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ABSTRACT 

MOLECULAR LEVEL DESIGN OF ENGINEERED COATINGS 

FOR ANTIMICROBIAL AND ANTIBIOFILM SURFACES  

 

 

Buket ALKAN TAŞ 

Doctor of Philosophy, 2022 

Material Science and Engineering 

Thesis Advisor: Asst. Prof. Hayriye ÜNAL 

 

 

Keywords: Antimicrobial Food Packaging, Halloysite Nanotubes, Carvacrol, Thin Film 

Coatings, Methicillin-Resistant Staphylococcus aureus (MRSA), Antibacterial/Antibiofilm 

Coatings, Lysostaphin, Polydopamine, Waterborne Polyurethane, Photothermal Therapy, 

NIR Light  

 

Microorganisms that adhere to and colonize materials surfaces do not only create health risks 

due to infections, but they also adversely affect their functions by deteriorating material 

properties. There is a substantial need for antimicrobial coatings that can prevent microbial 
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adhesions or kill adhered microorganisms on surfaces in many different industries from food 

to health. In this thesis, the design of different antibacterial and antibiofilm coatings, that are 

engineered based on antibacterial agent release, light-activation and contact-killing has been 

proposed. Antibacterial agent release-based coatings have been designed for use in food 

packaging by encapsulation of carvacrol in halloysite nanotubes, followed by their 

incorporation onto polyethylene packaging films by the Layer-by-Layer thin film coating 

technique. Antibacterial coatings composed of safe ingredients have been produced for food 

packaging films, which will contribute to food safety and extend the shelf life of foods by 

showing activity against both foodborne pathogens and biofilms. Secondly, light-activated 

antibacterial coatings were designed by hybrid coatings prepared from polydopamine-coated 

waterborne polyurethane particles. The photothermally activated coatings developed in this 

study offer an effective approach for light-activated sterilization of material surfaces. 

Thirdly, safe, and non-toxic waterborne polyurethane-based nanocomposite coatings 

comprising lysostaphin enzyme immobilized on polydopamine-functionalized surfaces were 

designed to establish contact-killing coatings. The lysostaphin-based contact-killing hybrid 

coatings developed in this study offer an effective approach to prevent nosocomial infections 

caused by Staphylococcus aureus as being applicable to the surfaces in healthcare facilities 

and medical devices.  
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ÖZET 

ANTİMİKROBİYAL VE ANTİBİYOFİLM ÖZELİKLİ KAPLAMALARIN 

MOLEKÜLER SEVİYEDE TASARIMI 

 

Buket ALKAN TAŞ 

Doktora Tezi, 2022 

Malzeme Bilimi ve Mühendisliği 

Tez Danışmanı: Dr. Öğr. Üyesi Hayriye ÜNAL 

 

 

Anahtar Kelimeler: Antimikrobiyal Gıda Ambalajları, Haloysit Nanotüpler, Karvakrol, İnce 

Film Kaplama, Metisiline Dayanıklı Staphylococcus aureus (MRSA), 

Antibakteriyel/Antibiyofilm Kaplama, Lizostafin, Polidopamin, Su Bazlı Poliüretan, 

Fototermal Terapi, NIR Işık 

 

Malzeme yüzeylerine yapışan ve kolonize olan mikroorganizmalar, enfeksiyonlar nedeniyle 

sadece sağlık riskleri oluşturmakla kalmaz, aynı zamanda malzeme özelliklerini bozarak 

fonksiyonlarını da olumsuz etkiler. Gıdadan sağlığa pek çok farklı endüstride, mikrobiyal 

yapışmaları önleyebilen veya yüzeylere yapışan mikroorganizmaları öldürebilen 



x 

antimikrobiyal kaplamalara önemli bir ihtiyaç vardır. Bu tezde, antibakteriyel madde 

salınımı, ışık aktivasyonu ve temasla öldürmeye dayalı olarak tasarlanmış farklı 

antibakteriyel ve antibiyofilm kaplamaların tasarımı önerilmiştir. 

Antibakteriyel ajanların salınımına dayalı öldürme mekanizmasına sahip yüzey kaplamalar, 

halloysit nanotüplerde karvakrolün kapsüllenmesi ve ardından katman-katman ince film 

kaplama tekniği ile polietilen ambalaj malzemesine dahil edilmesiyle gıda ambalajında 

kullanılmak üzere tasarlanmıştır. Böylece, hem gıda kaynaklı patojenlere hem de 

biyofilmlere karşı aktivite göstererek gıda güvenliğine katkı sağlayacak ve hem de gıdaların 

raf ömrünü uzatacak, güvenli içeriklerden oluşan antimikrobiyal gıda ambalaj malzemeleri 

elde edilmiştir. İkinci olarak, polidopamin kaplı su bazlı poliüretan partiküllerden oluşan 

hibrit kaplamalar ile ışıkla aktive olan antibakteriyel kaplamalar tasarlanmıştır. Bu çalışmada 

geliştirilen fototermal özellikli yüzey kaplamaları, yüzeylerin ışık yardımıyla sterilize 

edilmesi için etkili bir yaklaşım sunmaktadır. Üçüncüsü, polidopamin ile işlevselleştirilmiş 

yüzeyler üzerinde hareketsizleştirilmiş lizostafin enzimini içeren güvenli ve toksik olmayan 

su bazlı poliüretan nanokompozit kaplamalar, temasla öldürmeye dayalı kaplamalar 

oluşturmak için tasarlanmıştır. Bu çalışmada geliştirilen lizostafin bazlı temasla öldürmeye 

dayalı hibrit kaplamalar, sağlık tesislerinde ve tıbbi cihazlarda yüzeylere uygulanarak 

Staphylococcus aureus'un neden olduğu hastane enfeksiyonlarının önlenmesinde etkili bir 

yaklaşım sunmaktadır. 
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CHAPTER 1: General Introduction 

1.1. Dissertation overview and objectives 

Bacterial attachment to surfaces is a major health concern in food packaging applications, 

healthcare environments, and any frequently encountered surface such as door handles and 

keyboards. In addition, biofilms are formed as a result of the attachment of bacteria to either 

biotic or abiotic surfaces and their subsequent colonization on these surfaces. Because 

biofilms naturally have an extracellular polymer matrix that acts as a shield to protect them 

against antibacterial agents and harsh environmental stresses, biofilm-associated infections 

are much more difficult to combat 1. Bacterial colonization in food packaging materials both 

shortens the shelf life of foods, thus causing food waste and economic losses, and seriously 

threatens human health due to contact with contaminated food 2. Besides, considering 

nosocomial infections caused by methicillin-resistant bacteria in healthcare settings, it is an 

undeniable fact that these infections increase the rate of mortality and morbidity, prolong 

hospital stay and increase the burden on the economy 3-4. Designing antimicrobial and anti-

biofilm coatings that can prevent and eradicate bacterial colonization in food-contact 

materials, healthcare settings, medical devices, and surfaces that are essential to be 

disinfected can contribute to community health and prevent industrial-economic losses 

arising from bacterial contamination.  
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Pathogenic bacteria on the surfaces can be killed chemically by an antibacterial agent 

incorporated into the surface, targeting the bacteria, and destroying the cell components. 

Releasing the antibacterial agent 5 is the prominent approach in antibacterial surface coatings 

using chemical agents. In this thesis, as a first approach, antibacterial food packaging 

materials were designed by the coating of packaging films with an antibacterial essential oil-

release system. In the literature, there are studies on the incorporation of antibacterial agents 

directly into the coating material; however, the direct incorporation of the antibacterial agent 

may have disadvantages such as decreased stability, reduced antibacterial activity, and 

unsatisfactory shelf life 6-8. To overcome these problems, carvacrol, the essential oil, was 

incorporated into packaging material as a thin film coating via Layer-by-Layer (LbL) coating 

following the encapsulation of carvacrol into halloysite nanotube; thus, the sustained release 

of the antibacterial agent was ensured, enabling the food packaging to show antibacterial 

activity for a long time. The coatings composed of natural and non-toxic components 

developed in this study provided an effective approach to obtain food packaging materials 

that contribute to food safety by inhibiting food contamination. 

The physical destruction of the attached and accumulated pathogenic bacteria on the surface 

with an external stimulus is a much more promising method. With the integration of 

photothermal agents that convert light into heat to the coating material, hyperthermia effect 

is created thanks to the external stimulus of light, and the cell wall of bacteria can be 

physically destroyed irreversibly without the need for any chemicals 9. There are many 

studies in the literature in which various nanoparticles such as graphene 10, carbon nanotubes 

11, noble-metal nanoparticles 12 etc. are used as antibacterial photothermal agents. However, 

they have some disadvantages such as potential toxicity, poor photostability under long-term 
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light irradiation, unstable nature in large-scale application, and high cost. Therefore, 

conjugated polymers, which are non-toxic, can be coated on almost any surface, are easily 

processed and cheap, come to the fore as promising photothermal agents 13-14. With this 

motivation, as a second approach, a hybrid polymer system was fabricated by coating of 

waterborne polyurethane solid particles with photothermal polydopamine by a one-pot 

reaction. This hybrid polymer system can be used as a coating material for any surface and 

moreover, bulk materials can be obtained. Thanks to the conjugated structure of 

polydopamine, these produced materials create destructive effects on bacteria when 

irradiated with NIR light and can be used as an effective antibacterial coating that enables 

light-activated physical sterilization. 

The desired surface can be adapted with a contact-active agent through immobilization 

techniques such as non-covalent adsorption 15, ionic interaction 16, encapsulation 17, and 

covalent bonding 18-20 to target the cell components of the pathogenic bacteria. Thus, the 

bacteria can be irreversibly destroyed by the antimicrobial agent. Enzymes, with proven 

antibacterial activity against bacteria, are in the class of antibacterial agents that target the 

cell wall of bacteria and kill them by contact 21. In this thesis, antibacterial surfaces with the 

ability to kill by contact were produced by utilization of lysostaphin, which is the most 

effective enzyme against methicillin-resistant S. aureus (MRSA), to combat healthcare-

associated infections (HAIs) caused by methicillin-resistant bacteria. While designing an 

antibacterial coating with the help of enzyme, the suitability of the method to be chosen for 

the incorporation of enzymes into the coating material is important in terms of maintaining 

the enzyme stability and enzymatic activity. Since the non-covalent immobilization of 

enzymes to the coating material can lead to problems such as decreased enzyme stability and 
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leaching of enzyme from the coating surface, lysostaphin was covalently immobilized onto 

polydopamine-functionalized-halloysite nanotube and then incorporated into the coating 

material. Thus, safe, non-toxic antibacterial coatings that can be applied to operating rooms, 

medical devices, and similar surfaces in healthcare-settings has been developed with the 

purpose of prevention of HAIs caused by MRSA. 

Knowledge from the lysostaphin-based killing study and the study of hybrid polymer system 

composed of waterborne polyurethane and polydopamine was used to present a new material 

design. In this study, the hybrid polydopamine-polyurethane polymer system was coated as 

a thin film on the substrate and lysostaphin was covalently immobilized onto the coating due 

to the reaction between the functional groups of polydopamine and lysostaphin. The 

destructive effect of lysostaphin on S. aureus biofilms has been proven by various studies in 

the literature 22. In the light of this information, the main goal of this study was to kill not 

only the planktonic cells attached to the surface, but also to effectively destroy biofilms on 

the surface. Coatings that are able to kill bacteria by contact due to the lysostaphin enzyme 

have important advantages such as being environmentally friendly, volatile organic 

compound free, nanoparticle free, easily applicable to large surface areas and having 

effective antibiofilm properties. 
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1.2.Review on the main approaches towards the design of antimicrobial coatings  

Pathogenic microorganisms tend to attach to any solid surface and subsequently colonize to 

form biofilms and these pathogenic strains can be transferred from surfaces to humans 

causing microbial infections. Microbial contamination is a major concern for many industries 

such as healthcare, marine, and food industries. While application of chemical disinfectants 

such as chlorine, hydrogen peroxide, ethanol and UV light sterilization are typical approaches 

for surface cleaning, and therefore stopping infections, these solutions are mostly not 

sufficient  and not well-established, mainly because they need to be applied periodically to 

the surface and bacteria can gain resistance to these chemicals 23. Moreover, these cleaning 

methods may not completely clean the surfaces from bacteria, and even if the bacterial 

population on the surface decreases, the presence of bacteria remaining on the surface causes 

the risk for transmission of bacteria to continue 24. 

Hospital environments and surfaces of medical devices are important sources for bacterial 

contamination and the spreading of bacteria from contaminated surfaces causes infections 

that threaten human life. Healthcare-associated infections (HAIs), especially originating 

from multiple drug-resistance (MDR) pathogens, cause an increase in death rates and high 

financial losses every year 25-26. Therefore, surface modification of biomedical devices is 

necessary to combat pathogenic bacteria. In addition, modification of high-contact surfaces 

in hospital settings such as door handles, keyboards, switches, air conditioners, etc., which 

are effective in the spread of bacteria, with antibacterial agents is important for the control 

of the microbial population 27.  

Apart from some traditional food preservation techniques such as drying, freezing, heating, 

fermentation, salting etc. 28, innovative methods that protect food from bacterial 
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contamination are increasing in demand.  With the use of antibacterial food packaging 

materials, the shelf life of foods can be extended, and also their freshness and safety can be 

protected, and therefore food-borne microbial outbreaks and food waste can be prevented. In 

this context, antibacterial food packaging that is designed by the incorporation of an 

antibacterial agent into packaging material or coating the surface of the packaging film with 

an antibacterial agent plays an important role in the control of microorganisms, that cause 

spoilage of food 29. 

The two strategies for designing an antimicrobial surface are that the surface (i) has the ability 

to kill microorganisms, or (ii) prevents the attachment of pathogenic microorganisms. In both 

strategies, the surface should have high antibacterial activity on both sessile and planktonic 

bacteria. The durability of the surface, the absence of harmful components for humans and 

the environment, and cost-effectiveness are also important parameters. Although strategies 

that prevent bacteria from adhering to the surface are effective for short-term use, bacteria 

tend to adhere to surfaces over time, as they do not show a destructive effect on bacteria, 

which triggers the formation of biofilm on the surface. For this reason, active surfaces that 

chemically damage the cell components of bacteria either by the release of an antibacterial 

agent or by direct contact (contact-killing) of the bacteria are more reliable methods of 

combating bacteria 30-31. In addition to the chemical destruction of bacteria by a biocidal 

agent, antibacterial photothermal therapy, which allows eradication of bacteria by damaging 

the bacterial cell wall via hyperthermic effect, has attracted a lot of attention in recent years 

32. In this method, bacteria are irreversibly destroyed physically without the need for any 

chemical agent. 
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Figure 1. A schematic illustration of antibacterial surface coatings designed to deactivate 

bacteria by release-killing (a), contact-killing (b), photothermal-killing (c). 

