation and measurable inhibition sites in aqueous solutions in suitable 

environments (such as acidic solution).
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Chapter 5: Antibacterial Properties and Cytotoxicity of Silver Nanoparticle Loaded 

Multilayers 

 

Overview 

The main reason of infection-related problems after medical implant surgeries is the 

attachment of bacteria within the body or externally during the surgery on the implant 

surfaces which grow and lead to biofilm formation and ultimately results in implant rejection 

[277]. Implant infection is difficult to treat and may eventually cause the removal of the 

implant. Thus, it is crucial to develop surface coatings that prevent or reduce the adhesion 

and colonization of bacteria.  In spite of the large use of antibacterial coatings, there are many 

challenges, which need to be evaluated. The ability to control biomolecule accumulation, 

concentration, bioactivity, coating uniformity and thickness, and the release rate is the 

significant investigations which need to be considered [381].  

For an effective antibacterial coating design, the coating material should inhibit the initial 

adhesion of bacteria, and consequently the formation of a biofilm. Because of the large 

variety of fabrication components, substrates and assembly methods, the LbL assembly 

technology provide a wide amount of choices to assemble antibacterial coatings. LbL 

technique is a versatile method which is able to incorporate all the bactericidal components 

(heavy metals [247], antibiotics [248], cationic molecules [249]) into multilayer systems. 

There are three main strategies for designing antibacterial coatings: release-based coatings, 

contact-killing, and anti-adhesion/bacteria-repelling coatings.  

Release-based antibacterial coatings exert their antibacterial activity by releasing loaded 

active antibacterial agents from the surface. For instance, the active antibacterial agent in 

AgNP based coatings is silver ion released from surface [382]. In most of the current silver-
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based antibacterial coatings, AgNPs are either deposited directly on the surface of device or 

present inside the polymeric surface coatings. Antibacterial coatings based on release has its 

own advantages in certain circumstances but in other settings it has some disadvantages. For 

these applications slower release of active antibacterial agents has been even considered as 

a disadvantage due to the possibility of developing resistant bacteria. Also, when the released 

antibacterial agent is decreased below the minimum inhibitory concentration (MIC), a 

chemical-releasing coating will lose its antibacterial efficiency dramatically [383].  

Contact-killing coatings have been developed to prevent the reservoir exhaustion issue of 

release-based antibacterial coatings [384]. In this approach, antimicrobial compounds are 

covalently anchored to the material surface by flexible, hydrophobic polymeric chains. 

Contact killing based antibacterial coatings utilize the interactions of microbial cells with the 

surface and subsequent inhibition. Adhered bacteria are believed to be killed because of the 

disruption of their cell membrane by the attached compounds, reaching across the microbial 

envelope due to the long tethering chains [385]. Because the main mechanisms of action are 

based on membrane interactions, such as physical lysing or charge disruption, the most 

effective compounds for contact-killing coatings have been either cationic compounds 

(quaternary ammonium chitosan (QACs), chitosan, antimicrobial peptides (AMPs), etc.) or 

enzymes [386]. 

Anti-adhesion coatings prevent biofilm formation at the earliest stage by using non-

cytotoxic mechanisms. At biomaterial surfaces, bacterial adhesion is generally defined by 

using a two-step model: a rapid, initial and reversible step (stage 1) which is mediated by 

non-specific physicochemical interactions, followed by a secondary step (stage 2) involving, 

among others, species-specific bacterial adhesion proteins [387]. Surface immobilization of 

molecules that can prevent protein adsorption, such as zwitterion and PEG and, have shown 

great anti-adhesion properties in vitro and, despite stability issues, are generally regarded as 

the standard approach for anti-adhesion coatings. However, the use of physical surface 
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modifications (especially surface topography) as non-specific methods to modulate bacterial 

adhesion is most likely more complex than previously thought [388–390]. 

In general, most of the biocidal components used in non-release based LbL systems are 

similar to those used in a release based LbL films. The main difference is the stability of the 

biocidal components immobilized in the LbL assemblies. Different design for contact-killing 

based antibacterial coatings has been studied. For instance, having positively charged surface 

by immobilizing the cationic molecules [256, 257, 391], antibacterial peptides [254, 260], 

antibiotics [259, 261, 262]. 

Different type of nanomaterials can be modified and incorporated as antibacterial agents 

in polymer coating matrices which prevent the growth of harmful microorganisms, and as a 

result, minimize the risk of infection. As we discussed in the previous chapter, among metal 

nanoparticles, AgNPs are one of the most promising and potentially effective candidate 

nanomaterials for antibacterial coatings. AgNPs have captured wide attention due to their 

sustained Ag+ ion release, low-toxicity of the active Ag+ to a human cell, and great 

antimicrobial activities against a broad spectrum of bacterial and fungal species [284–286]. 

On the other hand, aggregation of colloidal AgNPs in biological mediums caused the 

uncontrollable release of Ag+ ions, an increase in adhesion of bacteria and reduction of the 

antibacterial effect of AgNPs [324–329].  Also, ecotoxicology studies have shown that silver 

is highly toxic for some aquatic organisms, accumulate in phytoplanktons and also toxic to 

zebrafish embryos [330–339].  Therefore, the nanoparticles should be embedded in a 

polymer matrix where the release of silver ions should be controlled. Different 

nanocomposites containing AgNPs alone or in combination with other nanomaterials have 

been prepared with natural and biodegradable polymeric matrices [340–345].  

In Chapter 3, PEOX was used to stabilize AgNP in order to diminish unwanted 

aggregation. In Chapter 4, PEOX stabilized AgNPs, were used as an H-accepting and TA as 

H-donating component in the preparation of LbL films. Both TA and AgNPs exhibit 
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antibacterial activities. The antibacterial properties of AgNP is already discussed in Chapter 

1 in detail. In general, the antibacterial effect of AgNPs is attributed to the release of silver 

ions, which may rupture the cell wall, cause protein denaturation, block cell respiration, and 

finally cause bacteria death [392, 393]. A few researchers have hypothesized that the contact 

killing mechanism also contributes to their enhanced antimicrobial effect, although killing is 

mainly governed by the silver release mechanism [301, 394, 395]. In contrast, the 

antimicrobial nature of a few silver-containing nanomaterials is believed to be only through 

the contact killing mechanism, which contributes an even greater potential lethality when 

bacteria come in contact with them [396, 397]. On the other hand, TA is an effective reducing 

and stabilizing agent [398] and it is reported that TA show effective antimicrobial activity 

against bacteria, viruses, fungi and yeasts [399]. 

In this chapter, antibacterial properties of multilayers have been discussed. Two different 

release based antibacterial assays (agar diffusion and soft agar assay) have been used to test 

the antibacterial activity of the coatings. In addition, to show that the films have effective 

contact-killing properties, JIS Z 2801 tests were carried out against gram-negative E.Coli and 

gram-positive S.epidermidis. Results indicate that the coatings are effective in contact killing 

mechanism. To confirm our results, electrochemical methods have been used to measure the 

release amount of silver ions from the surface. As we expected, no measurable Ag+ ion 

release was observed from multilayers at pH 7.4. Furthermore, cytotoxicity of coatings was 

studied with U2OS cells which have an extremely high proliferation rate and are very robust 

in experimental procedures making them attractive for research that needs cells for in vitro 

experiments.  

In the last part of this chapter, the stability of coatings prepared on titanium substrates in 

phosphate buffered saline solution at pH7.4, which was used as simulated body fluid, was 

studied. This study was done for a period of up to 4 months to determine their stability and 
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antibacterial activity.  All coatings were shown to remain stable for 3 months on titanium 

surfaces and retain their antibacterial activity 

5.1. Experimental 

5.1.1 Antibacterial efficacy measurement of coatings based on the release 

Several methods have been used to study the in vitro antimicrobial activity of coatings 

and it is important to develop a better understanding of the current methods. In this chapter, 

different methods were used for evaluating the in vitro antimicrobial activity of H-bonded 

multilayers containing AgNPs.  