In this thesis, antibacterial/antibiofilm surface coatings have been developed that have the 

potential to be used in food packaging, surfaces in healthcare settings, and many other high-

contact surfaces, showing high activity on bacteria and biofilms by release of antibacterial 

agents, contact-killing, and photothermal effect (Figure 1). 

1.2.1 Release-based antibacterial coatings 

Release-killing surface coatings deactivate bacteria through the release of an antibacterial 

agent, which was incorporated into the coating either alone or via a carrier. When the 

antibacterial agent is incorporated into the coating without any carrier, it can be released in 

an uncontrolled manner due to the non-covalent binding interactions between the 

antibacterial agent and the coating causing a fast release. Thus, the concentration of the 

antibacterial agent may decrease, and the coating material may lose its antibacterial activity 

when the concentration of the antibacterial agents remains below the minimum inhibitory 

concentration (MIC) that will kill the pathogenic bacteria over time. From this perspective, 

the incorporation of an antibacterial agent-loaded nanocarrier into the coating material 
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following encapsulation of the antibacterial agent into a nanocarrier such as graphene, 

montmorillonite, halloysite nanotubes, etc. can be a good strategy for controlled and 

sustained release.  

Antibiotics, metal nanoparticles, nitric oxide (NO), and essential oils are some examples of 

antibacterial agents used in release-based antibacterial coatings. 

i) Antibiotics 

Device-associated infections (DAIs) caused by bacterial attachment and colonization on 

an indwelling device placed inside the body, such as an implant, both cause negative 

effects on the patient's quality of life due to prolonged hospital stay and an economic 

burden. Moreover, DAIs can lead to increased mortality and morbidity rates. The 

incorporation of antibiotics into medical devices plays an important role in the fight 

against DAIs as the controlled release of antibiotics ensures that the local concentration 

of antibiotics necessary to kill pathogenic microorganisms is maintained 33. Many studies 

on release-based antibacterial surface coatings designed by loading antibiotics on medical 

devices were reported and some of these studies were summarized in Table 1. 

Although antibiotics are the oldest and most commonly used antibacterial agents to fight 

pathogenic microorganisms, they have some limitations. During the release, the 

concentration of the antibiotic below the MIC provokes the pathogenic microorganisms 

to become resistant to the drug, and therefore the antibacterial activity against the bacteria 

is lost 34. In addition, biofilms formed as a result of colonization of surface attached 

bacteria have an extracellular polymer matrix that provides a physical barrier against 

extreme environmental conditions and antibiofilm therapies 35. Even if antibiotics are 



9 

effective on planktonic cells, antibiotics cannot completely eradicate biofilms because 

they do not have the ability to penetrate this barrier. 

Table 1. Examples of antibiotics used in release-based antibacterial surfaces, the delivery 

system used, targeted microorganisms, and application fields or substrates used. 

Antibiotics Delivery system Microorganism 
Application 

field/substrate 
Ref. 

Gentamicin sulfate 

Triclosan 
PDMS S. aureus 

Bio-optical 

materials 
36 

Cationic antibiotics 
LbL multilayer 

assembly 
S. epidermidis Si wafers 37 

Gentamicin 

Polymyxin B 
PMAA hydrogel 

S. aureus  

E. coli 

Responsive 

coatings 
38 

Triclosan 
LbL multilayer 

assembly 

S. aureus  

E. coli 

Self-defensive 

coating 
39 

Gentamicin sulfate 

Ciprofloxacin  

Hydroxyapatite 

nanoparticle 
P. aeruginosa 

Titanium 

substrate 
40 

Vancomycin 
Silk Fibroin 

Nanofibers 
S. aureus  Titania nanotubes 41 

Vancomycin PEG-based hydrogel S. aureus Ti implants 42 

Rifampicin 
Multi-walled carbon 

nanotube 
S. epidermidis Titanium alloy 43 

Moxifloxacin 
Organic-inorganic sol-

gel 

S. aureus  

E. coli 

S. epidermidis 

Ti implants 44 
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ii) Metal nanoparticles 

Metal nanoparticles such as silver, copper, etc. demonstrate bactericidal activity via 

oligodynamic effect by the release of positively charged ions that attach to cellular 

proteins of bacteria and cause deactivation and precipitation of proteins 45. Contrary to 

antibiotics, the risk of bacteria gaining resistance to metal nanoparticles is lower; 

therefore, they can be used as antibacterial agents to be an alternative to antibiotics.  

Different forms of silver such as metallic and ions are widely implemented in the 

biomedical field through incorporation into the coating material. In silver-based coatings, 

the bacterial cell wall is damaged via effects such as interfering with DNA replication, 

impairing the permeability of the cell membrane, inactivating the protein, and 

interrupting the respiratory chain, thereby disrupting the cell integrity 46. Broad-spectrum 

activity against both gram-negative and gram-positive bacterial strains was exhibited by 

silver-containing coatings applied to implants and medical devices, demonstrating that 

silver-containing coatings are effective in combating DAIs 47-51. 

Copper and its compounds are also widely utilized in antimicrobial coatings due to their 

broad spectrum of activity against pathogens. Copper and its derivatives cause reactive-

oxygen species (ROS) production, and penetration to the cell wall of bacteria, thereby 

creating stress on bacteria 45, 52-53. Li et al. demonstrated the strong killing activity of 

copper nanoparticles against both gram-negative and gram-positive bacteria by designing 

copper-containing coatings on flat surfaces 54. Furthermore, Phan et al. indicated that 

different types of copper species such as copper (II) sulfate, copper hydroxide, copper 

oxide, and copper nanoparticles (Cu NPs) which were incorporated into nanofiber and 

nanowires showed significant antibacterial activity against E. coli and B. subtilis 53. 
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Although coatings based on the release of metal nanoparticles prevent biofilm formation 

following the bacterial attachment, the cytotoxic effect that may occur on mammalian 

cells because of the accumulation of metal ions limits their use.  

iii) Nitric oxide (NO) 

The reaction between NO and other reactive oxygen species induce the oxidation of 

lipids, nitration of the cell wall components, and interaction with DNA causing a lethal 

effect on bacteria 55-56. In order to ensure the controlled release of NO in coating systems, 

it is necessary to use donor molecules such as organic nitrates, nitrites, metal-NO 

complexes, nitrosamines, N-diazeniumdiolates (NONOates) and S-nitrosothiols 

(RSNOs) that spontaneously decompose to liberate NO continuously 57. Sadrearhami et 

al. have fabricated antibacterial coatings that were both antifouling and highly effective 

against gram-negative and gram-positive bacteria with a combination of NO precursors 

and PEG by taking advantage of polydopamine chemistry 58. Ho et al. have developed 

solvent-free coatings that release NO continuously and prevent the attachment of 

pathogenic bacteria and even biofilm formation 59.  

iv) Essential oils (EOs) 

EOs, which are natural products of aromatic plants, pass through the cell membrane of 

microorganisms and cause a lethal effect on them through interaction with lipophilic parts 

of the cell, thanks to their oily, volatile structure, and thus, they show a high antibacterial 

effect against a wide variety of pathogenic microorganisms 60-61. EOs are considered safe 

because of their natural structure, and they do not cause cytotoxicity in mammalian cells. 

For this reason, they are frequently used in the food industry both in food preservation 

strategies and in the prevention of foodborne diseases 62-63. The incorporation of EOs into 
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the food packaging materials instead of their direct addition into food prevents 

disadvantages such as changing the smell of the food, thus packaging materials 

containing EOs can extend the shelf life of the food by protecting it from the pathogenic 

bacteria. However, EOs are volatile compounds, so the direct incorporation of EOs into 

bulk packaging material has some limitations such as a decrease in the effective 

concentration of EOs due to methods that require heat treatment during packaging film 

production such as film blowing, extrusion, etc. Besides, EOs are susceptible to oxidative 

degradation, so they may lose their stability in photothermal applications. Encapsulation 

of EOs and subsequently incorporating  encapsulated EOs either directly into a food 

packaging film or incorporating them as coatings are important strategies to avoid these 

disadvantages, as well as allow for the controlled release of the EOs 64. Makvana et al 

developed antibacterial glass surfaces against E. coli and B. cereus that can be used for 

the packaging of liquid foods by coating glass surfaces with cinnamaldehyde 

encapsulated in liposomes 65. Moreover, Thymus capitatus and Origanum vulgare EOs 

encapsulated in polymeric poly(ɛ-caprolactone) (PCL) nanocapsules through 

nanoprecipitation method have demonstrated high antimicrobial activity against 

foodborne pathogens in a controlled-release manner 66. Also, clay nanotubes are good 

candidates for the encapsulation of EOs due to their porous nature and due to the fact that 

they can act as reservoirs for controlled-release systems 67. 

1.2.2 Contact-killing antibacterial coatings  

Contact-killing coatings show antibacterial activity only on direct contact of the 

antimicrobial agent, that is immobilized on the coating without any leakage, with the 

pathogenic bacteria 68. The non-leaching features of the contact-active coatings provide long-
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term antimicrobial activity, inhibition of toxicity caused by excessive accumulation in the 

environment, and improvement in selectivity 69. Quaternary ammonium compounds (QACs), 

antimicrobial peptides (AMPs), and enzymes are the most commonly used contact active 

antibacterial agents incorporated into coatings. 

i) Quarternary ammonium compounds (QACs) 

QACs are composed of a positively charged central nitrogen atom and nonpolar alkyl or 

aryl groups bound to the nitrogen atom (R4N
+). The antimicrobial action of QACs 

originates from the disruption of bacterial cell integrity and the dispersal of the cell's 

cytoplasmic components due to the affinity between the positively charged nitrogen of 

the QACs and the negatively charged bacterial cell wall 70. Many studies on the 

antibacterial surfaces designed by the incorporation of QACs onto coating materials were 

reported and some of these studies were listed in Table 2. 
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Table 2. Examples of QACs used in antibacterial contact-killing coatings, the applied 

surfaces, immobilization techniques, and target microorganisms. 

QAC Applied surface 
Immobilization 

technique 

Microorganism 
Ref. 

PDMAEMA+ 
Glass, PDMS, and 

silicon wafer 
SI-RAFT 

S. aureus  

E. coli 

71 

Octyl-ammonium 

functional QAC 
PDMS catheter SI-ATRP S. aureus  72 

TPGDA Bone cements 

Michael 

addition 

reaction 

S. aureus  

E. coli 

P. aeruginosa 

73 

HACC 
Titanium implant 

surface 

Covalently 

bonded by the 

silanisation 

S. epidermidis 74 

DCAMA Dental implants Spin coating S. aureus 75 

EPTMAC Microfibril cellulose 

Grafted-onto 

cellulose by 

nucleophilic 

addition 

B. subtilis 

S. aureus 

E. coli 

76 

DMOAP 
PVDF membranes 

EVOH membranes 

Grafted to 

membranes 
E. coli 77 

Mixture of QACs Anodized aluminum 
Impregnation 

into nanoholes 

E. faecalis 

S. aureus 

E. coli 

P. aeruginosa 

78 
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ii) Antimicrobial peptides (AMPs) 

Antimicrobial peptides (AMPs) are part of the innate immune system produced by almost 

all living species and show antimicrobial activity on many pathogenic microorganisms 

such as bacteria, viruses, fungi etc. 79. They are composed of amino acid chains 

containing lysine or arginine residues, which provide a positive net charge to AMPs. The 

cationic nature of AMPs is the key feature to their antimicrobial efficacy, since positively 

charged AMPs interact electrostatically with the negatively charged microbial 

membrane, causing AMPs to accumulate on the cell membrane. Subsequently, AMPs 

penetrate the cell and interact with the vital components of the cell such as cytoplasm, 

nucleic acids, etc. 80-81. AMPs are potential candidates for being alternatives to 

antibiotics, due to their broad-spectrum antibacterial activity, high efficacy even at low 

concentrations, target specificity, and low drug resistance 82. Many studies have been 

reported in which AMPs have been used on medical device surfaces such as implants 83, 

catheters 84-86, titanium surfaces 87-88 to combat pathogenic bacteria by utilizing the 

antibacterial activity of AMP. Furthermore, Cao et al. stated that stainless steel exhibited 

an effective antibiofilm property as a result of the dopamine-mediated incorporation of 

two types of peptides into the steel surface 89.  

iii) Enzymes 

Enzymes, the defense mechanism of living organisms from bacterial attack, are the most 

promising contact-killing agents due to the concern about drug-resistance in bacteria. 

Antibacterial action of enzymes mostly is target-dependent causing disruption of cell 

integrity of bacteria through aiming at specific components of cell. Since the degradation 

in the bacterial cell is irreversible, the bacteria often cannot gain resistance to enzymes. 
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In addition, enzymes are highly effective on biofilms by easily passing through the 

extracellular matrix (ECM), which is a natural defense mechanism of the biofilm against 

environmental stress and antibacterial agents. 

Enzymes can be immobilized onto surfaces or carriers via adsorption, covalent bonding, 

entrapment and cross-linking to obtain effective enzyme stability, multiple and long-term 

usage; thus, the surfaces that fight against pathogenic microorganism can be designed in 

many industries, especially healthcare industry 90-92. Enzymes immobilized on various 

substrates used in antimicrobial applications, reported in literature, were listed in Table 

3. 
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Table 3. Enzymes immobilized on various substrates and their applications. 

Enzyme Applied surface Immobilization technique 
Ref

.  

Lysozyme 

Chitosan nanofiber Cross-linking 93 

Cellulose nanofiber 

Agarose WB200 

Wool fiber 

Cellulose acetate nanofibers 

Adsorption 

Covalent bonding 

Covalent bonding 

İonic interaction 

94 

95 

20 

96 

Heparin 
Chitosan-grafted 

polyurethane 
Covalent bonding 97 

Nisin and 

lysozyme 
Nanocrystalline cellulose Covalent bonding 98 

Lysostaphin 

PDA-coated surfaces Covalent bonding 99 

Cellulose fibers Covalent bonding 100 

TiO2 nanoparticle Cross-linking 101 

Polylactide nanoparticles 

Carbon nanotube 

Adsorption 

Covalent bonding 

102 

103 

Lysostaphin, 

serrapeptase and 

DNase 

Mesoporous silica 

nanoparticles 
Covalent bonding 104 

 

1.2.3 Light-activated antibacterial coatings 

Antibacterial photothermal therapy is a physical sterilization method, in which the 

antimicrobial action relies on creating a hyperthermia effect on pathogenic bacteria by means 

of photothermal agents, resulting in irreversible destruction of the cell wall 105-106. In general, 

photothermal agents convert absorbed light energy to thermal energy when irradiated by the 

proper light source, causing an increase in local temperature. Light-activated photothermal 
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therapy, in contrast to chemical-based killing techniques, shows a more effective 

antibacterial activity in short treatment time, and drug resistance of bacteria is prevented as 

well 107-108. Surfaces killing bacteria photothermally can be produced by immobilization of 

photothermal agents onto surfaces via physical methods such as hydrophobic interaction, 

electrostatic interaction, or hydrogen bonding, or chemical methods such as covalent 

bonding. Noble-metal nanoparticles, carbon-based nanomaterials and polymer-based 

materials are mostly used as photothermal agents 14, 109. 

i) Noble-metal nanoparticles 

Local surface plasmon resonance (LSPR), the attractive characteristic of noble metals 

such as Au, Ag, and Pt, provides free electrons oscillating at the surface following the 

absorption of a specific wavelength of light, resulting in heat generation on the surface 

110. The heat-generating capacity of metal nanoparticles can also be adjusted by changing 

their shape, size and morphology, making metal nanoparticles advantageous 

photothermal agents 111. Representative examples of noble-metal nanoparticles used as 

photothermal agents in photothermal antimicrobial surfaces were listed in Table 4. 
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Table 4. Photothermal antibacterial surfaces designed by using noble-metal nanoparticles. 

PTAs Substrate 
Immobilization 

technique 
Microorganism 

Ref

. 

Gold 

nanoparticle 

Silicone rubber Physical deposition S. aureus 112 

Titanium Physical deposition S. aureus, E. coli 113 

Nanocellulose 

paper 
Physical deposition 

B. subtilis, S. aureus, E. 

coli, P. aeruginosa 
114 

Gold nanorod 

Glass Physical deposition E. coli 115 

Titanium 
Electrostatic self-

assembly 

S. epidermis, S. aureus, 

E. coli, P. aeruginosa 
116 

Gold 

nanostar 
Glass Covalent bonding S. aureus, E. coli 117 

Gold 

nanoshell 
PDMS Covalent bonding E. faecalis 118 

Silver 

TiO2 
Acid-catalyzed sol–gel 

technique 

S. aureus, E. coli, P. 

aeruginosa 
119 

Titanium plates Electrostatic adsorption S. aureus, E. coli 120 

Biocompatible 

polysaccharide 
Embedment S. aureus, E. coli 121 

Platinum Gold nanorod 
Wet chemical reduction 

method 

S. aureus, P. 

aeruginosa 
122 

 

ii) Carbon-based nanomaterials 

Carbon-based nanomaterials, such as graphene-based nanomaterials (GBNs), carbon 

nanotubes (CNTs) and carbon dots (CDs) attract a lot of attention as photothermal agents 

due to their high surface area, low toxicity, and high thermal conductivity 10, 123-124. 

Additionally, the high light absorption capacity of black carbon materials provides 

superior photo-absorption properties, resulting in effective light-to-heat conversion under 
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proper light irradiation. Many studies using carbon-based nanomaterials in antimicrobial 

photothermal therapy have been reported and some of these studies are listed in the Table 

5. Despite their superior light-to-heat conversion capacities, carbon-based nanomaterials 

have some disadvantages such as high production costs, the difficulty of producing the 

same quality in high quantities and dispersion problems within the coating material. 

Table 5. Carbon-based nanomaterials used in antimicrobial photothermal therapy. 

PTAs Substrate 
Irradiation 

condition 
Microorganism 

Ref

. 

Graphene oxide 

Polyether sulfone LbL S. aureus, E. coli 125 

Glass LbL E. coli 126 

Iron oxide 
Hydrothermal 

method 
S. aureus, E. coli 127 

Nanocellulose 

paper 
Physical deposition 

B. subtilis, S. aureus, E. 

coli, P. aeruginosa 
114 

Reduced 

graphene oxide 

Bacterial 

nanocellulose 
Blending E. coli 128 

Au nanostar 
Seed-mediated 

growth 
MRSA 129 

Graphene Glass 
Laser induced 

forward transfer 
E. coli 130 

Carbon nanotubes Hydrogel Oxidative coupling S. aureus, E. coli 131 

Multi-walled 

carbon nanotubes 

Waterborne 

polyurethane 
Embedment P. aeruginosa 11 

Single-walled 

carbon nanotubes 

Melt-blown 

polypropylene 

surgical mask 

Single-step spray-

coating 
E. coli 132 
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iii) Polymer-based materials 

Conjugated polymers (CPs) have an excellent light-harvesting ability due to the free 

entanglement of delocalized electrons in their π-conjugated backbones 133. CPs are 

remarkable photothermal agents that can be used in PTT due to their high photothermal 

conversion efficiency, photostability, biocompatibility, simple manufacturing processes, 

applicability to almost any surface, and low cost 14, 134. PANI, one of the conjugated 

polymers, absorbs light strongly in the visible and NIR regions and converts most of the 

absorbed light into heat due to its low luminescence, which makes PANI an excellent 

photothermal material 135. Another conjugated polymer, polypyrrole (PPy), is demanded 

in many photothermal applications thanks to its excellent stability and biocompatibility 

as well as high light-to-heat conversion ability 14. Poly(3,4 ethylenedioxythiophene) 

(PEDOT), which is frequently used in photothermal therapy, draws attention with its 

excellent photostability and high photothermal conversion efficiency, as well as its low 

production cost and resistance to oxidation 14, 136. Furthermore, besides versatile adhesive 

properties, polydopamine (PDA) has arisen as a candidate that can be used in PTT due to 

its high photothermal conversion efficiency, biocompatibility, hydrophilic character, and 

being not cytotoxic 137-139. PDA exhibits photothermal properties due to the non-radiative 

relaxation as a result of the return of the delocalized electrons from the upper energy level 

to the ground energy level after being stimulated under external stimuli such as light. 

Some examples on photothermally active antimicrobial surfaces designing by conjugated 

polymers were summarized in Table 6.  
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Table 6. Summary of photothermal antimicrobial surfaces based on the polymer-based 

photothermal agents. 

CPs Substrate Irradiation conditions Microorganism 
Ref

. 

PANI 
Persistent luminescence 

nanoparticles 
808 nm, 1.5 W cm-2 S. aureus, E. coli 140 

 
Silicon, polystyrene, 

polypropylene, PET 
808 nm, 2 W cm-2 S. aureus, E. coli 141 

PPy Glass fiber membranes 4.5 sun solar light E. coli 142 

 Carbon nanotubes 808 nm, 1 W cm-2 P. aeruginosa 143 

 Carbon nanoparticles 808 nm, 1 W cm-2 P. aeruginosa 144 

PEDOT 
Magnetic iron oxide 

nanoparticles 
808 nm, 2 W cm-2 S. aureus, E. coli 145 

 
Glass substrate, 3D 

cotton structure 
808 nm, 2 W cm-2 S. aureus, E. coli 146 

PDA Titanium 808 nm, 1 W cm-2 S. aureus biofilm 138 

 
Glass, silicon wafer, 

PVC, SR tubes 
808 nm, 0.9 W cm-2 

E. coli, S. aureus, 

C. albicans 
147 

 Titanium 808 nm, 1 W cm-2 S. aureus 148 

 HNT 808 nm, 0.8 W cm-2 S. aureus 149 

 

1.3.Dissertation structure 

This thesis consists of a total of six chapters, including a general introduction and conclusion. 

The thesis includes four published journal articles. All references are combined in the 

"references" section. 

A summary of each chapter is as follows: 
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Chapter 1: The dissertation overview, the aims of the studies and a literature review for the 

approaches mentioned in the thesis were included. 

Chapter 2: The study on antibacterial food packaging films fabricated by the coating of 

packaging material with an essential oil that is encapsulated in halloysite nanotubes was 

presented. The antibacterial activity of the coating materials against Aeromonas hydrophila, 

which is usually transmitted by food products that cause gastroenteritis, was investigated 

both on the coated packaging material and on chicken meat samples wrapped with coated 

packaging material. 

Chapter 3: The study of waterborne polyurethane-polydopamine coatings that destroy 

bacteria physically without any antibacterial agent due to the light-to-heat conversion was 

presented. The solid particles in the waterborne polyurethane dispersion were coated with 

polydopamine with a one-pot reaction, followed by casting films from the hybrid polymer 

dispersions. The NIR-induced temperature elevations of films were investigated. 

Furthermore, the antibacterial/antibiofilm properties of the films, which were associated with 

the death of the attached and/or accumulated bacteria on the surface as a result of the increase 

in temperature with NIR stimulus, were investigated. 

Chapter 4: The fabrication of coating materials that can be used in the fight against S. 

aureus, which causes healthcare-associated infections, was presented. The coating material 

was designed by the incorporation of hybrid nanoparticles obtained by covalent 

immobilization of lysostaphin onto polydopamine coated halloysite nanotubes into 

polyurethane. The antibacterial and antibiofilm activities of the obtained coating materials, 

which have the capacity to kill bacteria by contact due to the lysostaphin, were investigated. 
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Chapter 5: The study on antibacterial/antibiofilm coatings fabricated by immobilization of 

lysostaphin onto thin-film coatings of hybrid polymer system composed of waterborne 

polyurethane and polydopamine was presented. The antibacterial and antibiofilm properties, 

as well as the stabilities of the coating materials, were investigated. 

Chapter 6: The overall conclusion results for all chapters were included. 
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CHAPTER 2: Carvacrol loaded halloysite coatings for antimicrobial food packaging 

applications 

Reference Publication: Buket Alkan Taş, Ekin Şehit, Cüneyt Erdinç Taş, Serkan Ünal, Fevzi 

C. Cebeci, Yusuf Z. Menceloğlu, Hayriye Ünal, ''Carvacrol loaded halloysite coatings for 

antimicrobial food packaging applications'', Food Packaging and Shelf Life 20 (2019) 100300 

2. 1. Abstract 

Antimicrobial thin film coatings that can be utilized in food packaging provide an effective 

approach to enhance food quality and safety. Here, the coating of polyethylene films with an 

antimicrobial thin film through a Layer-by-Layer (LbL) assembly is demonstrated. Halloysite 

nanotubes (HNTs) which are tubular clay nanoparticles were utilized for the encapsulation 

and sustained release of carvacrol, the active component of essential thyme oil. Antimicrobial 

thin film coatings of 225 nm thickness were prepared by the deposition of ten bilayers of 

chitosan (CHI) and carvacrol loaded HNTs onto the polyethylene surface by spray LbL. 

Coated films reduced the viability of a food pathogen, Aeromonas hydrophila by 85% and the 

aerobic count on chicken meat surfaces by 48%. Furthermore, coated film surfaces 

demonstrated lower bacterial attachment compared to control polyethylene films indicating 

their antibiofilm character. Composed of natural and safe components, antimicrobial coatings 

developed in this study provide a novel and effective approach to obtain antimicrobial food 

packaging materials that can greatly contribute to food safety. 
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2. 2. Introduction 

Food packaging materials that can prevent microbial spoilage of food samples provide an 

efficient solution to shelf life extension. Antimicrobial films can inhibit and/or mitigate the 

growth of microorganisms through the release of antimicrobial agents from the film surface 

to the food or the packaging headspace 150. When an ideally designed sustained release system 

is utilized, the antimicrobial agent can be retained in the packaging headspace over a longer 

period; thereby extend the shelf life of packaged food over a reasonable amount of time. The 

traditional approach to obtain antimicrobial food packaging films is to incorporate 

antimicrobial agents into synthetic polymers. Polyolefins such as polyethylene and 

polypropylene are the most commonly utilized polymeric film materials for food packaging 

applications due to their low cost, good mechanical strength, transparency and suitability for 

heat sealing and printing 151. Organic acids, enzymes, bacteriocins, fungicides, inherently 

antimicrobial polymers, natural extracts and essential oils have been incorporated into 

polyethylene or polypropylene matrices resulting in films with moderate antimicrobial activity 

150, 152. 

The main problem associated with the bulk incorporation of antimicrobial agents into polymer 

matrices is the fact that high temperature processing conditions during melt compounding and 

film manufacturing processes are expected to decrease the effective concentrations of mostly 

volatile or temperature sensitive antimicrobial agents. On the other hand, the coating of the 

inner surface of packaging materials with antimicrobial agents under ambient conditions 

provides an opportunity for the utilization of these agents in packaging applications more 

effectively. Several examples exist where antibacterial agents have been coated onto 

polymeric film surfaces by embedding within polymeric resins 153-159 or directly by 



27 

noncovalent 65, 160-161 or covalent 162-164 surface immobilization. While all these coating 

methods result in food packaging films that are somehow effective against pathogenic 

microorganisms, they do not provide a great control mechanism for the a function of the 

nanoscale coating thickness. One effective approach that enables such nanoscale control is the 

coating of film surfaces by LbL assembly containing active agents. Using this aqueous 

solution based technique, durable, multilayer coatings with nanoscale thicknesses can be 

obtained through sequential assembly of oppositely charged electrolytes taking advantage of 

electrostatic interactions on a charged surface 165-166. Due to its environmentally friendliness, 

cost effectiveness and versatility, LbL technique has been widely utilized to functionalize 

surfaces in a variety of application areas 167-169 while its implementation to prepare 

antimicrobial food packaging materials has been limited 170-171. 

HNTs are naturally formed aluminum silicate nanoparticles presenting a hollow tubular 

structure. They are widely utilized as multifunctional nanoparticles for drug delivery and 

controlled release studies 172-175. We and others have previously demonstrated that loading of 

HNTs with antibacterial essential oils results in natural and safe antibacterial nanoparticles 

with sustained release behaviour, which can be incorporated into polymeric matrices to 

prepare films and coatings with antimicrobial and antibiofilm properties 176-178.  Although 

these studies show the effectiveness of loaded HNTs in bulk films, to the best of our 

knowledge, deposition of active agent loaded HNTs onto a material surface as a precisely 

controlled thin film coating with a sustained release behaviour has not been reported 

previously. 

In this study, we report the use of HNTs loaded with carvacrol, the active component of 

essential thyme oil as a sustained release system and demonstrate the nanoscale coating of 
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polyethylene (PE) surfaces with carvacrol loaded HNTs using LbL assembly technique to 

obtain food packaging films active against food pathogens. 