5.1.1.1 Agar disk-diffusion method 

Agar disk-diffusion is the method used in many clinical microbiology laboratories for 

routine antimicrobial susceptibility testing. In this test, the antibacterial agent released from 

the coating into the agar medium containing standardized inoculum of microorganism and 

forms a region where no visible colonies are formed. The concentration of the antibacterial 

agent is the highest on the coated surface and decreases as it moves away from the surface. 

After a certain point, the concentration is too low to no longer prevent the growth of bacteria. 

Therefore, a clean area is formed around the coating against the intense growth of the 

surrounding bacteria and is defined as the inhibition zone. The diameter of the inhibition 

zone is used to identify antibacterial activity.  

In this study, agar diffusion test was applied to determine the release and antibacterial 

activity of silver ions from the PEOX(AgNP)/TA multilayers by analyzing the zone of 

inhibitions. Lysogeny broth (LB) was prepared and sterilized under autoclave conditions. 

Then agar solution was spread evenly on sterile plastic petri dishes with a diameter of 90mm. 

Overnight suspension of E. coli in LB medium was swabbed uniformly across a culture plate 

containing LB medium. Then agar plates were allowed to cool down and solidify for 5-10 

min after inoculation. 1 cm × 1 cm silicon wafer coated with PEOX(AgNP) / TA films were 
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cut and sterilized under UV-lamp for 30 min. Samples were placed onto the prepared growth 

plates with the 1% Penicillin-Streptomycin loaded filter paper piece as a control sample and 

incubated overnight at 37°C. The antibacterial activity of the coatings was determined by the 

width of an inhibition zone around the samples where larger width value displays better 

antibacterial property.  

5.1.1.2 Soft agar assay 

The primary method of monitoring surface-independent growth is the detection of soft 

agar colony formation or zone formation which measures proliferation by manual counting 

of colonies and zone measurements in semisolid culture media. 

In this test, 1 colony of E. coli from streak plate culture is suspended in 3 ml LB medium 

and incubated overnight at 37°C. 300 ml of LB-agar was prepared and autoclaved for 

sterilization (75 min) and LB-agar medium was placed on magnetic stirrer to cool it 

homogeneously by mixing until the temperature reaches around 45°C. 300 μl E. coli 

overnight suspension was added on warm LB-agar medium and mixed with a magnetic stirrer 

to disperse bacteria homogeneously. H-bonded multilayers on silicon surfaces were sterilized 

under UV-lamp for 30 min and were placed onto the base LB-agar medium. Then, warm top 

agar was poured onto samples on agar plates. All plates were incubated overnight at 37°C. 

Similar to the agar diffusion test, the antibacterial activity of the coatings were determined 

by the width of inhibition zones around the samples. 

5.1.2 Antibacterial efficacy measurement of coatings based on contact-killing 

The antimicrobial properties of multilayers were evaluated by using Japanese Industrial 

Standard method, JIS Z 2801 against gram-negative E.Coli and gram-positive S.epidermidis 

bacteria. In this method, 1 colony of E. coli or S. epidermidis from streak plate culture is 

suspended in 3 ml LB medium and incubated o/n at 37°C overnight. Samples were pre-

sterilized under UV-lamp for 30 min and placed onto the LB-agar medium. overnight 
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suspension of E. coli (or S. epidermidis) is diluted to 1 to 1000 by LB liquid medium and 30 

µl portions of diluted E. coli (or S. epidermidis) suspension were placed on samples (around 

1 x 1 cm). 500 µl LB solution was dropped around the substrates on agar to keep the medium 

humid and samples were placed into the oven at 37°C for 3 hours incubation. All samples 

with their E. coli (or S. epidermidis) solutions were dropped into the 10 ml LB mediums in 

pre-sterilized test tubes and solutions were mixed vigorously with vortex for 10 sec. 100 µl 

of these solutions were swapped on LB-agar mediums and kept undisturbed for 10 min.  All 

plates were placed upside down into the oven at 37°C and were incubated overnight at 37°C. 

Surviving microorganisms are counted to evaluate the antimicrobial activity of the test 

material and the log of the difference between the 2 counts is determined to give a 

measurement of antimicrobial activity.  

To confirm our results, electrochemical measurements were carried out to measure the 

amount of silver ion release from surfaces [Demirel 2017]. 

5.1.3 Biocompatibility experiment, MTT Assay 

Biocompatibility of coated surfaces was investigated by assessing the metabolic activity 

of U2OS cells grown on the films, with 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT). MTT assay is a calorimetric assay that is used to 

measure cell viability by assessing the cellular metabolic activity. Yellow colored 

tetrazolium salt MTT is converted into purple formazan salts by cellular oxidoreductases. 

Formazan concentration can be determined by optical density at 600 nm (OD) and reflects 

the relative number of viable cells in the population.  

U2OS cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco 

21969-035) supplied with 10% heat-inactivated fetal bovine serum (FBS, Gibco 10500), 1% 

L-Glutamine (Gibco, 25030-081), and 1% Penicillin-Streptomycin (Gibco 15240-062). 

Cultures were maintained at 37°C in a 5% CO2, 85% humidified incubator.  
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Films were cut into square pieces with a size of 0.50 x 0.50 cm and then sterilized by 30 

min UV-lamp exposure. Sterilized films were placed in a sterile 24-well plate. U20S cells 

were detached from the culture plate by trypsinization and seeded onto substrates (0.4x105 

cells per well) in DMEM containing 10% FBS (500 μL). To observe cytotoxic effects of the 

substrates, samples were incubated at 37 °C in a 5% CO2 incubator for 48 hours. Then 

growth medium was replaced with DMEM containing 1 mg/mL MTT and further incubated 

for 4 hours at 37 °C to allow formazan formation. Then, MTT solution was removed and 

substrates were transferred to a clean 24-well plate. Formazan salt on the samples was 

dissolved in EtOH:DMSO (250 μL) and transferred to a microplate. The optical density (OD) 

was measured at 600 nm with a microplate reader (Synergy H1, BioTek). The relative cell 

viability was calculated as viability = (ODsample/control) × 100. The ODsample was obtained from 

coated films and control was obtained from silicon control. 

5.1.4 Determination of the durability of coatings 

In addition to the short-term pH stability of multilayers, the long-term stability of the LbL 

self-assembled coatings on titanium substrates in PBS pH7.4 was also studied. The 

composition of the test solution is shown in Table 5.1. 

 

Table 5.1: Preparation of the durability test solution at pH7.4. 
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PBS solution was prepared by dissolving the chemicals shown in table 5.1 in DI water at 

the stated concentrations. Chemicals were added one by one and after each chemical was 

completely dissolved, the pH of the final solution was measured as 7.4. Titanium substrates 

were cut into rectangular pieces (1 × 2 cm). Then, they were cleaned with ethanol and kept 

in UV-Ozone Cleaner for 30 min. Then the substrates immersed in 5.0 mg/mL BPEI solution 

for 30 min to increase the adhesion of multilayers to the surface of the substrate. After that, 

PEOX500K(Ag-NP)/TA film were formed on titanium substrates and soaked in 30 mL of 

PBS at pH 7.4 for 4 months. PEOX500K/TA film on titanium substrates were also prepared 

and studied as a control sample. Each month one sample was taken out, rinsed in DI water 

and then dried by nitrogen gas before FESEM characterization and antibacterial analysis. 