2. 3. Materials and Methods 

 Materials 

Carvacrol was supplied by Tokyo Chemical Industry Co. (Japan). HNTs were provided by 

Eczacıbaşı Esan (Turkey). Commercially available corona treated low density PE films with 

a thickness of 65 μm were used as substrates for the LbL coating application. Poly (sodium-

4- styrene sulfonate), MW 70 000 g/mol (PSS), low molecular weight CHI and glacial acetic 

acid (> 99.8%) were purchased from Sigma Aldrich. A. hydrophila, ATCC 35654) was 

purchased from Medimark (France) and Tryptic soy broth (TSB) was purchased from Biolife 

(Italy). Deionized water was used in all experiments. 

 Preparation of carvacrol loaded HNTs (crv-HNTs) 

HNTs were mixed with carvacrol at a ratio of 0.1 g HNT/mL. HNTcarvacrol mixture was 

subjected to ultrasonication with a microprobe (Q700, QSONICA, CT, USA) for 30 min in 

an ice bath (pulse on 2 s, pulse off 5 s). HNT-carvacrol mixture was then transferred into a 

vacuum jar connected to a vacuum pump. 1 mbar pressure was applied for 30 min to remove 

air inside HNTs followed by application of atmospheric pressure for 10 min to allow carvacrol 

molecules enter evacuated HNTs. The cycle was repeated twice to increase loading efficiency. 

The solid phase in the resulting suspension comprising crv-HNTs was separated by 

centrifugation at 5000 rpm for 5 min, and the excess carvacrol was removed. Crv-HNTs were 

washed with ethanol once by centrifugation to remove surface adsorbed carvacrol molecules 
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and they were dried overnight at room temperature in an open container. Dry crv-HNTs were  

kept in a closed container at room temperature. 

 LbL assembly of CHI/crv-HNT:PSS thin films 

CHI solution as the polycationic bath was prepared with a concentration of 1 g/L using 0.1M 

of glacial acetic acid. An aqueous solution of PSS and crv-HNTs as the anionic bath 

containing 2 g/L PSS and 1 g/L crv-HNTs was prepared using deionized water and stirred at 

1000 rpm for 1 h to obtain a stable negatively charged solution. The pH values of the cationic 

and anionic polyelectrolytes were determined to be 3.4 and 5.5, respectively. Thin film 

coatings were directly deposited from these solutions without further pH adjustment. 

Spray LbL assembly was performed with a home-built programmable robotic spraying 

system. A robotic arm equipped with a set of airbrush with nozzle size of 0.35mm was used 

to coat 100×100mm substrate surface. Working distance of the spray tip was kept at 50mm 

from the substrate. The robotic arm was programmed to vertically spray solutions along the 

y-axis of 100mm and move on the x-axis by a step size of 10mm without spraying and then 

y-axis spraying was repeated until the whole surface was uniformly coated. Airbrushes were 

calibrated to spray polyelectrolyte solutions at 5 μL/s. Polyelectrolyte solutions were sprayed 

for 3 s and the rinse water was sprayed for 20 s. Based on the travel time and distance, amount 

of sprayed solutions was calculated to be 0.15 μL/mm for polyelectrolytes and 1 μL/mm for 

the rinse water. 

The deposition cycle was repeated until desired number of bilayer architecture was reached. 

To investigate the formation of the LbL architecture, glass substrates were first coated with 

CHI/crv-HNT:PSS thin films. Glass slides (75 x 25 mm, Corning Inc.) were used after a 

cleaning protocol. Briefly, glass slides were sonicated for 15 min in the micro-90 diluted 
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cleaning solution (Sigma-Aldrich) and washed with distilled water twice under sonication for 

15 min, followed by plasma cleaning for one minute (Harrick Plasma PDC-002 (230 V)), 

which also introduces negative charges on substrate surfaces. Glass slide surfaces were then 

coated by following the spray LbL protocol described above to deposit CHI/crv-HNT:PSS 

coatings with number bilayers from two to ten. Thicknesses of coated films on glass substrates 

with two to ten bilayers were determined by KLA-Tencor P6 Surface Profilometer. 

Approximately 1mm of Z range on the surface was scanned by applying 1 mg force with 50 

μm/s velocity. For the assembly of CHI/crv-HNT:PSS thin films on PE surfaces, PE substrates 

(15×15 cm) were washed with deionized water for purification and dried with nitrogen airgun 

followed by the spray LbL protocol described above. Antibacterial studies were performed on 

PE films coated with 10 bilayers of CHI/crv-HNT: PSS, designated as PE/(CHI/crv-HNT: 

PSS)10. As control films without crv-HNTs, PE substrates were coated with 10 bilayers of 

CHI/PSS, designated as PE/(CHI/PSS)10. 

For the investigation of the surface morphology of thin films obtained by spray LbL, samples 

were coated with Au-Pd and visualized by LEO Supra 35 V P Scanning Electron Microscopy. 

 Bacterial viability 

A. hydrophila were grown in 3 mL TSB overnight at 30 °C. Cells were harvested by 

centrifugation, washed twice in sterile Phosphate Buffered Saline (PBS) and re-suspended in 

PBS at a concentration of 109 CFU/mL. 1 cm×1 cm pieces of PE/(CHI/crv-HNT:PSS)10 films 

were incubated in A. hydrophila suspensions of 108 CFU/mL in PBS at 30 °C in a shaker 

incubator. As controls, neat PE films and PE/(CHI/PSS)10 films of the same size were also 

incubated with cells along with a “cells only” sample without a film. Films were removed 

after 48 h and aliquots of suspensions were serially diluted. 100 μL of each dilution was plated 
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on TSB agar plates. Bacterial colonies were counted after overnight incubation at 30 °C. The 

bacterial viability test was repeated three times for each sample. Viability values were 

calculated by comparing the number of colonies in samples incubated with films to the number 

of colonies in “cells only” sample and reported as the mean value with standard error 

calculated from three separate tests. 

 Bacterial growth on chicken surfaces wrapped with crv-HNT/PE films 

Fresh chicken meat samples were cut in 3 cm×3 cm pieces, weighing 8 g each, wrapped with 

PE, PE/(CHI/crv-HNT:PSS)10, PE/(CHI/PSS)10 films and incubated at 4 °C. Following a 24 

h incubation, bacteria on the chicken meat surface were transferred into TSB by using a sterile 

swab. Aliquots of suspensions were serially diluted. 100 μL of each dilution was plated on 

TSB agar plates. Bacterial colonies were counted after overnight incubation at 30 °C. Each 

sample was tested three times. 

 Bacterial attachment on crv-HNT/PE surfaces 

1 cm×1 cm pieces of films were incubated with A. hydrophila in wells of a 12-well plate. Each 

well contained 108 CFU/mL A. hydrophila in TSB. After incubation for 48 h at 30 °C, bacterial 

suspensions were removed from wells and films were rinsed with sterile PBS twice. Films 

were stained with BacLight Live/Dead stain (L-7012, Invitrogen, USA) for 30 min in dark at 

room temperature followed by rinsing with PBS. Films were then mounted onto coverslips 

and imaged with a Carl-Zeiss LSM 710 Laser Scanning Confocal Microscope equipped with 

a Plan-Apochromat 63x/1.40 oil objective. Reported images are 3-D renderings of Z-stacks 

created by using Zen 2010 software. 
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2. 4. Results and Discussion 

2.4.1 Coating of PE film surfaces with CHI/crv-HNT:PSS 

The use of crv-HNT nanoparticles as antimicrobial agents has been previously reported by 

Hendessi et al. 176. The ultrasonic treatment of HNTs in the presence of excess carvacrol 

followed by vacuum application to replace water and air within HNTs with carvacrol 

molecules resulted in approximately 15 wt. % loading of carvacrol (Figure 2a). Encapsulated 

carvacrol was shown to be released in a sustained manner over a period of one week at room 

temperature (Figure 2b). Crv-HNT nanoparticles were demonstrated to be active against a 

panel of foodborne pathogens including Pseudomonas putida, Aeromonas hydrophila, 

Listeria monocytogenes, and Staphylococcus aureus as shown by agar diffusion assays. 

 

Figure 2. (a) Temperature dependent weight loss curves for unloaded HNTs (green), 

carvacrol loaded HNTs (black), and carvacrol (red) obtained by TGA; (b) carvacrol release 

curves represented by time dependent percent weight loss of carvacrol loaded HNTs (red) and 

unloaded HNTs (black) as calculated by isothermal TGA at 30 °C 176. 

In this study, the thin film coating of PE film surface with crv-HNTs was performed by LbL 

assembly of alternating positively charged CHI and negatively charged crv-HNT:PSS layers 
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on the plasma treated film surface as schematically shown in Figure 3. HNTs, which 

inherently carry a negative charge due to their silicon dioxide outer surfaces were mixed with 

PSS polymer in a ratio of 1:2 to provide sufficient anionic charge density and form a stable 

aqueous dispersion that would allow a homogeneous distribution on the surface. The 

positively charged layer of the coating architecture was formed by CHI, a linear 

polysaccharide based biopolymer, which was also expected to contribute to the 

antimicrobialactivity of the coating due to its known effectiveness against pathogenic 

microorganisms. 

An automated spray-LBL technique was utilized for the LbL thin film assembly of CHI and 

crv-HNTs layers on the PE surface. The automated spray LbL process allows a faster 

deposition of electrolyte layers onto large area surfaces, which renders this coating method 

suitable for larger scale applications 179-180. In this work, we aimed to demonstrate the 

applicability of the spray LbL technique to coat PE film surfaces with crv-HNTs in a short 

time, as a feasible, nanoscale coating method for food packaging applications. 

Firstly, the formation of CHI/crv-HNT:PSS thin film coatings via the spray LbL technique 

was investigated by evaluating the deposited film thickness as a function of deposited number 

of bilayers on a glass substrate. The film thickness growth curve obtained by profilometry 

measurements as a function of the number of deposited bilayers is shown in Figure 4. The 

film thickness increased almost linearly as a function of the number of deposited bilayers, 

resulting in approximately 225 nm film thickness when ten bilayers were deposited. Larger 

variations  were observed in film thicknesses as the number of bilayers increased, which can 

be explained by the potentially higher surface roughness as more HNTs were incorporated 

onto the surface. 
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Figure 3. Schematic representation of the LbL assembly of CHI and crv-HNTs on PE film 

surface. 

Next, PE film surfaces coated with carvacrol loaded HNTs were investigated to evaluate the 

distribution of HNTs on the PE surface. Figure 5 shows representative scanning electron 

microscopy (SEM) images of PE surfaces coated with ten bilayers of CHI/crv-HNT:PSS by 

the spray LbL technique. SEM images clearly show that crv-HNTs were successfully 

deposited on the film surface presenting a homogeneous distribution of HNTs as tubular 

nanoparticles with varying widths of 10–150 nm and lengths of 0.1–1 μm. The homogeneous 

distribution of crv-HNTs is desirable for a uniform antibacterial activity throughout the film 

surfaces. 
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Figure 4. Growth curves of spray LbL assembled CHI/crv-HNT:PSS thin films. 

It should be noted that the deposition of a ten-bilayer thin film coating of homogeneously 

distributed HNTs via the custom designed spray LbL approach was ten times faster than the 

deposition of the same coating via the conventional LbL system by the dipping process. This 

unparalleled coating speed along with a highly homogenous distribution of antimicrobial 

agent loaded HNTs makes the spray LbL approach a promising method for the preparation of 

thin film coatings on PE surfaces for food packaging applications. 

 

Figure 5. Representative SEM images of PE film surfaces coated with crv-HNTs through 

spray LbL technique. The scale bar represents 1 μm in (A) and 2 μm in (B). 
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2.4.2 Antimicrobial properties of crv-HNT coated PE surfaces 

As the LbL assembly allows the preparation of crv-HNT thin films of any thickness by varying 

the number of bilayers, the amount of HNTs releasing carvacrol from the surface and thus the 

antimicrobial activity of the film can be controlled as desired. Antimicrobial properties of 

spray LbL coated film surfaces were demonstrated with PE films having ten bilayers of crv-

HNT:PSS and CHI, as ten bilayer-coatings provide a good balance between practical coating 

preparation times and effective carvacrol concentrations within the coating. 

The antimicrobial activity of crv-HNT coated PE films was evaluated against the food 

pathogen A. hydrophila, as a representative species, by using the viable-cell counting method. 

A. hydrophila are aquatic gram negative pathogens causing gastroenteritis, which are usually 

transmitted by food products 181. Furthermore, their accumulation makes material surfaces 

susceptible to the biofilm formation, which is a great challenge for several industries causing 

both financial losses and infection related health problems 182. Aqueous suspensions of A. 

hydrophila were incubated with LbL coated PE films of equal surface areas for 24 h followed 

by plating serially diluted suspensions and viable-cell counting. Viability values were 

calculated in comparison to viable cell counts in suspensions that were not incubated with any 

films. As demonstrated in Figure 6, neat PE films that were not coated did not show any 

antimicrobial activity. PE films coated with CHI/crv-HNT:PSS, on the other hand, resulted in 

85% decrease in the viability of cells, demonstrating a strong bactericidal effect against A. 

hydrophila. Considering the known antimicrobial activity of CHI, in order to better understand 

its contribution in the film co-deposited with crv-HNT, the antimicrobial effect of CHI/PSS 

coated PE/(CHI/PSS)10 film was also determined. Incubation of cells with this control film, 

lacking crv-HNTs on the surface led to significantly higher viability than PE/(CHI/crv-
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HNT:PSS)10 films, demonstrating that the antibacterial effect was significantly arising from 

crv-HNTs on the CHI/crv-HNT:PSS coated PE surface. Apparently, carvacrol molecules that 

were released from HNTs over the 24 h of incubation presented a killing effect on A. 

hydrophila cells. 

 

Figure 6. Viability of A. hydrophila incubated in the presence of films of equal sizes for 24h. 

The effectiveness of crv-HNT coated PE films as active food packaging materials with 

antimicrobial activity was evaluated on actual chicken meat samples. Pieces of chicken meat 

samples cut to the same size were wrapped with neat PE, PE/(CHI/crv-HNT:PSS)10 and PE/ 

(CHI/PSS)10 films. The total number of viable bacteria on chicken meat surfaces was 

determined for each package by the aerobic plate count following a 24 h incubation at 4 °C as 

a way to compare their background microbiological status. Differences in aerobic plate count 

results for chicken meat samples wrapped with two control films, neat PE and CHI coated PE, 

and crv-HNT coated PE films are shown in Figure 7. While the PE/(CHI/PSS)10 presented 

only 0.4 log difference, PE/(CHI/crv- HNT: PSS)10 films presented 1.4 log difference 

compared to neat PE films. The growth of microorganisms on the chicken surface in contact 
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with crv-HNT thin film coating was inhibited due to the sustained release of carvacrol. These 

results clearly demonstrate that the microbiological quality of chicken meat samples packaged 

with PE films coated with crv-HNTs through the LbL assembly was significantly improved 

relative to chicken meat samples packaged with neat PE films. This improvement on the 

microbiological quality would be reflected as a longer shelf-life for food products packaged 

with crv-HNT coated films as bacteria-related spoilage would be postponed. 

 

Figure 7. Aerobic plate count of chicken meat surfaces wrapped with neat PE films and thin 

film coated PE films following a 24 h incubation at 4 °C. 

The effectiveness of crv-HNT coated PE films against bacterial surface attachment was also 

investigated to evaluate their antibiofilm properties. PE/(CHI/crv-HNT:PSS)10 films along 

with control films including neat PE films and PE films coated only with CHI and PSS were 

incubated with A. hydrophila cells in growth medium for 48 h. Following the incubation, films 

were washed to remove unadhered cells and stained with live-dead indicator fluorophores. 

Figure 8 shows representative laser scanning confocal microscopy images of stained films. 
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The neat PE film surface was highly colonized with live bacteria as shown by the green 

staining of cells. On the other hand, surfaces of films coated with only CHI:PSS and both CHI 

and crv-HNTs:PSS were significantly less colonized by bacteria due to the antimicrobial 

activity of thin film coatings. Interestingly, while cells colonized on PE/(CHI/PSS)10 were 

mostly alive, cells colonized on PE/(CHI/crv-HNT:PSS)10 films were dead to a much greater 

extent. These results clearly demonstrate that the nanoscale crv-HNT coating imparts 

antibiofilm character to the PE surface by both mitigating bacterial attachment and killing the 

surface attached bacteria. 

 

Figure 8. Representative laser scanning confocal microscopy images of surfaces of neat PE 

film (A), PE film coated with bilayers of CHI and PSS (B), and PE films coated with bilayers 

of CHI and crv-HNTs dispersed in PSS (C) following a 24 h incubation with A. hydrophila 

and staining with live-dead cell stain. 

While an extensive evaluation of antimicrobial activity of prepared films against a panel of 

food pathogens is required before defining their actual shelf-life extending capabilities, 
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antimicrobial and antibiofilm properties of films reported in this study poses a great potential 

for use as food packaging materials that keep food safe for longer. 

The coating design presented in this work provides a modular system, where clay 

nanoparticles act as encapsulating agents that allow the sustained release of any antimicrobial 

agent from a nano-sized thin film coating. While the antimicrobial activity of prepared 

coatings on food packaging film surfaces was demonstrated with carvacrol molecules as a 

natural antimicrobial agent, various other types of antimicrobial agents can be utilized based 

on the microbiological requirements for food products to be packaged and kept fresh. 

2. 5. Conclusions 

A thin film coating of carvacrol loaded HNTs that can serve as antimicrobial active layer for 

food packaging applications was assembled on food packaging films by spray LbL deposition 

technique. 

While the custom spray LbL approach provided an unparalleled coating speed and highly 

homogenous distribution of high aspect ratio nanostructures, the sustained release of carvacrol 

from homogeneously distributed and immobilized HNTs through the fabricated thin film 

coating on the polyethylene surface imparted antimicrobial and antibiofilm properties against 

food pathogens. The contribution of prepared packaging films to the microbiological quality 

of food products would potentially slow down the bacteria-related spoilage and extend their 

shelf-life. Composed of natural and safe components, films demonstrated in this study have a 

great potential for utilization as food packaging materials that are effective against foodborne 

infections and financial losses caused by food spoilage. 
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CHAPTER 3: NIR-responsive waterborne polyurethane-polydopamine coatings for 

light-driven disinfection of surfaces 

Reference Publication: Buket Alkan Taş, Ekin Berksun, Cüneyt Erdinç Taş, Serkan Ünal 

and Hayriye Ünal “NIR-responsive waterborne polyurethane-polydopamine coatings for 

light-driven disinfection of surfaces”, Progress in Organic Coatings 164 (2022) 106669 

3. 1. Abstract 

Apart from conventional chemical-based methods, alternative disinfection methods that can 

physically destroy bacteria are needed. Here, biocompatible, non-toxic, environmentally 

friendly hybrid coatings prepared from dispersions of polydopamine-coated waterborne 

polyurethane particles (WPU-PDA) that offer effective light-to-heat conversion were 

designed to eradicate pathogenic bacteria and biofilms using photothermal therapy. The 

resulting WPU-PDA hybrid coatings demonstrated an effective photothermal activity by 

reaching 155 °C under 4 min NIR-laser irradiation and staying stable upon multiple 

irradiation cycles. WPU-PDA coatings induced hyperthermia on S. aureus resulting in a 3.5 

log reduction of viable cells with a killing activity that is stable for at least 20 

contamination/disinfection cycles. Furthermore, the prepared coatings were shown to have 

antibiofilm properties resulting in a 3 min NIR-light activated 3.9 log reduction in the 

viability through physical disruption of biofilm bacteria. Light-activated 
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antibacterial/antibiofilm coatings demonstrated here provide a strong potential for NIR-light 

activated disinfection of surfaces.  

3. 2. Introduction 

Bacteria have the ability to adhere to almost any material surface and subsequently form 

biofilms 183-184. Pathogenic bacteria accumulated on material surfaces can result in 

deterioration of surface properties, as well as threaten public health by causing infections 185-

186. Therefore, disinfection of different material surfaces, from biomedical devices such as 

implants to environmental surfaces such as hospital walls, filtration systems or food 

packaging, is essential for reducing biological contamination and improving the efficacy of 

the materials. Chemical decontamination via the incorporation of antibacterial agents into 

surfaces is the conventional method that is frequently used today 187-188. Antimicrobial 

peptides 189-190, antimicrobial enzymes 191-192, nanoparticles193, quaternary ammonium 

compounds 18, 194 and antibiotics 195-196 are examples of antibacterial agents used for the 

fabrication of chemically-active antibacterial surfaces that can inhibit the attachment of 

bacteria to the surfaces and/or kill already attached bacteria. However, these antibacterial 

agents used in surface decontamination have some disadvantages such as low resistance to 

environmental conditions, reduced performance in long-term or multiple-use, high cost and 

bacteria gaining resistance to the antibacterial agents 197. Alternatively, external stimuli-

triggered physical disinfection of surfaces based on disruption of bacterial cells strongly 

overcomes the disadvantages of chemical disinfection. 

Photothermal therapy (PTT) based on light-to-heat conversion causing temperature 

elevations under near infrared (NIR) light irradiation, provides an important physical 
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sterilization method for direct in-situ decontamination of materials 198-199. Antibacterial PTT 

ensures efficient elimination of bacteria through various hyperthermia effects such as cell 

membrane rupture, protein/enzyme denaturation and degradation of nucleic acids 32. While 

antibacterial PTT is advantageous in terms of short treatment times and the fact that bacteria 

can not gain resistance, it also provides broad-spectrum disinfection with higher antibacterial 

efficacy compared to conventional disinfection methods in which antibacterial agents are 

used 109, 200. NIR light-activated PTT is also superior to other photosensitive antibacterial 

disinfection systems based on ultraviolet (UV) radiation, such as direct UV disinfection or 

photodynamic therapy due to  the high penetrability and nontoxicity of the NIR light, which 

allows deep disinfection without being harmful 201. The fact that photothermal disinfection 

of surfaces provides heat-based killing that can inactivate other pathogens such as viruses as 

well makes this method a promising tool for a broad range of antimicrobial applications 

including the development of reusable personal protective equipment which has become vital 

during COVID-19 pandemic 202-203.  

Noble-metal nanoparticles such as Au, Ag and Pt 122, 204-206; carbon-based nanomaterials such 

as graphene, carbon nanotubes and carbon dots 11, 126, 128, 207; metal sulfide/oxide 

nanomaterials 208-209 and small molecule-based nanomaterials such as cyanine-based dyes 

and Prussian blue 210-211 are the most used photothermal agents due to their strong NIR light-

absorbing capability and excellent photothermal conversion features. Nevertheless, polymer-

based photothermal materials such as conjugated polymers are promising candidates since 

they do not have the limitations shown by most photothermal nanoparticles such as toxicity, 

poor photostability under long-term light irradiation, difficulty in large-scale application and 

high cost 212-215. Most conjugated polymers composed of alternating π and σ-bonds present 
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light-to-heat conversion capability as they strongly absorb light in the near-infrared (NIR) 

window and are preferred in PTT due to their high photothermal conversion efficiency, 

biodegradability, cost effectiveness, good photostability and easy production 14, 134.  

Polydopamine, a mussel-inspired polymer, can be synthesized by oxidation polymerization 

of the dopamine monomer under alkaline conditions 216. The catechol groups of 

polydopamine allow easy adhesion on both organic and inorganic materials; thus, any surface 

can be coated with polydopamine to take advantage of its non-cytotoxicity, good 

biocompatibility and durability 217-219. Furthermore, polydopamine can convert NIR light to 

heat effectively due to its conjugated structure and thereby introduces photothermal features 

to the material that is coated 220. The produced light-activated heat can be utilized for the 

inactivation of pathogenic bacteria and biofilms deposited on material surfaces with the 

incorporation of polydopamine into the nanoparticles 221-223, hydrogels 224-226, hybrid 

nanofibrous scaffolds 227 and surface coatings 138, 147, 228. However, the large-scale application 

of polydopamine coatings is one of the drawbacks of such applications and limits the 

practical use of these materials. Besides, polydopamine-coated nanoparticles produced for 

PTT may not be homogeneously distributed in the coating matrix, thus, the inability to 

dissipate the temperature equally on the coating material surface leads to antibacterial PTT 

not to be used effectively. Recently, coating of waterborne polyurethane (WPU) solid 

particles with polydopamine in aqueous dispersion was demonstrated to result in a 

photothermal polymer matrix that exhibits the light-to-heat conversion properties of 

polydopamine in its entirety 229.  

In this study, we have designed antibacterial coatings from a photothermal polymer matrix 

consisting of polydopamine coated WPU particles specifically for use in light-activated 
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disinfection of surfaces. The NIR-induced temperature elevations in the waterborne 

polyurethane/polydopamine matrix allows significant bacterial killing activity resulting in 

efficient light-activated disinfection. The design approach adopted here synergistically 

combines the advantages of WPU and polydopamine in a single polymer matrix, allowing 

for biocompatible, non-toxic, environmentally friendly antibacterial coatings that can be 

effectively disinfected by NIR-light and easily applied on a large scale. 

3. 3. Materials and Methods 

3.3.1 Chemicals 

Dopamine (3-hydroxytyramine hydrochloride) was purchased from Acros Organics Inc. 

Ultrapure Tris base (Tris(hydroxymethyl)aminomethane) was purchased from MP 

Biomedicals, LLC. Sodium hydroxide pellets, hydrochloric acid (ACS reagent, 37%), 

ethylenediamine (EDA) and acetone (99.5%) were purchased from Sigma-Aldrich Inc. 

Hexamethylene diisocyanate (HDI) and a linear polyester formed from adipic acid, butane-

1,4-diol, ethylene glycol, diethylene glycol (Desmophen 1652, Mn=2000 g/mol) were 

purchased from Covestro AG. Sodium 2-[(2-aminoethyl) amino] ethane sulphonate (AEAS, 

50 wt% in water) was kindly donated by Evonik Industries. The polyester polyol was dried 

at 80 °C under vacuum (~2 mbar) for 15 min prior to use. Tryptic soy broth (TSB) and agar 

powder were purchased from Medimark (Italy). Deionized (DI) water was used in all 

experiments. All chemicals were used without any further purification unless stated 

otherwise. 
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3.3.2 Synthesis of WPU 

The WPU was synthesized using the acetone method 191, 230. NCO-terminated polyurethane 

prepolymer was synthesized by charging a four-necked, 1-L glass round-bottomed-flask 

equipped with a heating mantle, stirrer, condenser and a thermocouple with 170.8 g of 

polyester polyol and 29.0 g of HDI, allowing the mixture to polymerize at 80 °C until 

reaching the theoretical NCO content, which was determined by the standard di-butyl amine 

back titration method (ASTM D2572-97).  Once the theoretical NCO value was achieved, 

the reaction temperature was dropped to 50 °C while dissolving the prepolymer in acetone to 

obtain 40 wt. % solid content. Upon the complete dissolution of the prepolymer in acetone, 

the chain extension step was carried out by adding the mixture of 13.3 g AEAS (50 wt. % in 

water) and 1.9 g EDA dropwise into the solution at 50 °C. FTIR spectroscopy was employed 

to ensure the sharp NCO peak detected around 2267 cm-1 arising from the prepolymer’s NCO 

end-groups completely disappeared at the end of the chain extension reaction as expected.  

Afterwards, the prepared polyurethane polymer was dispersed in water by slowly adding 

110.00 g of distilled water into the flask while cooling the mixture to 40 °C. Finally, acetone 

was removed from the reaction mixture by vacuum distillation and complete removal of 

acetone was ensured at 45 °C, 50 mbar. WPU with approximately 35 wt. % solid content 

with the pH value of 7.0 was obtained by filtering the final dispersion through a 50-micron 

filter.  

3.3.3 Preparation and characterization of WPU-PDA 

WPU-PDA was prepared as reported earlier 229, but with modifications in pH and solid 

content of the reaction mixture.  0.56 g of dopamine (6 mg/mL) was dissolved in 10 mL of 

distilled water.  Dopamine solution was added to WPU dispersion dropwise with the help of 
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a dropping funnel and the final solid content of WPU was adjusted to 6 % by adding an extra 

84 mL of water. The pH value of the reaction was adjusted to 8.5 by using ultrapure Tris 

base. The reaction mixture was kept at 40 °C for 24 h with stirring at 200 rpm. Dark brown 

dispersions were obtained at the end of the reaction. 

The hydrodynamic diameter of WPU and WPU-PDA solid particles was determined by using 

a Dynamic Light Scattering (DLS) instrument (Zetasizer Nano - ZS, Malvern Instruments 

Ltd., UK) equipped with laser diffraction and polarized light detectors at three wavelengths. 

Measurements were performed by preparing dispersions of an adequate concentration in the 

cell at room temperature. 