Japanese Industrial Standard (JIS Z 2801) test was done to study the contact killing property 

of coated substrates.  

5.2 Results & discussion  

5.2.1 Investigation of release-based antimicrobial activity of coated surfaces 

5.2.1.1 Agar disk-diffusion method 

The antimicrobial activity of the PEOX-AgNP/TA films was performed against E.coli.  

The antibacterial activity was indicated by a clear zone of inhibition around the samples on 

the agar plate. As shown in Figure 5.1, the zone of inhibition was not observed for both 

PEOX-AgNP/TA and PEOX/TA multilayer films independent of the molecular weight of 

PEOX used to stabilize AgNPs.  
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Figure 5. 1: Agar diffusion test using 12BL multilayer coatings.  E.coli culture was spread 

on the agar plate and grown for 24h. 1: PEOX5K-AgNP/TA, 2: PEOX5K/TA, 3: 

PEOX50K-AgNP/TA, 4: PEOX50K/TA, 5: PEOX200K-AgNP /TA, 6: PEOX200K/TA, 7: 

PEOX500K-AgNP/TA, 8: PEOX500K /TA, 9: Silicon wafer (negative control), 10: 

Ampicillin impregnated filter paper (1µg/µl, positive control). 

 

In Figure 5.1, an inhibition zone was observed only for antibiotic filter paper, which is 

used only as a positive control. None of the AgNP doped coatings, which were subjected to 

the agar diffusion test, formed the inhibition zone. Possible reasons for this are the low 

concentration of AgNP in the coatings, the inability of AgNPs to form silver ions or the 
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prevention of the release of silver ions into the environment. As indicated above (section 

4.3.2.1), XPS data indicate that films contain silver at 3-9 atomic%. These amounts are more 

than sufficient to form Ag+ formation and measurable inhibition zone in suitable 

environments. The fact that the inhibition zone is not observed is due to TA's being silver 

ion-binding and silver ions acting as a reducing agent.  This is consistent with the above-

mentioned Ag+ ion release results. The ions formed on the nanoparticle surfaces do not 

spread out from the surface due to the reducing effect of TA and prevent the formation of an 

inhibition zone in agar diffusion tests. 

5.2.1.2 Soft agar assay 

Another method that has been used for measurement of the release-based antibacterial 

activity of coatings is soft agar assay. In this method, the films were embedded in between 

base agar and soft agar. Soft agar assay allowed us to produce a more homogeneous lawn of 

bacteria within a thin layer of agar across the surface of a plate compared the agar diffusion 

test, which is used in vitro indication of cell viability. As shown in Figure 5.2, the coatings 

did not result in any inhibition zone despite the diffusion of silver ions into the agar medium 

was favored. 
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Figure 5.2: Soft Agar assay. 12BL multilayer coatings were embedded into agars with 

E.coli. a) PEOX5K-AgNP/TA, b) PEOX5K/TA, c) PEOX50K-AgNP/TA, d) 

PEOX50K/TA, e) PEOX200K-AgNP/TA, f) PEOX200K/TA, g) PEOX500K-AgNP/TA, 

h) PEOX500K/TA. 

Although the diffusion of the silver ions from the coating surfaces to the agar medium 

was facilitated, no zone of inhibition was observed for any of the coatings. It was concluded 

that the silver ions could not be released from the prepared coatings because the inhibition 

zone could not be created in both of the diffusion tests. This result is consistent with the Ag+ 

release assays performed by electrochemical methods in the presence of TA in aqueous 

solutions and confirms that TA influences Ag+ diffusion.  

An ideal antimicrobial coating should prevent the microorganisms from dividing and 

multiplying by either the release of an antimicrobial agent or by the direct contact killing 

mechanism. Upon determining that the coatings did not kill the bacteria by diffusion, the 

bacterial killing mechanism in contact was tested using a different method. 
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5.2.2 Study of the contact-killing property of coatings 

“Japanese Industrial Standard (JIS Z 2801)” assay was used to evaluate contact inhibition 

effect of the coated material surface against both gram-positive and gram-negative bacteria. 

In this test, the quantitative value of the antibacterial activity expressed by the difference in 

the logarithmic value of live cell counts between the antimicrobial coatings and control 

samples after inoculation and incubation of the bacteria. The bare silicon substrate was used 

as a control to assess the effect of 12BL multilayer coatings. As shown in Figure 5.3, 

PEOX5K-AgNP/TA coated surfaces showed significantly higher antimicrobial activity 

against both gram positive and gram negative bacteria when compared with PEOX5K/TA 

coated surfaces (Table 5.1).   
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5.3: JIS Z 2801 assay to test contact inhibition of coated surfaces against gram 

negative (E.coli) and gram positive (S.epidermidis) bacteria. E.coli grown on PEOX5K-

AgNP/TA (a) and  PEOX5K/TA film coated surfaces (b).  S.epidermidis grown on 

PEOX5K-AgNP/TA (c) and  PEOX5K/TA film coated surfaces (d). 

For an ideal antimicrobial coating design, material should demonstrate ability for 

inactivation of microbes either through the release of an antimicrobial agent or through a 

direct contact killing mechanism. AgNPs containing PEOX/TA H-bonded self-assembled 



Chapter 5: Antibacterial Properties and Cytotoxicity of Silver Nanoparticle Loaded 

Multilayers                                                                                                                             88 

    
 

 

coatings on silicon substrates demonstrated significant contact killing property. The colonies 

were counted (in CFU/mL) and the activity values were expressed as a reduction in viability 

% by calculating surviving fraction  (ratio between the viable cells on bare silicon as control 

and the films) as tabulated in Table 5.2.  

Table 5.2:  JIS Z 2801 Antibacterial activity test results of  12 BL PEOX-AgNP/TA and 

PEOX/TA films against gram negative (E. coli) and gram-positive (S.epidermidis) bacteria. 

 E.coli S.epidermidis 

Coatings CFU ml-1 Reduction in 

viability (%) 

CFU ml-1 Reduction in 

viability (%) 

PEOX5K/TA 1.37 x 107 21.71 1.74 x 105 98.63 

PEOX5K-AgNP/TA 0 > 99.99 0.2 x 105 99.84 

PEOX50K/TA 1.50 x 107 14.29 1.67 x 105 98.68 

PEOX50K-

AgNP/TA 

0 > 99.99 0.1 x 105 99.92 

PEOX200K/TA 1.40 x 107 20.00 1.60 x 105 98.74 

PEOX200K-

AgNP/TA 

0 > 99.99 0.1 x 105 99.92 

PEOX500K/TA 1.73 x 107 1.14 1.54 x 105 98.79 

PEOX500K-

AgNP/TA 

1.33 x 104 99.92 0 > 99.99 

Bare Silicon surface 1.75 x 107 0 1.27 x 107 0 
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These results indicate that the prepared coatings strongly inhibit bacterial growth on their 

surfaces in contact with more than 99.9% reduction in viability of E. coli. Additionally, JIS 

Z 2801 assay was performed to understand the antimicrobial activity of the same coted 

surfaces against gram-positive S. epidermidis. As shown in Figure 5.3 and Table 5.1 all H-

bonded self-assembled coatings on silicon substrates demonstrated contact killing property 

against S. epidermidis. It is shown in Table 5.1 that AgNPs are effective antimicrobial agents 

against E. coli and PEOX/TA films can be used as control samples. However, remarkable 

growth inhibition of S. epidermidis was observed for both PEOX-AgNP/TA and PEOX/TA 

films according to JIS Z 2801 assay.  In any case, it is important to note that the silver-

containing coatings showed significantly higher anti-microbial activity when compared to 

their control samples. 