The WPU-PDA dispersion was cast into a Teflon mold (15 cm × 5 cm) at room temperature 

and dried under ambient conditions for three days. Following the drying process, films were 

washed with excess amount of distilled water to remove any potential chemical residues from 

the surface. Finally, prepared films were kept in an oven at 80 °C for two h and stored in a 

desiccator under dark.  The final film thicknesses were measured to be approximately 0.2 ± 

0.05 mm by using a digimatic micrometer (Mitutoyo Quicmike, no. 99MAB041M). WPU 

films that were used as control samples were prepared by performing the same procedure 

using a WPU dispersion with a solid content of 6 %. 

The absorbance spectra of WPU and WPU-PDA films were recorded using Agilent Carry 

5000 UV-VIS-NIR Spectrophotometer in the spectral range from 400 to 1200 nm. 

Static contact angle measurements of WPU and WPU-PDA hybrid film was performed by 

the sessile-drop method using a Theta Lite Contact Angle Measurement System with an 

optical tensiometer. Approximately, 10 µl distilled water was dropped on the surface at room 

temperature and contact angle values were recorded by the optical tensiometer equipped with 
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a high-resolution digital camera. At least three measurements were taken for each sample 

and average contact angle values were reported. 

To determine the thermal conductivity of films, the Hot Disk Thermal Constant Analyser 

(TPS2500 S) was performed. 

The mechanical properties of films were tested by a universal testing machine Zwick Roell 

Z100 UTM with a load cell of 200 N and a crosshead speed of 25 mm/min according to the 

testing method determined by ASTM D1708-10. An average of at least four replicates of 

each sample was reported. 

3.3.4 Photothermal performance of WPU-PDA films 

WPU and WPU-PDA hybrid films (10 mm × 10 mm) were exposed to NIR laser at 808 nm 

(STEMINC, SMM22808E1200) (Doral, FL USA) with a laser power of 0.8 W/cm2 for 4 

min, followed by cooling down to room temperature by switching off the laser. The 

temperature was recorded every 2 s with an infrared thermal camera (FLIR E6XT 2.1L).  

The photothermal stability of films was evaluated by three cycles of laser on–off treatment. 

In each cycle, the samples were irradiated for 4 min with the laser on, followed by cooling 

to room temperature with the laser off. Meanwhile, the temperature was recorded every 10 s. 

All measurements were repeated three times and average values were reported. After each 

cycle samples were dissolved in dimethylformamide (DMF) and analyzed by gel permeation 

chromatography (GPC) (Triple detection Viscotek GPCmaxVE-2001). HPLC grade DMF at 

55 °C was used during measurements and the eluent flow rate was set to 1 mL/min. A mixed-

D column system (D5000-D3000-D1000-DGuard or D5000 D3000-DGuard) was utilized 

with refractive index (RI), multiple angle laser light scattering (MALLS) and viscometer 
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detectors. The weight average molecular weight of the samples was calculated from a 

conventional calibration made with 12 narrow PMMA standards in the range of 0.6–300 kDa. 

3.3.5 Evaluation of NIR-driven antibacterial activity of WPU-PDA films 

S. aureus ATCC 29213 (3 mL) grown in TSB overnight at 37 °C in a shaker incubator (200 

rpm) were centrifuged, rinsed twice in sterile Tris buffer (pH=7.5) and resuspended in Tris 

at a concentration of 107 CFU/mL. WPU and WPU-PDA samples (10 mm × 10 mm) were 

placed into a sterile 12-well plate and 30 μL of bacterial suspension was put onto each 

sample. Then, samples were subjected to a continuous 808 nm laser irradiation for 1 min and 

3 min. The samples that were not irradiated were used as controls. To collect bacteria from 

the sample surfaces, 1 mL of Tris buffer was added into each well and shaken in a rotational 

shaker at 200 rpm for 15 min. Bacterial suspensions were then serially diluted and plated 

onto TSB agar. Following the incubation of agar plates at 37 °C for 18 h, colonies grown on 

plates were counted and the number of bacteria was calculated as log CFU/cm2. Each sample 

was tested three times. 

Multiple on-off cycles of NIR light exposure were performed on bacteria-treated samples to 

assess the reusability of WPU-PDA hybrid films. For this purpose, 30 µL of bacterial 

suspension (106 CFU/mL) was placed onto WPU-PDA films (10 mm x 10 mm) followed by 

continuous 808 nm laser irradiation for 3 min. Then, the films were washed with Tris buffer 

and the bacteria on the film surface were transferred to the buffer. The films were then dried 

under nitrogen gas flow and 30 µL of bacterial suspension was placed onto dried film samples 

for the second round of irradiation.  Treatments of films was repeated for 20 cycles. After 

each cycle, the number of bacteria was determined by serial dilution, plating and colony 

counting. Each sample was tested three times. 
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3.3.6 Evaluation of NIR-driven antibiofilm properties of WPU-PDA films 

WPU and WPU-PDA hybrid films (10 mm x 10 mm) were incubated with 2 mL of S. aureus 

suspension containing 108 CFU/mL in a 12-well plate overnight at 37 °C under static 

conditions. Following the incubation, the films were removed and gently washed twice with 

sterile Tris. The films were stained by LIVE/DEAD BacLight kit and incubated for 10 min 

in the dark at room temperature. The excess staining solution was rinsed with PBS. The films 

were mounted onto coverslips and visualized with a Carl Zeiss LSM 710 laser scanning 

confocal microscope equipped with a Plan-Apochromat 63×/1.40 oil objective before and 

after exposure to NIR laser light for 10 min. Reported images are 3-D renderings of Z-stacks 

created by using the Zen 2010 software.  

To determine the effect of laser exposure on biofilms quantitatively, after eliminating 

unattached bacteria by gently immersing of films into the Tris buffer, films were put into 1 

mL of Tris buffer and then agitated in an ultrasound bath for 20 min followed by vortexing 

for 30 s. The viable cell counting method was performed on the Tris buffer solution 

containing bacteria released from biofilms. Each sample was tested three times.  

The morphology of bacteria before and after laser exposure was investigated by using LEO 

Supra 35 V P scanning electron microscopy (SEM). Samples were fixed in 2.5% 

glutaraldehyde in sterile PBS for 2 h at room temperature. After fixation, samples were rinsed 

twice with sterile PBS followed by dehydration through a series of increasing ethanol 

concentrations. Dried samples were coated with Au/Pd for SEM visualization. 
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3. 4. Results and Discussions 

Catechol chemistry of polydopamine (PDA) presents a material-independent surface coating 

technology that allows PDA to be deposited on any surface due to its mussel-inspired 

character 231. Here, WPU solid particles were coated with PDA to impart photothermal 

features to the WPU 229. The schematic illustration of the synthesis of PDA coated WPU 

(WPU-PDA) particles is shown in Figure 9a.  

 

Figure 9. Schematic illustration of WPU-PDA synthesis (a), photographs (b) and DLS 

analysis (c) of WPU and WPU-PDA dispersions. 

The white color of the WPU dispersion turned to dark brown following the reaction 

indicating that the WPU particles were successfully coated with PDA (Figure 9b). The 

dynamic light scattering (DLS) measurements of WPU-PDA dispersion presented an 
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increase in the mean particle size due to the coating of the outer surface of the WPU particles 

with PDA (Figure 9c). Furthermore, the WPU-PDA dispersion showed a uniform distribution 

of sizes with an average diameter of 275 ± 2 nm, which is evidence for the fact that the 

dispersion did not contain any particles other than WPU-PDA particles. 

Whether the WPU-PDA films had the absorption properties that are required for NIR light-

activated photothermal conversion based lysis of bacteria 232 was studied. As compared with 

the transparent WPU films, the black-colored WPU-PDA films presented a significantly 

enhanced, broad absorbance in the UV-VIS-NIR region, potentially due to the π-π* transition 

of the benzenoid ring of the PDA backbone indicating that they can be utilized as NIR light-

activated photothermal materials (Figure 10).  

 

Figure 10. UV-VIS absorption spectra of WPU and WPU-PDA films. 

Wetting properties, thermal conductivity values and mechanical properties of WPU-PDA 

films were evaluated in comparison to WPU films and were listed in Table 7. The contact 

angle value of the WPU-PDA film decreased relative to the WPU film, indicating an increase 

in hydrophilicity due to the abundant hydrophilic catechol groups of PDA. The low thermal 

conductivity of the material plays an important role in the prevention of thermal energy loss 
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and effective use of locally generated heat 233. Although the thermal conductivity value of 

the WPU-PDA film increased relative to WPU films due to the hydrogen bonding, π-π 

stacking capability and the aromatic content of PDA, it was still an acceptable value for 

efficient use of the generated heat 234. Young’s modulus and tensile strength of WPU-PDA 

films decreased slightly compared to WPU films, whereas the elongation at break values of 

WPU-PDA films were higher than that of WPU films. Although showing an increase in the 

elastic behavior, films prepared from the hybrid WPU-PDA dispersions mostly retained the 

mechanical properties of WPU films and were shown to have the mechanical strength 

required for different applications.  

Table 7. Contact angle, thermal conductivity, and mechanical properties of WPU and WPU-

PDA films. 

 

To examine the light-to-heat conversion capability of WPU-PDA films, samples were 

irradiated with NIR laser light at 808 nm. As shown in Figure 11a and b, the temperature of 

the WPU-PDA films increased dramatically and reached almost 155 °C after 4 min of NIR 

laser irradiation, while any increase in temperature was not observed for WPU films under 

the same conditions, confirming that the heating was caused by the photothermal activity of 

the PDA content of the WPU-PDA films. It has been reported that an increase in temperature 

above 50 °C may induce bacterial death caused by denaturation of bacterial enzymes and 

disruption of bacterial metabolism 235-236. Therefore, WPU-PDA films, which achieved high 
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temperatures in minutes under laser irradiation, were demonstrated to be effective in 

photothermal therapy for the lysis of bacteria. 

 

Figure 11. Time-temperature profiles (a), thermal camera images (b) of WPU and WPU-

PDA films under NIR laser at 808 nm. 

The photothermal reproducibility of WPU-PDA films was tested by periodically exposing 

the films to NIR light. As demonstrated in Figure 12a, the photothermal effect of WPU-PDA 

films remained stable after three on-off NIR laser cycles suggesting the reusability of these 

surfaces for light-activated sterilization. Whether the laser light irradiation and the resulting 

temperature elevations affected the physical properties of the films was studied by 

monitoring the physical appearance and molecular weight of the films following each laser 

on-off cycle (Figure 12b). While the polydispersity index (PDI) and the weight average 

molecular weight of the films did not change significantly upon multiple consecutive 

irradiation cycles, the films preserved their mechanical integrity and appearance 

demonstrating their durability against light-activated temperature elevations. 
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Figure 12. Time temperature profiles (a), GPC analysis and phototgraphs (b) of WPU-PDA 

films exposed to three consecutive laser on-off cycles. 

The NIR-driven antibacterial properties of WPU-PDA films were tested against S. aureus by 

evaluating the ability of films to kill bacteria upon NIR light activation. Bacterial suspensions 

were placed on WPU-PDA films and the film surfaces were irradiated with NIR laser light 

continuously. The viability of the bacteria before and after the light activation was 

determined. After laser treatment for 1 min, the WPU-PDA films presented a significant 

killing activity on bacteria due to the temperature increase resulting in a 2.8 log reduction in 

the number of viable bacteria, whereas bacteria alone or bacteria on WPU films were not 

killed under the same NIR laser light irradiation (Figure 13). Moreover, killing efficiency of 

WPU-PDA films increased as the duration of laser irradiation increased; 3 min NIR-laser 

treatment of films resulted in 3.5 log reduction in bacterial viability. Prepared nanoparticle-

free one-component polymeric WPU-PDA surface coatings presented comparable/better 

performance than many nanoparticle-containing photothermal surface coatings reported in 

the literature 237-239 and were able to kill more than 99.9% of the bacteria on the surface when 

exposed to laser light for only 5 minutes. With this remarkable  light-activated antibacterial 
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activity, WPU-PDA coatings have a strong potential for utilization on many surfaces 

requiring disinfection,  including surfaces of biomedical devices/implants 240, water 

membranes 241 or various surfaces in hospital 242-243, food processing 244, and marine 

environments 245. 

 

Figure 13. NIR-driven photothermal antibacterial activity of WPU-PDA and WPU films 

against S. aureus under 808 nm laser irradiation for 1 min and 3 min. 

WPU-PDA films, which were proven to show significant photothermal antibacterial 

properties, were investigated in terms of their reusability following multiple laser treatments 

(Figure 14). When WPU-PDA films were repeatedly exposed to bacteria and sterilized by 

laser irradiation, they preserved their photothermal antibacterial activity even in the twentieth 

cycle. It can be said that WPU-PDA films can retain their strong lethal effect on S. aureus 

upon multiple use and can be utilized on surfaces that need to be re-sterilized due to 

regeneration of bacterial contamination. 
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Figure 14. The operational stability of WPU-PDA films under NIR light exposure over 

multiple bacterial contamination cycles. 

The NIR light-activated eradication effect of WPU-PDA films on S. aureus biofilms was 

investigated. Static S. aureus biofilms established on WPU and WPU-PDA films were 

irradiated with NIR laser light and the number of viable bacteria in the biofilms before and 

after the laser light treatment was determined (Figure 15a). WPU-PDA films presented a 

significant laser light-activated killing activity on biofilm bacteria resulting in a 3.9 log 

reduction in viability, whereas the bacteria of the biofilm established on the control WPU 

film were not affected from the same light-treatment and remained alive.  Furthermore, WPU 

and WPU-PDA surfaces before and after NIR laser exposure were imaged with LSCM by 

live/dead cell staining. Figure 15b illustrates the representative LSCM images of WPU and 

WPU-PDA films. While almost all biofilm bacteria on the WPU-PDA film surface were 

killed and the biofilm was eradicated thanks to the photothermal effect of the WPU-PDA 

film under NIR laser light irradiation, the biofilm bacteria on control WPU films survived 

the same light treatment since there was no light-activated temperature increase.  
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Figure 15. Viability of S. aureus in biofilms established on WPU and WPU-PDA film surfaces 

before and after 10 min irradiation with 808 nm laser light (a), representative LSCM images 

of WPU film (top) and WPU-PDA film (bottom) following a 48-h incubation with S. aureus 

and staining with live-dead cell stain. Images were obtained before and after 10 min laser 

irradiation at 808 nm, the scale bar is 5 µm (b). 

The morphology of the bacteria on samples before and after the NIR irradiation was 

evaluated by SEM (Figure 16). For WPU-PDA films, the morphology of S. aureus was 

observed as smooth and spherical with a continuous membrane integrity before NIR 

irradiation. However, following the exposure of the WPU-PDA films to NIR irradiation, S. 

aureus cells were deformed and severely damaged by flattening and wrinkling due to the 
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hyperthermic effect. These results clearly point out that WPU-PDA films have a strong 

potential as NIR-driven antibiofilm surfaces that can kill bacteria irreversibly upon NIR light-

activation. Among the limited number of coatings that have been reported to remotely 

eradicate biofilms by light-activation 138, 246-247, WPU-PDA coatings stand out with their 

polymeric, nanoparticle-free design and easy application. 

 

Figure 16. Representative SEM images of S. aureus biofilms on WPU and PUPDA films 

before (top) and after (bottom) 10 min irradiation with 808 nm laser light. 

3. 5. Conclusions 

In summary, WPU-PDA films cast from dispersions of PDA coated WPU solid particles 

were fabricated as a novel NIR-sensitive antibacterial/antibiofilm surface coating that can be 

utilized for the physical disinfection of surfaces by photothermal therapy. WPU-PDA films 

presented a rapid and significant temperature increase upon NIR laser light irradiation. 
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Furthermore, these films had a significant destructive effect on S. aureus resulting in a 3.5 

log reduction in the number of viable bacteria under NIR light irradiation with impressive 

reusability over twenty on-off irradiation cycles. Moreover, bacteria in S. aureus biofilms 

were killed by WPU-PDA hybrid films under laser irradiation due to hyperthermia derived 

from NIR-stimulated photothermal effect. We believe that the materials presented here have 

a great potential as disinfectable coatings that can be applied in many areas where non-

chemical sterilization is critical, from biomedical surfaces to environmental surfaces. 
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CHAPTER 4: Antibacterial hybrid coatings from halloysite-immobilized lysostaphin 

and waterborne polyurethanes 

Reference Publication: Buket Alkan-Taş, Ayşe Durmuş Sayar, Z. Efsun Duman, E. Billur 

Seviniş Özbulut, Aişe Ünlü, Barış Binay, Serkan Ünal, Hayriye Ünal, “Antibacterial hybrid 

coatings from halloysite-immobilized lysostaphin and waterborne polyurethanes”, Progress 

in Organic Coatings 156 (2021): 106248. 

 

4.1.   Abstract 

Lysostaphin enzyme is an effective antibacterial agent proven to be promising for the 

prevention of healthcare-associated infections related to methicillin-resistant Staphylococcus 

aureus (MRSA). Here, safe, and non-toxic antibacterial hybrid coatings consisting of 

lysostaphin, and waterborne polyurethane (PU) are presented. Lysostaphin was covalently 

immobilized onto polydopamine functionalized halloysite nanotubes (HNTs) to obtain stable 

HNT-lysostaphin nanohybrid structures with high effective lysostaphin concentrations, 

which were then incorporated into PU coatings by a facile spray coating process. Resulting 

PU/HNT-lysostaphin hybrid coatings presented strong antibacterial activity against S. aureus 

with a >99% killing efficiency. The incorporation of lysostaphin into the polymer matrix via 

HNTs as a carrier enhanced the stability of the enzyme resulting in non-leaching coatings 

that presented high operational stability over multiple bacterial incubation cycles and high 
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storage stability without any significant loss of enzymatic activity. Furthermore, PU/HNT-

lysostaphin coatings demonstrated significant antibiofilm properties and reduced the 

formation of S. aureus biofilms by 70% relative to neat PU coatings. The lysostaphin based 

antibacterial hybrid coatings developed in this study, which can be easily applied to surfaces 

in healthcare facilities and medical devices offer an effective approach for the prevention of 

S. aureus associated nosocomial infections.  

4.2. Introduction 

Healthcare-associated infections by methicillin-resistant Staphylococcus aureus (MRSA) 

constitute an important public health problem that causes extended hospital stays 248, 

increased mortality, morbidity 249-251 and substantial economic burden to the healthcare 

system 252-253. Contamination of abiotic surfaces in hospital settings with pathogenic bacteria 

has a main role in the spread of hospital-acquired infections. Bacteria adhering and 

accumulating on surfaces such as door handles, bed rails, stethoscopes and keyboards are 

easily transmitted upon being touched and these surfaces act as sources of microbial 

contamination. Abiotic surfaces in hospital settings are also prone to formation of biofilms 

resulting from bacterial colonization which have a much higher resistance to antibiotic 

therapy due to the self-produced extracellular polymer matrix 35, 185, 254. A promising solution 

to eliminate the contribution of contaminated surfaces to the proliferation of healthcare-

associated infections is the utilization of antibacterial coatings in healthcare settings which 

can prevent bacteria from adhering to materials surfaces or inactivate already attached 

bacteria 188, 255.  
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Utilization of contact-active antibacterial agents in the form of coatings has been one of the 

most effective methods to combat pathogenic bacteria on surfaces 256. The desired surface 

can be adapted with antibacterial agents that kill bacteria by destroying bacterial cell walls 

upon contact via anchoring of these agents onto the surface. Quaternary ammonium 

compounds 257-260, N-halamines 261-262, antimicrobial peptides 84, 263-265 and bacteriophages 

266-268 have been demonstrated as effective contact-active antibacterial agents that can kill 

bacteria on surfaces when incorporated into coatings. Moreover, some enzymes which were 

evolved to protect living organisms from bacterial attack intrinsically exhibit contact-killing 

activity via disrupting cell integrity or degrading biofilm matrix components 21. Such 

enzymes can be incorporated into coating materials directly or as anchored on a support 

material by non-covalent adsorption 269, ionic interaction 16, encapsulation 270, entrapment 

271-272 and covalent attachment 273-276, resulting in antibacterial surfaces. While the 

immobilization of enzymes on a support material allows a more convenient handling, it also 

enhances their stability and resistance to environmental conditions. However, the selection 

of the immobilization method is critical since catalytic activity of the immobilized enzyme 

may be reduced relative to its free form 277. 

Lysostaphin enzyme is a remarkable antibacterial agent effective against methicillin-resistant 

S. aureus. It targets the cell wall and cleaves the pentaglycine cross-bridges found in the 

staphylococcal peptidoglycans resulting in the rupture of the cell 278-279. Lysostaphin has a 

destructive ability on not only planktonic S. aureus but also S. aureus biofilms on abiotic 

surfaces 22, 280. Antibacterial surfaces comprising of lysostaphin encapsulated in a hydrogel 

281 or absorbed on a coating material 282-285 have been previously demonstrated. However, 

since antibacterial coatings obtained by direct noncovalent incorporation of lysostaphin may 
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have significant drawbacks such as leaching of the enzyme from the surface or decrease in 

antibacterial activity in long-term applications, covalent immobilization of lysostaphin on 

target surfaces is primarily needed for durable antibacterial coatings. A limited number of 

studies on the incorporation of lysostaphin into surface coatings via immobilization has been 

reported including immobilization of lysostaphin onto cellulose fibers 100, paint formulations 

comprising of carbon nanotube/lysostaphin conjugates 103 and polydopamine-assisted 

modification of surfaces with lysostaphin 99. However, these methods may provide limited 

benefits due to the potential toxicity of the carriers used in immobilization or due to 

difficulties in the application of such coatings to large surfaces. The utilization of 

antibacterial coatings especially on hospital setting surfaces and medical devices requires 

both the use of non-toxic carriers for enzyme immobilization and compatibility of the coating 

technique for large-surface applications.  

Here, halloysite nanotube/lysostaphin (HNT/Lys) nanohybrids were prepared utilizing 

polydopamine coated HNTs as support materials for the covalent immobilization of 

lysostaphin. Resulting HNT/Lys nanohybrids alone showed remarkable enzyme stabilities 

with high effective lysostaphin contents, and they were incorporated onto waterborne 

polyurethane (PU) based surfaces by spray coating to obtain antibacterial/antibiofilm 

surfaces. The proposed method enables the development of safe and durable antibacterial 

coatings that are effective against S. aureus, and applicable to large surfaces thanks to their 

natural, non-toxic, and environmentally friendly components.  
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4.3. Materials and Methods 

4.3.1. Chemicals 

HNTs were provided by Eczacıbaşı Esan (Turkey). Dopamine (3-hydroxytyramine 

hydrochloride) was purchased from Acros Organics Inc. Ultrapure Tris base 

(Tris(hydroxymethyl)aminomethane) was purchased from MP Biomedicals, LLC. Sodium 

hydroxide pellets, hydrochloric acid (ACS reagent, 37%), ethylenediamine (EDA) and 

acetone (99.5%) were purchased from Sigma-Aldrich Inc. Hexamethylene diisocyanate 

(HDI), and polyester polyol (Desmophen 1652, Mn=2000 g/mol) were purchased from 

Covestro AG. Sodium 2-[(2-aminoethyl) amino] ethane sulphonate (AEAS, 50 wt% in water) 

was kindly donated by Evonik Industries. Polyester polyol was dried at 80 °C under vacuum 

(~2 mbar) for 15 min prior to use. Tryptic soy broth (TSB) and agar powder were purchased 

from Medimark (Italy). Bradford protein assay kit was purchased from Bio-Rad. Deionized 

(DI) water was used in all experiments. All chemicals were used without any further 

purification unless otherwise stated. 

4.3.2. Expression and purification of recombinant lysostaphin using auto-induction 

medium 

E. coli TOP10 cells transformed with pBADLys were used as a host to express lysostaphin. 

For large amounts of soluble and active lysostaphin overexpression, an auto-induction 

protocol from our previous study was used 286. The transformants were grown overnight at 

37 °C on LB Agar plates supplemented with ampicillin (100 µg/mL). Then, a single colony 

was used to inoculate a 5 mL LB starter culture containing 100 µg/mL ampicillin at 37 °C 

and 180 rpm. The starter culture was cultivated at 30 °C in 500 mL of auto-induction 

engineered For Medium (FM, yeast extract 5 g/L, tryptone 10 g/L, Na2HPO4 7.10 g/L, 
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KH2PO4 6.8 g/L, MgSO4 0.15 g/L, (NH4)2SO4 3.3 g/L, glucose 0.5 g/L, containing 0.1% 

(v/v) filter-sterilized arabinose solution), containing 100 µg/mL of ampicillin for 24 hours 

with vigorous shaking (180 rpm). Stationary-phase cells were harvested from the medium by 

centrifugation at 4000 rpm for 15 min and 4 °C.  

For protein purification, approximately every gram of wet cell paste was resuspended in ice-

cold lysis buffer (10 mL, 20 mM Tris-HCl, 500 mM NaCl, pH 7.40, 30 mM imidazole, 1.0 

mg/mL lysozyme) and incubated on the ice for 30 min with gentle shaking. The cells were 

mechanically disrupted by Soniprep 150 sonicator (Sanyo, Tokyo, Japan) on ice with a 10 s 

burst followed by a 10 s cooling for ten times. Cell debris was separated from the supernatant 

by centrifugation (11000 rpm, 1 h, 4 °C) in order to obtain the crude extract, and the lysate 

part was filtered through a 0.45 nm filter. 

The clarified extract was purified using the AKTA Primer Plus FPLC system (GE Healthcare, 

Pittsburgh, PA, USA). The clear lysate was loaded onto a nickel HiTrap™ FF column (5 mL, 

Amersham Biosciences, Little Chalfont, UK), pre-equilibrated with binding buffer (20 mM 

Tris–HCl, 200 mM NaCl, 30 mM imidazole, pH 7.40). After loading, the column was washed 

with 5 column volumes of binding buffer. After no more protein absorption was detected, 

lysostaphin was eluted with a gradient of imidazole formed by binding buffer and elution 

buffer (20 mM Tris–HCl, 200 mM NaCl, 500 mM imidazole, pH 7.40). Elution fractions of 

1 mL were collected and analyzed by SDS-PAGE.  

The protein concentration of each sample was determined by using the Thermo Scientific 

BCA Protein Assay Kit which contains bovine serum albumin as a standard. The protein 

samples were concentrated with ultracentrifuge tubes (Vivaspin® Centrifugal Concentrator, 
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10 kDa). The buffer was exchanged with Tris-HCl buffer (20 mM, pH 7.0) using a PD-10 

desalting column (Amersham Biosciences, Little Chalfont, United Kingdom) at 4 °C and the 

purified protein was stored at 4 °C.  

4.3.3. Preparation of PDA functionalized HNTs 

Prior to PDA functionalization, HNTs were purified to remove agglomerates and impurities. 

5 g of HNTs in 200 mL deionized water were subjected to ultrasound sonication (Qsonica, 

Q700) for 20 min with 5 s pulse on and 2 s pulse off in an ice bath, then HNTs were treated 

with 0.01 M NaOH solution at room temperature for 24 h resulting in an increase in hydroxyl 

groups on the surface, which provides dispersion stability for the purification of HNTs. Base-

treated HNTs were centrifuged at 5000 rpm for 5 min and the precipitate which consists of 

agglomerated HNTs were removed from the medium. The supernatant which consisted of 

agglomeration-free HNTs was subjected to a second centrifugation at 11000 rpm for 5 min. 

The precipitate which consisted of the purified HNTs was rinsed with DI water three times 

to remove unreacted NaOH and dried overnight at 80 °C in a vacuum oven for further use.  

Raw HNTs and purified HNTs prepared on specimen stubs were visualized by LEO Supra 

35 V P scanning electron microscopy (SEM).  

For the functionalization of purified HNTs with PDA, 1 g of purified HNTs in 100 mL of DI 

water (10 mg/mL) were sonicated for 30 min with 5 s pulse on and 2 s pulse off in an ice 

bath. Subsequently, 0.2 g dopamine was added into HNT dispersion at 2 mg/mL and the pH 

was adjusted to 8.5 with Tris base powder. The mixture was stirred at 30 °C for 24 h and 

PDA functionalized HNTs were separated by centrifugation at 11000 rpm for 5 min. 
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Separated PDA functionalized HNTs were rinsed with DI water until a clear supernatant was 

obtained to remove unreacted dopamine and dried overnight at 50 °C in a vacuum oven. 

The morphology of PDA functionalized HNTs was investigated in comparison with HNTs 

using SEM. For this purpose, aqueous dispersions of HNTs and PDA functionalized HNTs 

(0.01 mg/mL) were ultrasonicated for 5 minutes with 5 seconds pulse on and 3 seconds pulse 

off in an ice bath, transferred on silicon wafers and air dried. PDA functionalization 

efficiency was determined by thermogravimetric analysis (TGA) using Shimadzu Corp. 