To confirm our antibacterial test results, electrochemical measurements were done. No 

measurable Ag+ ion release was observed from PEOX(AgNP)/TA films at pH 7.4. Oxidation 

of metallic silver and Ag+ ion release was provided by two different methods: i) reduction of 

pH by acid addition, ii) electrochemical oxidation (polarization). As a result of systematic 

experiments, it was determined that Ag+ ions could pass through H-bonded PEOX / TA layer-

layer films, PEOX did not affect Ag+ ion release, but TA had two different mechanisms to 

effect Ag+ ion release. The TA molecules in the environment decreased the pH at short time 

intervals and increased the Ag + ion release, but in the following times, TA's acting as 

reducing agent for Ag+ ions prevented the spread of Ag+ ions into the solution. These two 

mechanisms, which balance each other, enabled the Ag+ concentration to be effective only 

near the film surface.[Demirel 2017]  

5.2.3 In vitro cytotoxicity assessment of coated films on U2OS cell line 

The contribution of PEOX stabilized AgNPs deposited in multilayer films to the toxicity 

of Human Bone Osteosarcoma Epithelial Cells U2OS was investigated. The viability of 

U2OS cultured on coated surfaces were determined by assessing the metabolic activity by 
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MTT. Although, PEOX-AgNP/TA films showed slightly lower biocompatibility than 

PEOX/TA films, the addition of AgNPs to PEOX/TA films did not decrease cell viability 

significantly (Figure 5.4).   

 

Figure 5.4: Relative U2OS cell viability grown on PEOX-AgNP/TA (horizontal lines) and 

PEOX/TA (square patterns) films. Relative biocompatibility of films was investigated by 

assessing the metabolic activity of U2OS cells grown on films with MTT. Data were 

presented in a grouped column graph plotting the mean with the standard error of the mean. 

The experiment was performed as triplicates and repeated at least three times (n=3). Two-

tailed, an unpaired t-test was performed to test the significance of differences. *p > 0.05 

was considered as statistically significant, and non-significant differences were presented 

as ‘ns’. 
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5.2.4 Lifetime and Contact-Killing Ability of Multilayers in Physiological pH and 

Temperature 

The study of the morphology change of multilayers in physiological pH and temperature 

was needed to follow the evolution of the film in a medium containing ions of a physiological 

salt solution. This allows us to understand the stability of our coatings on medical implants. 

12 BL PEOX500K(AgNP)/TA coated Ti substrates were incubated in PBS pH7.4 for four 

months at 37⁰C. PEOX 500K/TA samples were also examined as control samples. Each 

month one sample was removed from the solution, washed twice, and dried with nitrogen 

gas before characterization by FESEM. Electron microscopy was used to see whether the 

films are stable in PBS or removed from surfaces, also the antibacterial activity of the films 

were studied by JIS Z 2801 test. 

Figure 5.5 and Figure 5.6 shows the morphology change of PEOX/TA and 

PEOX(AgNP)/TA samples after each month respectfully. The surface image of the coated 

sample before exposure to PBS is also shown in Figure 5.5 a-b and 5.6 a-d. 
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Figure 5.5: Morphology change of PEOX500K/TA coated Ti substrate in PBS pH7.4 at 

37⁰C. Before immersion in PBS (a: ×50.000K, b: ×10.000K), after one month immersion in 

PBS (c: ×50.000K, d: ×10.000K), after two months immersion in PBS (e: ×50.000K, f: 

×10.000K), after three months immersion in PBS (g: ×50.000K, h: ×10.000K), after four 

months immersion in PBS (i: ×50.000K, j: ×10.000K). 
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In both cases of PEOX/TA and PEOX(AgNP)/TA films, the incubation of multilayers in 

PBS shows that the multilayers are stable on Ti surface and in time only some loosely bonded 

polymers and aggregates are removed, which cause AgNP to become more apparent in 

FESEM images. (can be seen better in 200K X magnified images) In these images, it is clear 

that the AgNPs on the surfaces are shrinking and the lumps are not observed in the film held 

in PBS for 4 months and the surface is smoother. These results indicate that PEOX-AgNP/TA 

LbL films remain stable for more than 3 months on Ti. 
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Figure 5.6: Morphology change of PEOX500K-AgNP/TA coated Ti substrate in PBS 

pH7.4 at 37⁰C. Before immersion in PBS (a: ×200.000K, b: ×100.000K, c: ×50.000K, d: 

×10.000K), after one month immersion in PBS (e: ×200.000K, f: ×100.000K, g: ×50.000K, 

h: ×10.000K), after two months immersion in PBS (i: ×200.000K, j: ×100.000K, k: 

×50.000K, l: ×10.000K), after three months immersion in PBS (m: ×200.000K, n: 

×100.000K, o: ×50.000K, p: ×10.000K), after four months immersion in PBS (q: 

×200.000K, r: ×100.000K, s: ×50.000K, t: ×10.000K). 
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JIS Z 2801 test has been used to show the contact killing activity of the coatings incubated 

in PBS pH7.4 at 37⁰C in time for four months. After overnight incubation of samples, 

surviving microorganisms were counted to evaluate the antimicrobial activity of the test 

material and the log of the difference between the two counts is determined to give a 

measurement of antimicrobial activity. The colonies were counted (in CFU/mL) and the 

activity values were expressed as a reduction in viability % by calculating surviving fraction  

(ratio between the viable cells on bare silicon as control and the films) as tabulated in table 

5.3. 
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Table 5.3: Contact-killing results of 12 BL PEOX-AgNP/TA and PEOX/TA coatings on 

titanium substrate (incubated in PBS pH7.4 at 37⁰C) against gram negative E. coli in time 

for four months. 

Sample Result of contact 

killing test 

CFU/ml % reduction 

PEOX500K / TA 

 

 

 

1.6x109 

 

 

PEOX500K(AgNP) / 

TA 

(after 1month) 
 

 

2.87x107 

 

98.6 

 

PEOX500K / TA 

(after 1month) 

 

      

     2.07x109 
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PEOX500K(AgNP) / 

TA 

(after 2months)  

 

 

2.63x107 

 

 

98.6 

 

 

PEOX500K / TA 

(after 2months)  

 

1.87x109 

 

 

PEOX500K(AgNP) / 

TA 

(after 3months) 
 

 

3.2x107 

 

98 

 

PEOX500K / TA 

(after 3months) 

 

 

1.63x109 
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PEOX500K(AgNP) / 

TA 

(after 4months) 
 

 

 

2.83x108 

 

 

83.7 

 

PEOX500K / TA 

(after 4months) 

 

 

1.73x109 

 

 

These results indicate that prepared coatings strongly inhibit bacterial growth on their 

surfaces in contact with a 98.6% reduction in viability. JIS Z 2801 employed for the same 

coatings after immersion in PBS pH7.4 shows up to three months samples are showing 

almost the same amount of reduction in viability, and after four months, a small decrease 

inviability reduction to 83.7% was observed which is compatible with electron microscopy 

images in Figure 4.32. It is observed that silver nanoparticle on the surface has decreased in 

time in PBS solution. This may be due to the very slow Ag+ ion release, as well as the removal 

of PEOX and TA from the surface over time, which may lead to the passage of AgNPs into 

the solution. These results show that the contact-killing ability of AgNP containing coatings 

is superior compared to their control samples even after four months incubation in pH7.4. 
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5.3 Conclusions 

PEOX stabilized AgNPs were immobilized on silicon surfaces with TA via H-bonding 

LbL assembly. Normally, antibacterial activity of AgNPs containing materials are mediated 

through either mainly silver ion release from nanoparticle surfaces due to oxidation of 

nanoparticles and formation of reactive oxygen species or through direct contact with AgNPs 

immobilized on surfaces or release as colloids. Two release-based antibacterial methods were 

done; agar disk diffusion method and soft agar assay. No clear inhibition zones were 

observed indicating the antibacterial activity against gram-negative E. coli for the coatings 

in agar diffusion assays. This behavior was attributed to the difficulty in the diffusion of 

AgNPs and ions into agar medium. Also, no bacteria inhibition zone was observed in soft 

agar assay against E. coli. These results pointed out that the release of silver from multilayers 

as colloids or as silver cations are prevented. AgNPs were wrapped with PEOX and 

immobilized with H-bonding with TA via layer-by-layer assembly which may cause 

inhibition of release of silver as colloids from the surfaces. Also, PEOX is considered as 

tertiary polyamide and it is very well known that amides have a strong affinity to silver ions 

and AgNPs. These highly polar amide groups may capture the released silver cations from 

the AgNP surfaces easily and prevent Ag+ release. Independent of PEOX molecular weight, 

all coatings exhibited significant antibacterial activity against gram-negative E. coli and 

gram-positive S. epidermidis by acting predominantly via contact-killing mechanism 

according to JIS Z 2801 standard test. Immobilization of AgNPs and prevention of silver ion 

release via capturing through amide groups indicate that toxicity of the films towards 

mammalian cells was minimized. To confirm our results, the release of Ag+ from multilayers 

were measured by electrochemical methods. Results showed thatAg+ ions do not spread out 

from the surface due to the reducing effect of TA. Cytotoxicity of the films was investigated 

with human bone epithelial, U2OS cells and addition of AgNPs into PEOX/TA films did not 

decrease the cell viabilities significantly. The SEM images of the multilayers immersed in 
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PBS pH7.4 showed that only aggregates removed from the surface in 4 months. Also, 

contact-killing test showed that AgNP loaded films strongly inhibit bacterial growth on their 

surfaces in contact with 98.6% reduction in viability in the first three months, and in forth 

month the reduction viability decreased to 83.7%.
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Chapter 6: Hollow Microcapsules of Hydrogen-Bonded Multilayers 

 

Overview 

Surface-mediated LbL deposition results in high control over the properties of the 

resulting films and allows a wide range of materials to be incorporated within films. The LbL 

deposition method has been used for the formation of multilayer capsules in the last twenty 

years [61, 189]. This system includes LbL shell, micro/nano-particles as a sacrificial template 

and one or several functional molecules such as drugs, nanoparticles, enzymes, or fluorescent 

probes. Generally, the sacrificial template is removed by dissolution or calcination [226, 

227]. The removal process of the template is a critical step and it should not damage the 

loaded material. Thus, the template and loading method should be chosen based on the 

molecules that are going to be entrapped into the capsules. Different methods have been 

reported to load the molecules in LbL capsules. The cargo molecules can be directly loaded 

during formation of the capsule (pre-loading method), or after capsule formation (post-

loading method) [202]. The cargo molecules can be loaded in the hollow capsule, into 

multilayers or on the external surface of the capsule.  

The hollow capsules can be loaded with cargo molecules by diffusion into the capsule 

cavity. Depending on the multilayer composition, the permeability of hollow capsule can be 

switched from closed to open state by variation of pH [202], ionic strength[147], temperature 

[225, 401], and solvent polarity [402]. Change in these parameters causes the change in the 

surface morphology and structure of the capsules and results in the release of loaded active 

molecules. 
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The driving force for LbL assembly can be electrostatic interaction [40], Van der Waals 

interaction [403] or Hydrogen bonding (H-bonding) [225]. Most common LbL assemblies 

are based on electrostatic interaction, but due to cytotoxicity of polycations, these systems 

are not favored in biological applications. In this chapter, the preparation of H-bonded LbL 

capsules is presented. H-bonded multilayers offer many different paths for the development 

of responsive films and capsules. H-bonded LbL assemblies show reversible responses to 

different stimuli like pH, ionic strength, temperature, external stress, and electrical field [7, 

8, 177, 178]. Paramasivam et al. [225] reported the temperature responsive H-bonded 

capsules based on tannic acid and poly(2-n-propyl-2-oxazoline) with the ability to capture 

and release of loaded fluorescent molecules at a physiological temperature of 37 ⁰C. 

Switching of temperature results in the collapse of polymer chains and as a result of 

morphological changes, the capsules release the loaded molecules. More examples from the 

literature will be given in section 1.2.2.1. The versatility of H-bonded multilayers has allowed 

the development of materials with a range of properties tailored to biomedical applications. 

These include the potential for controllable disassembly, the capability to respond to stimuli 

such as pH and temperature, and the ability to load and release cargo specifically.  

To prepare H-bonded thin film with LbL assembly, a polymer pair, one H-bond donor and 

the other H-bond acceptor, is needed. H-bonded multilayers based on water-soluble neutral 

polymers and polycarboxylic acids are mostly prepared at an acidic pH, at which polyacids 

are completely protonated [7, 8]. Above the critical pH, H-bonds are disrupted due to 

ionization of the polyacid, therefore the LbL film is disintegrated [7, 8, 179, 184]. Herein, to 

prepare H-bonded LbL capsule, PEOX and TA were used as H-acceptor and H-donor, 

respectively. TA has a unique functional structure with numerous terminal hydroxyl groups, 

(Figure 1.6a) thus it is able to form multiple H-bonding. Moreover, TA has been shown to 

exhibit high biological activity including antioxidant, antimicrobial, anti-carcinogenic, anti-

mutagenic and antibacterial properties [265–267]. PEOX is a member of poly(2-alkyl-2-
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oxazoline)s (PAOX) family and a nonionic, non-toxic and biocompatible polymer (Figure 

1.6b) showing lower critical solution temperature (LCST) of ~ 60⁰C [271–274]. H-bonds are 

primarily formed between the carbonyl groups of PEOX and hydroxyl groups of TA [275]. 

In Chapter 4, we reported the pH-responsive LbL films of PEOX and TA. Also, in Chapter 

5, we introduced H-bonded LbL films of PEOX stabilized silver nanoparticle/TA as 

antibacterial coatings. Kempe et al [228], reported the hollow capsules prepared by the LbL 

assembly of PEOX and poly (methacrylic acid) (PMA). Later, they also reported the LbL 

assembly of thiol-containing poly(2-ethyl-2-oxazoline) (PEOX SH) brushes and PMA 

multilayers onto silica (SiO2) particle templates, wherein the layers are stabilized by cross-

linking them through disulfide bond formation [229]. 

In this chapter, we report on the formation of pH responsive hollow capsules of PEOX 

and TA. Calcium carbonate (CaCO3) particles have been synthesized and used as a template. 

CaCO3 particles are very useful micro particles, because of the low synthesis costs, simple 

synthesis method, the porosity that leads to easy loading, the biocompatibility, the low 

toxicity and the mild decomposition conditions [404, 405].  H-bonded PEOX/TA capsules 

have not been reported previously. Rhodamine 6G is used as a model cargo molecule to study 

the loading and release properties of the PEOX/TA capsules.  It is predicted that these 

capsules may be used to load nanoparticles and macromolecules into them, yielding loaded 

capsules for versatile applications as micro-carriers in fields of drug delivery and controlled 

release. 

6.1 Experimental  

6.1.1 Preparation of CaCO3 particles as capsule templates 

Spherical polystyrene sulfonate (PSS) doped CaCO3 particles with a diameter of 5-8 μm 

were prepared by colloidal aggregation of Na2CO3 and CaCl2, and used as a sacrificial 

template. The process was started by rapid mixing of equal volumes of CaCl2 and Na2CO3 
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solutions. The PSS was completely dissolved in Na2CO3 solution prior to mixing and final 

concentration was maintained at 2 mg mL-1. Negatively charged PSS was adsorbed on the 

surface of nanoparticles constituting the porous CaCO3 microparticles and prevented the 

recrystallization into rhombohedral calcite form (Figure 6.1). 0.3 M Na2CO3 solution was 

rapidly poured into an equal volume of 0.3 M solution of CaCl2 at room temperature under 

vigorous stirring, and after intense agitation on a magnetic stirrer, the precipitate was filtered 

off with a cellulose filter having pore size of 0.45 µm, thoroughly washed with pure water 

twice to remove residual salts, and then dried in air.  

 

 

Figure 6.1 Schematic of the CaCO3 microparticle preparation process. 
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6.1.2 LbL coating and capsule preparation 

Microcapsules of PEOX/TA were prepared by LbL assembly using CaCO3 particles as 

sacrificial templates. As the CaCO3 particles possess a negatively charged surface, the first 

layer was BPEI (5.0 mg mL-1 aqueous solution for 30 min), which is a polycation, to form a 

precursor layer for LbL self-assembly initiation. Excess BPEI was centrifuged and rinsed off 

by distilled water. PEOX and TA solutions were prepared at a concentration of 1 mgmL-1 

with DI water at pH 4.5. For LbL assembly, 15 ml of each PEOX solution was added to a 

centrifuge tube containing ∼1% w/w microparticle suspension. After 15 min of deposition, 

PEOX coated particles were separated by centrifugation at 8000 rpm for 2 min. The coated 

particles were triple washed with pH adjusted water by centrifugation cycles to remove 

residual unabsorbed and loosely adsorbed PEOX chains. This process of adsorption and 

washing was repeated for TA as well. The process was repeated until the desired number of 

bilayers of PEOX/TA films were obtained. After each bilayer, the coated microparticles were 

dispersed with ultrasound for 15 s to avoid aggregation. After achieving 8 bilayers, the 

CaCO3 core was dissolved with 0.2 M EDTA solution at pH 6.0 (adjusted by HCl) to dissolve 

the calcium carbonate core. After 30 min of agitation, the capsules were centrifuged, the 

supernatant was removed, and the capsules were resuspended in fresh EDTA. After triple 

washing with water, the prepared capsules were stored in a closed container at 4 ⁰C and used 

for further experiments. 

6.1.3 Rhodamine 6G loading and release experiments 

To encapsulate the Rhodamine 6G into the PEOX/TA capsules, capsules were mixed with 

Rhodamine 6G solution (0.02 mg mL-1, pH 1.7) and incubated in a dark room for 1 h. After 

the encapsulation process, the capsule suspension was washed twice with DI water to remove 

the excess amount of Rhodamine 6G in the supernatant. To investigate the release of 

Rhodamine 6G from capsules at physiological pH, the Rhodamine 6G loaded capsule 
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suspension was then incubated in an incubator shaker at 37 ⁰C in HCl solution at pH 1.5, 

acetate buffer solution at pH 4.5, and phosphate buffer solution at pH 7.4. The reason that 

these three pHs have been chosen is the range of pH values in the gastrointestinal track. The 

pH of saliva ranges from 6.5 to 7.5. After swallowing, the food reaches the stomach where 

upper and lower parts of the stomach have different pH values. The upper part has a pH of 

4.0−6.5, while the lower part is highly acidic with a pH of 1.5−4.0. It then enters the intestine 

which is slightly alkaline, with a pH of 7.0−8.5. Thus, the choice of pH 1.5, 4.5, and 7.4 

represent the wide range of pH in the gastrointestinal track. 

6.1.4 Atomic force microscopy (AFM) and scanning electron microscopy (SEM) 

characterizations 

The morphology changes of the H-bonded capsules were observed by AFM and SEM. 

AFM measurements were performed with Bruker Dimension Atomic Force Microscope in 

tapping mode. AFM samples were prepared by depositing a droplet of the capsule suspension 

on a silicon wafer and allowing it to dry. SEM images of Carbon sputtered samples dried on 

a silicon wafer were obtained with Zeiss Ultra Plus field emission scanning electron 

microscope (FESEM). 

6.1.5 Confocal laser scanning microscopy (CLSM)  

CLSM was used to study the loading and the effect of pH on shell permeability and 

morphology of microcapsules. For CLSM imaging, 2 mL of the capsule suspension was 

placed on a microscopic slide and imaged. 

6.1.6 Fluorescence spectroscopy 

Fluorescence spectra were recorded to show the release of loaded Rhodamine 6G at pH 

1.5 HCl solution, an acetate buffer solution pH 4.5 and phosphate buffer solution pH 7.4. 

The excitation wavelength was chosen to be 532 nm. To study the release process as a 

function of incubation time, the Rhodamine 6G loaded capsule suspension was incubated at 
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37 ⁰C. At specific points of time, 1 mL of sample was withdrawn from the suspension and 

centrifuged at 8000 rpm to remove the supernatant. Supernatant fluorescence spectrum was 

measured to determine the released amount. Solid sample and 1 mL of fresh solution were 

added back into the incubated sample. The fluorescence spectrum of the supernatant was 

acquired as a function of incubation time.  

6.2 Results and discussion 

Spherical CaCO3 microparticles were used as the templates for capsule preparation. 

CaCO3 particles recently gained increasing interest as templates because of complete 

removal of the core without leaving any residues during dissolution by chelating agent or 

acid, and also because of its non-toxicity. PSS-doped CaCO3 microparticles (Figure 6.2) were 

prepared through colloidal crystallization of CaCl2 and Na2CO3 in the presence of PSS. PSS, 

negatively charged polymer, is adsorbed on the surface of nanoparticles constituting the 

porous CaCO3 microparticles (Figure 6.1) and prevents the recrystallization into 

rhombohedral calcite form. Both OM and FESEM images (Figure 6.2) showed that uniform 

and spherical CaCO3 microparticles were obtained. The diameter of CaCO3 microparticles 

was measured by FESEM in the size range of 5 to 8 µm. The inserted image in Figure 6.2b 

shows that microparticles have a porous structure. Porosity is an important feature, since it 

increases the effective surface area of the CaCO3 microparticles, and it is a great advantage 

for layer by layer adsorption. These empty pores were formed among tiny crystals of CaCO3 

during crystallization resulting in a connected network of LbL film after core removal. Thus, 

networks could be loaded by cargo molecules. 
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Figure 6.2: a) OM, and b) FESEM (scale bar = 2 µm) images of PSS-doped CaCO3 

microparticles. The insert shows the higher magnification (400.00K X) of these 

microcapsules.  

These CaCO3 microparticles were used as a sacrificial template for capsule fabrication 

using LbL method with PEOX and TA. After formation of 8 bilayers on CaCO3 particles, 

the template was dissolved by addition of EDTA and hollow capsules were obtained. The 

coating permeability allows small molecules, such as EDTA, inorganic ions and dyes, to 

freely enter and leave the capsule interior. The pre-loaded negatively charged PSS molecules 

enable the hollow capsules to spontaneously load with positively charged drug molecules by 

electrostatic interactions [406]. The scheme illustrating the capsule preparation is depicted 

in Figure 6.3.  
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Figure 6.3: Scheme of microcapsules preparation, loading and release steps of Rhodamine 

6G loaded into the hollow capsules. 

6.2.1. Loading of Rhodamine 6G into PEOX/TA capsules 

The permeability and loading capability of capsules are especially important for drug 

loading and release in drug delivery applications. The loaded hollow capsules were observed 

by CLSM using Rhodamine 6G as a model molecule. CLSM image of unloaded and 

Rhodamine 6G loaded PEOX/TA capsule is shown in Figure 6.4. CLSM investigations 

showed that the capsules were permeable for Rhodamine 6G at pH 1.7 as shown in Figure 

6.4b. CLSM was also used for washed Rhodamine 6G loaded capsules, and it was observed 

that Rhodamine 6G moleculeswere successfully loaded into the capsules showing that both 
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the capsule wall structure and the presence of PSS inside the capsules are important in driving 

the Rhodamine 6G molecules from the bulk to the interior of the capsules.  The driving force 

for spontaneous loading of Rhodamine 6G is the electrostatic interactions between 

Rhodamine 6G and preloaded PSS molecules in the capsules. Tong et al., reported that the 

free PSS formed during the dissolution of template for poly(allylamine hydrochloride) 

(PAH)/PSS capsule fabrication facilitate the loading of the positively charged water-soluble 

substances based on electrostatic interaction [406]. Gao and co-workers also reported that 

positively charged molecules such as Rhodamine 6G and TRITC-Dextran can be 

spontaneously loaded inside the PSS/PAH capsules when melamine formaldehyde (MF) 

particles were used as the template [406, 407].  

 

 

Figure 6.4: CLSM image of a) unloaded, b) Rhodamine 6G loaded microcapsules. 
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The morphological changes of PEOX/TA capsules prior to and after loading with 

Rhodamine 6G were monitored by AFM (Figure 6.5) and SEM investigations (Figure 6.6). 

AFM and SEM images of hollow PEOX/TA capsules showed collapsed structure as a result 

of core removal as shown in Figure 6.5a and Figure 6.6a. The AFM images of empty and 

loaded capsules showed different collapsed morphologies. The hollow capsules were 

completely flat and collapsed (Figure 6.5a) whereas the loaded capsules (Figure 6.5b) 

showed a swollen structure with much higher average vertical height. The height of an 

unloaded control capsule was 140 nm which increased to an average height of 2.22 µm after 

loading with Rhodamine 6G.  

 

 

Figure 6.5:  AFM images of hollow and loaded capsules and their height profiles. a) 

Hollow PEOX/TA capsules; b) Rhodamine 6G loaded capsules. 

 

This increase in thickness is attributed to swollen structure and loaded Rhodamine 6G, 

which was observed by SEM as well (Figure 6.6). The collapsed structure of the hollow 
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capsules with SEM (Figure 6.6a) was similar to the AFM images shown in Figure 6a, and 

the loaded capsules demonstrated a swollen structure (Figure 6.6b).  

 

 

Figure 6.6: a) SEM image of hollow capsules with 1.00k magnification, b) 8.00K 

magnification, c) SEM image of loaded capsule 1.00K, b) 8.00K 
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6.2.2. The release of Loaded Rhodamine 6G Molecules from PEOX/TA Microcapsules 

The release of loaded Rhodamine 6G from PEOX/TA microcapsules was studied at pH 

1.5, 4.5, and 7.4. Figure 6.7 shows the cumulative release of Rhodamine 6G as a function of 

time. 
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Figure 6.7: Release profile from Rhodamine 6G loaded capsules at pH 1.5, 4.5, and 7.4. 

 

The release profile of Rhodamine 6G from the capsules shows a fast release in the first 5h 

at all pH values studied.  A cumulative release of 100% in PBS is obtained at the end of 24 h 

for pH 7.4 and no further release was observed after 24 h in pH 7.4. At low pH values, TA 

is in a state of protonation and form H-bonds with the carbonyl groups of PEOX to hold the 

initial capsule structure. At high pH values, TA becomes partially deprotonated which leads 

to the breakage of H-bonding and separation of the polymer chains. By increasing pH, TA 
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becomes partially deprotonated and leading to weaker intermolecular interaction between 

PEOX and TA and result in increasing permeability of capsule wall and releasing the loaded 

molecules. 

 

 

 

 

Figure 6.8: a,b) SEM (magnification 2.00K, scale bar = 2 µm), and c) CLSM images of 

Rhodamine 6G loaded capsules after 24hr incubation in PBS pH7.4, at 37 ⁰C. 
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Finally, SEM (Figure 6.8a,b) and CLSM (Figure 6.8c) were used to observe the 

morphology of capsules after release at pH 7.4. Both investigations showed that the capsules 

appeared empty with a change in the structure. This observation indicates that pH treatment 

changes the permeability of the capsules, possibly related to morphological changes of the 

capsule wall. The capsule size apparently increasing by increasing pH and eventually leads 

to the disintegration of them by increasing pH. This can be explained as a result of the loss 

of H-bonding and the charge repulsion between the deprotonated -COO- groups, as it has 

been previously reported for polyelectrolyte multilayer microcapsules [408]. These 

observations show that pH-induced morphological changes of microcapsules could be 

effectively exploited for encapsulation and release of molecules at a physiological pH of 37 

⁰C. 

6.3 Conclusions 

Capsules formed from H-bonded multilayers would have a number of advantages over 

polyelectrolyte capsules. H-bonded films tend to be more biocompatible than their cytotoxic 

counterparts. In addition, the pH-responsive nature of H-bonded films causes increased 

permeability and film dissolution with increasing pH. This allows triggered dissolution at a 

well-defined pH value. 

In this chapter, a hollow H-bonded microcapsule system based on biocompatible PEOX 

and TA which is able to capture molecules and release at physiological conditions was 

reported. Switching pH to 7.4 resulted in a morphological change of the capsules leading to 

the release of the loaded Rhodamine 6G molecules.   

CaCO3 microparticles containing PSS, as morphology control reagent, have been 

successfully synthesized. FESEM showed that these microparticles had diameters in the 

range of 5-8 µm. CaCO3 microparticles have been used as template for preparation of H-

bonded multilayer microcapsules by LbL technique. After sacrificing CaCO3 with EDTA, 
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hollow H-bonded microcapsules was fabricated. Their hollow nature was confirmed by 

FESEM, AFM, and CLSM. Rhodamine 6G has been used as a model cationic molecule to 

study the loading and release ability of microcapsules. AFM, CLSM and FESEM images 

showed that Rhodamine 6G molecules are successfully loaded into microcapsules. Loaded 

Rhodamine 6G at low pH yields a swollen structure. Release study showed that the capsules 

were able to release loaded molecules at physiological pH which was close to pKa value of 

TA (˷8.5).  By increasing pH, deprotonation of TA occurs, leading to the breakage of H-

bonding and repulsion between the polymer chains and increasing the permeability, and 

eventually result in releasing of loaded Rhodamine 6G. It is likely that this special swelling-

disintegration technique may be used to load nanoparticles and macromolecules into the 

preformed microcapsules, resulting loaded capsules for versatile applications as micro-

carriers in fields of drug delivery and controlling the release of therapeutically relevant 

molecules for in vivo applications.
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Chapter 7: Conclusions 

  

Surface modification by using LbL assembly technique results in precise control over 

the coating properties and allows a broad range of materials to be incorporated within 

multilayers. LbL coatings can be deposited on a substrate in any shape and size. However, 

polyelectrolyte LbL films have not been the choice for biological applications because of the 

cytoxicity of polycations [231, 246, 409]. Thus, H-bonding has attracted great interest as 

driving force for LbL film formation due to the ability to use biocompatible and neutral 

components. In considering the potential uses of H-bonded LbL films, it is important to 

understand the current applications of them.  

The focus of this thesis is on the H-bonded LbL assembly of PEOX and TA. It has been 

shown that H-bonded multilayers of PEOX and TA can be assembled as 2D and 3D 

materials, such as thin films and hollow capsules, with unique response properties to 

environmental stimuli (pH). To functionalize PEOX/TA multilayers, AgNP was introduced 

as the antimicrobial agent, and LbL films of PEOX stabilized AgNP/TA with long-lasting 

contact-killing antibacterial activity was produced on solid substrates.  

During this study, a novel AgNP loaded multilayers with the contact-killing property was 

designed. In general, the mode of the antibacterial mechanism of AgNPs is attributed to the release 

of silver ions. Our non-release antibacterial coating design is important since it can prevent the 

reservoir exhaustion issue of release-based antibacterial coatings. To the best of our knowledge, 

the method that has been used here, stabilizing AgNPs with PEOX and incorporation of them in 

H-bonded LbL film with TA, has not been reported before. In addition to contact-killing 

property, these multilayers are pH-responsive which make them attractive due to their stability at 
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physiological pH and release AgNPs only above the critical pH upon the disintegration of the 

multilayers by breakage of H-bonds. These features make this multilayer of particular 

interest for antimicrobial coatings and surfaces in biomedical applications, especially in surgical 

devices and implants. Hence, the study of the pH-responsive multilayers with contact-killing 

property appears rewarding. 

For incorporation of AgNPs into LbL matrices, stabilization of AgNPs by PEOX was 

studied in detail. PEOX is a biocompatible and non-toxic polymer. PEOX has an amide group 

linking the backbone and the side chain which is expected to contribute to better stabilization 

of AgNPs. AgNPs were synthesized in aqueous solutions using AgNO3 and NaBH4 as a 

reducing agent in the presence of PEOX as a stabilizer. The effect of PEOX molar mass, 

PEOX concentration, pH and time on the temporal stability of AgNP dispersions was 

investigated. The particle sizes were measured by DLS. DLS analysis showed the bimodal 

distribution for all PEOX stabilized AgNP. Smaller size corresponded to individual 

PEOX(AgNPs) and the larger size was attributed to agglomerates, which consisted of 

individual AgNPs in the mesh of bridging PEOX chains. The particle sizes determined by 

SEM analysis were also compatible with DLS. Moreover, DLS results showed that the 

stability of AgNP dispersions and the particle size depended on PEOX molar mass. The 

stability of AgNPs in aqueous solutions over time and at different pHs was also investigated. 

Control AgNPs (no PEOX) were not stable. PEOX5K or PEOX50K stabilized AgNPs were 

stable up to 6 days. The PEOX500K showed the most effective stabilizing effect for AgNPs 

up to 2 weeks. With increasing PEOX concentration, the amount of AgNPs in the dispersion 

increased. By decreasing the pH of as-prepared dispersion from 9.9 to 4.5, the individual 

AgNP size increased from 10 nm to 16 nm. All PEOX stabilized dispersions were stable up 

to 8 days at pH values below 9.9. 

After successful stabilization of AgNP dispersion by PEOX, PEOX(AgNPs) were used 

as H-accepting component and TA as H-donating component in the preparation of H-bond 
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driven LbL films. PEOX/TA films also prepared as control samples. Because of 

physiologically relevant pH stability of TA based films, most studies have so far focused on 

biomedical applications.   

AgNPs coated with either of the four different molecular weight PEOX was used to form 

multilayers on solid surfaces via H-bonds with TA. The growth behavior, morphologies, and 

pH stability of these films were studied. The growth profiles and the pH-induced 

disintegration of PEOX(AgNPs)/TA multilayers were similar to PEOX/TA multilayers. All 

films grew linearly up to 12 bilayers and were stable up to pH 8.5 as determined by 

ellipsometry and UV–visible spectroscopy. Disintegration started at pH 8.5, as expected, due 

to the deprotonation of TA. UV–visible spectra showed the faster release of TA at the critical 

disintegration pH compared to PEOX stabilized AgNPs. After pH–stability study the 

morphology of the surfaces was checked with AFM. AFM images indicate that the film 

remains stable at pH 8.5. Above this pH, the film is removed in large areas over the substrate. 

Although some AgNPs still appear on the surface, their amount is much less than the amount 

after preparation. These observations confirm the ellipsometry and the UV-Visible 

spectrometry results. 

The loading capacity of AgNPs in 12 bilayers of PEOX(AgNP)/TA films was 

determined by XPS. Small PEOX molar masses (5K and 50K) coated AgNPs were 

incorporated more         (~ 7-9 atomic %) into multilayers compared to 200K and 500K PEOX 

stabilized AgNPs     (~ 3-4 atomic %). The main reason for this difference is that the smaller 

polymer chains are more likely to bring nanoparticles closer by bridging.  

Antibacterial tests based on release (agar disk diffusion test and soft top agar test) were 

done. No growth inhibition zones were observed. On the other hand, to prove that coatings 

have Ag+ on the top surface and able to kill bacteria upon contact, JIS Z 2801 tests were 

carried out against two gram negative and gram-positive bacteria. All multilayers showed 

significant antibacterial activity against both grams negative and gram positive bacteria by 
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acting predominantly via contact-killing mechanism. Electrochemical measurements of Ag+ 

ion release confirmed antibacterial tests and no measurable ion release could be observed 

from PEOX-AgNP/TA films at pH 7.4. It was concluded that TA acts as a reducing agent 

for the Ag+ ions and prevent the diffusion of Ag+ ions away from the multilayers.   

To investigate the adhesion of multilayers and their stability and antibacterial activity 

on possible implant coatings, PEOX/TA and PEOX-AgNP/TA multilayers have been 

prepared on titanium substrates. The coatings prepared on titanium substrates were 

maintained in PBS solution at pH 7.4, which was used as simulated body fluid, for a period 

of up to 4 months to determine their stability and antibacterial activity. All coatings were 

shown to remain stable for 3 months on titanium surfaces and retain their antibacterial 

activity. AgNP loaded LbL coatings with a minimum of 3 months of antibacterial activity is 

important to prevent infection on the implant surfaces in the first few months and to eliminate 

the need to replace the implant. Considering that life expectancy is prolonged, the economic 

widespread effect of preventing infection in implants becomes even more important. 

Although LbL films have mainly been prepared on flat substrates, coating solid nano- 

and micro-particles with multilayers is attracting growing interest as an effective method to 

encapsulate a large number of materials for controlled release applications. In Chapter 6, the 

preparation of H-bonded LbL hollow capsules of PEOX and TA was reported. Capsules 

formed from H-bonded multilayers of PEOX/TA would have a number of advantages over 

polyelectrolyte capsules. As mentioned before, H-bonded films tend to be more 

biocompatible than their cytotoxic counterparts. Additionally, the pH-responsive nature of 

H-bonded films causes the film dissolution with increasing pH. This allows for triggerable 

dissolution at a well-defined pH value.  

For capsule preparation, PEOX and TA were sequentially deposited onto a template 

particle (CaCO3 microparticles), and after obtaining the desired number of bilayers, the 

sacrificial core template was dissolved, leading to the formation of hollow capsules. The 
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attractive property of these hollow capsules is that the interior volume can be filled with 

functional cargo molecules with no electrostatic charge within the LbL materials, and release 

at high pH values which are an attractive feature for drug release. Results suggested that 

these hollow capsules containing negatively charged PSS have the potential to be loaded with 

positively charged molecules. Loading of capsules with Rhodamine 6G, which is a cationic 

dye, as a model molecule and the subsequent release were studied. Microscopy analysis 

showed that these capsules can be loaded with Rhodamine 6G molecules successfully. 

Release study has shown that these capsules are able to release loaded Rhodamine 6G at 

physiological pH 7.4 which is close to pKa value of TA. At this pH, TA is partially ionized 

and leads to H-bond weakening between TA and PEOX and as a result morphology change 

of microcapsule and release of loaded material. The change in morphology is confirmed by 

microscopic analysis. In the future, the application of these microcapsules can be studied and 

optimized for controlling the release of therapeutically relevant molecules for in vivo 

applications. 
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