DTG-60H (TGA/DTA) instrument by heating samples up to 1000 °C at a rate of 10 °C/min 

under nitrogen. The percentage of PDA functionalization on HNTs was calculated by the 

difference between the total weight loss of PDA functionalized HNTs and the total weight 

loss of uncoated, purified HNTs. 

Nicolet IS10 Fourier Transform Infrared (FT-IR) spectroscopy with an ATR system was used 

for the structural characterization of samples. Samples prepared in dried powder form were 

directly pressed against the diamond crystal using the attached pressure clamp. 

4.3.4. Preparation of HNT-Lys nanohybrids   

Lysostaphin was covalently immobilized onto PDA functionalized HNTs by the following 

procedure: 0.3 g PDA functionalized HNTs were mixed with 3 mL of 0.6 mg/mL lysostaphin 

solution in Tris buffer (50 mM Tris, 145 mM NaCl) by rotational shaking at RT for 6 h. 

Resulting HNT-Lys nanohybrids were centrifuged at 5000 rpm for 3 min, rinsed with buffer 

three times to remove unreacted lysostaphin and dried at RT. HNT-Lys nanohybrids were 

stored at -20 °C for further use. To evaluate their morphology, aqueous dispersions of HNT-
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Lys (0.01 mg/mL) were ultrasonicated for 5 minutes with 5 seconds pulse on and 3 seconds 

pulse off in an ice bath, transferred on silicon wafers, air dried and visualized with SEM.  

The amount of lysostaphin anchored to HNT support was determined by measuring the initial 

and final concentrations of lysostaphin in the enzyme solution and rinse the solution via Bio-

Rad Quick Start™ Bradford Protein Assay 287. Briefly, the enzyme concentration recovered 

from the rinse solution was determined by using the calibration curve constituted using 

bovine serum albumin (BSA) spectroscopically at 595 nm. The concentration of immobilized 

lysostaphin was calculated by the following equation: 

𝑇ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑒𝑑 𝑙𝑦𝑠𝑜𝑠𝑡𝑎𝑝ℎ𝑖𝑛 (
𝑚𝑔

𝑔
) =

(𝐶0 − 𝐶1)𝑥𝑉

𝑊
 

where C0 and C1 are enzyme concentrations for the initial solution and recovered buffer, 

respectively, V is the volume of the enzyme solution used in immobilization, W is the weight 

of PDA functionalized HNTs used for the immobilization. 

4.3.5. Killing efficiency of HNT-Lys nanohybrids 

The killing efficiency of the HNT-Lys nanohybrids was determined with a turbidity assay by 

monitoring the decrease in optical density of a suspension of S. aureus ATCC 29213 at 595 

nm by the Tecan Infinite M200 plate reader. S. aureus ATCC 29213 were grown in 3 mL 

TSB growth medium overnight at 37 °C on a shaker incubator (200 rpm). Cells were 

harvested by centrifugation, washed twice in sterile Tris buffer (pH 7.5) and resuspended in 

Tris buffer at a concentration of 107 CFU/mL. Native lysostaphin in Tris buffer and HNT-

Lys nanohybrids were placed in a 96-well microplate, where each well contained 7 µg 

enzyme in 150 µL cell suspension and the plate was covered to prevent evaporation of the 
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solutions. The turbidity of each well at 595 nm was measured every 3 min for 30 min at 37 

°C. 

4.3.6. Synthesis of waterborne polyurethane dispersion 

Waterborne PU dispersion was synthesized using the acetone method. First, NCO-terminated 

polyurethane prepolymer was synthesized by charging a four-necked, 1-L glass round-

bottomed-flask equipped with a heating mantle, stirrer, condenser and a thermocouple with 

40.00 g of polyester polyol and 6.28 g of HDI, allowing the mixture to polymerize at 80 °C 

until theoretical NCO content was reached. The NCO content of the reaction mixture was 

determined by the standard di-butyl amine back titration method (ASTM D2572-97). Upon 

reaching the theoretical NCO value, the reaction mixture was allowed to cool to 50 °C while 

dissolving in acetone to obtain a prepolymer solution with 40 wt% solids content. Once the 

prepolymer was completely dissolved in acetone, the chain extension step was carried out by 

adding the mixture of 3.02 g AEAS (50 wt% in water) and 0.33 g EDA dropwise into the 

solution at 50 °C. Then the prepared polyurethane polymer was dispersed in water by slowly 

adding 110.00 g of distilled water into the flask while cooling the mixture to 40 °C. Finally, 

acetone was removed from the reaction mixture by vacuum distillation and complete removal 

of acetone was ensured at 45 °C, 50 mbar. Waterborne polyurethane dispersion product with 

approximately 30 wt% solids content was obtained by filtering the final dispersion through 

a 50-micron filter. 

4.3.7. Preparation of PU/HNT-Lys hybrid coatings 

Waterborne PU dispersion with a solid polymer content of 30% was coated on a sterile glass 

substrate (20 mm x 20 mm, Corning Inc) by spin coating at 2000 rpm for 60 s followed by 
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drying overnight at RT, resulting in substrates coated with PU with a dry thickness of 2 m. 

The weight change in the glass substrate after the spin coating with PU and drying was used 

to determine the amount of coated PU on the surface. Ultrasound sonication was applied to 

HNT-Lys nanohybrids in DI water mixed at a concentration of 0.02 wt%, 0.05 wt% and 0.1 

wt% for 10 min with 5 s pulse on and 2 s pulse off in an ice bath. Sonicated HNT-Lys 

nanohybrids were sprayed onto PU coatings on glass substrates by using home-built robotic 

spraying system equipped with an airbrush having a nozzle size of 0.35 mm. The working 

distance of the spray tip was kept at 50 mm from the substrates and 250 µL dispersions of 

HNT-Lys were sprayed onto the PU coated glass substrate in 5 s, resulting in hybrid coatings 

with 4 wt%, 10 wt% and 20 wt% HNT/Lys concentrations.  PU/HNT-Lys coated surfaces 

were dried overnight at RT. PDA functionalized HNT containing PU coatings coded as 

PU/HNT were prepared by the same method mentioned above and used as control samples 

lacking lysostaphin for antibacterial tests. As an additional control surface, 1.2 µg/mL of 

native lysostaphin in Tris buffer were sprayed onto PU coating to prepare PU/Lys coatings 

at a lysostaphin concentration of 0.08 g/cm2, which were used as a second control lacking 

the HNT support.  

The thickness of coated films on glass substrates was analyzed by KLA-Tencor P6 Surface 

Profilometer. Approximately 1 mm of Z range on the surface was scanned by applying 1 mg 

force with 50 μm/s velocity. 

The surface morphology of coatings was investigated by SEM. Samples were coated with 

Au-Pd for visualization. 

Static contact angle measurements of PU, PU/HNT and PU/HNT-Lys was performed with 

the sessile-drop method using a Theta Lite Contact Angle Measurement System with an 
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optical tensiometer. Approximately, 10 µl distilled water was dropped on the surface at room 

temperature and contact angle values were recorded by the optical tensiometer equipped with 

a high-resolution digital camera. At least three measurements were taken for each sample 

and average contact angle values were reported. 

4.3.8. Antibacterial properties of hybrid coatings 

The antibacterial activity of PU/HNT-Lys hybrid coatings was determined by quantifying 

the survival of bacteria in contact with the coating according to ISO 22196 with some 

modifications 288. S. aureus ATCC 29213 were grown in 3 mL TSB growth medium 

overnight at 37 °C on a shaker incubator (200 rpm). Cells were harvested by centrifugation, 

washed twice in sterile Tris buffer (pH=7.5) and resuspended in Tris/TSB (1% v/v) at a 

concentration of 105 CFU/mL. Samples (20 mm x 20 mm) were placed into sterile petri dishes 

with the coated surface facing up. An aliquot (30 μL) of test inoculums were pipetted onto 

samples. Then, inoculated samples were covered with parafilm (18 mm x 18 mm) to ensure 

maximum contact. Petri dishes containing the inoculated samples were incubated at 37 °C 

under a relative humidity of above 90% for 24 h. To collect microorganisms after incubation, 

samples with parafilm were immersed into Tris buffer (15 mL) and then sonicated by 

ultrasound bath for 15 min followed by vortexing for 30 s. Bacterial suspensions were then 

serially diluted and plated onto TSB agar. Following the incubation of agar plates at 37 °C 

for 18 h, colonies grown on plates were counted and the number of bacteria was calculated 

as log CFU/cm2. Each sample was tested three times.  

Antibacterial activity of PU/HNT-Lys hybrid coatings at room temperature was examined by 

incubating samples with the aqueous bacterial suspension under dynamic contact conditions. 

Samples prepared by the coating of PU/HNT-Lys on sterile glass substrate (18 mm diameter) 
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were incubated with aqueous suspensions of S. aureus ATCC 29213 (107 CFU/mL) at room 

temperature for 24 h on an orbital shaker at 60 rpm; subsequently, aliquots of the bacterial 

suspensions were serially diluted, plated onto TSB agar and incubated at 37 °C for 18 h. 

Colonies grown on plates were counted as CFU/mL. Each sample was tested three times. 

To visualize bacteria incubated on prepared surfaces, 30 L of an S. aureus suspension (105 

CFU/mL) was dropped onto 2 cm x 2 cm sample surfaces, covered with parafilm and 

incubated at 37 °C for 24 h. For the visualization of surface attached bacteria with confocal 

microscopy, surfaces were stained with BacLight Live/Dead stain (L-7012, Invitrogen, USA) 

for 10 min in dark at room temperature without any rinsing step. Coated surfaces were then 

mounted onto coverslips and imaged with a Carl-Zeiss LSM 710 Laser Scanning Confocal 

Microscope (LSCM) equipped with a Plan-Apochromat 63x/1.40 oil objective. For the 

visualization of surface attached bacteria with SEM, following the incubation with bacteria, 

samples were fixed in 2.5% glutaraldehyde in sterile PBS for 2 h at room temperature. After 

fixation, samples were rinsed twice with sterile PBS followed by dehydration through a series 

of increasing ethanol concentrations. Dried samples were coated with carbon for SEM 

visualization. 

4.3.9. Stability of PU/HNT-Lys hybrid coatings 

To check whether the lysostaphin leaches out from PU/HNT-Lys and PU/Lys coatings, 

coated glass substrates were immersed in 200 µL Tris buffer (50 mM Tris, 145 mM NaCl) 

and shaken at 60 rpm at room temperature for 24 h. Following the incubation, both the 

incubation buffer and coated samples that were dried under nitrogen were tested for their 

antibacterial activity. Bacterial suspension of 500 µL and 2 mL with a final concentration of 

107 CFU/mL was mixed with the incubation buffer and dried coatings, respectively, and 
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incubated at 37 °C with shaking at 200 rpm for 24 h. Following the incubation, aliquots of 

the bacterial suspensions were serially diluted in Tris buffer, plated, and incubated at 37 °C 

for 18 h followed by counting of bacterial colonies grown on plates. Each sample was tested 

three times. 

The stability of PU/HNT-Lys coatings against mechanical intervention was evaluated using 

SEM. Samples (5 mm x 5 mm) were mounted onto the SEM specimen stub and a swab was 

rubbed onto the entire surface of PU/HNT-Lys coatings to determine the stability of HNT-

Lys nanohybrids against physical force. To visualize the morphology of coatings by SEM, 

the surface of coatings was coated with Au-Pd after swabbing.  

To assess the operational stability of the hybrid coatings, multiple cell exposure cycles were 

performed. PU/HNT-Lys coated glass substrates (18 mm diameter) were placed in bacterial 

suspensions at a concentration of 107 CFU/mL and incubated under dynamic contact 

conditions at 37 °C and 60 rpm shaking for 6 h. Following the incubation, coated surfaces 

were washed with Tris buffer, dried under nitrogen gas flow and stored at room temperature 

for three days until the next cell exposure. After each cycle of cell exposure, the number of 

bacteria was determined by serial dilution, plating and colony counting. Each sample was 

tested three times. 

4.3.10. Antibiofilm properties of PU/HNT-Lys hybrid coatings 

Glass substrates (20 mm x 20 mm) coated with PU/HNT-Lys and PU as a control were placed 

into petri dishes containing S. aureus ATCC 29213 in TSB growth medium (108 CFU/mL) 

and incubated at 37 °C. After 24 h of incubation, bacterial suspensions were replaced with 

fresh growth medium and incubated for an additional 24 h. Following the incubation, 
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bacterial suspensions were removed from petri dishes and coated surfaces were rinsed with 

sterile Tris buffer once to get rid of unattached bacteria. Coated surfaces were stained with 

BacLight Live/Dead stain (L-7012, Invitrogen, USA) for 10 min in dark at room temperature 

followed by rinsing with Tris buffer. Coated surfaces were then mounted onto a coverslip 

and imaged with a Carl-Zeiss LSM 710 Laser Scanning Confocal Microscope equipped with 

a Plan-Apochromat 63x/1.40 oil objective. Reported images are 3-D renderings of Z-stacks 

created by using Zen 2010 software. To examine the biofilm formation on surfaces 

quantitatively, following the biofilm formation, coated surfaces removed from the bacterial 

suspensions were gently immersed into 15 mL of Tris buffer to eliminate unattached bacteria 

and agitated in an ultrasound bath for 20 min followed by vortexing for 30 seconds. The 

viable cell counting method was performed on the Tris buffer solution containing bacteria 

released from biofilms. Each sample was tested three times. 

4.3.11. Statistical analysis 

Results were expressed as mean ± standard error of at least three replicates. Statistical 

significance of differences between means was assessed by one-way ANOVA with Tukey’s 

test at a confidence level of p < 0.05 using OriginPro software v.8.5. (OriginLab Corporation, 

USA). 

4.4. Results and Discussions 

4.4.1. HNT-Lys nanohybrids 

HNTs were functionalized with polydopamine (PDA) via self-oxidation polymerization of 

the dopamine monomer 220 to create reactive groups on HNTs, through which the lysostaphin 

enzyme can be covalently coupled, as illustrated Figure 17. The functionalization of HNTs 
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with PDA has been previously demonstrated for the purpose of coupling HNTs with different 

molecules 289-290. 

 

Figure 17. Schematic illustration of the preparation of HNT-Lys nanohybrids. 

HNTs were purified by NaOH treatment to improve their hydrophilicity followed by 

centrifugation of aqueous dispersions to remove agglomerated particles and impurities. The 

purification protocol resulted in finely dispersed individual nanotubes free of agglomerations 

(Figure 18). Purified HNTs were mixed with alkaline dopamine solution to induce the self-

polymerization of dopamine oxidatively, resulting in PDA functionalized HNTs.  

 

Figure 18. SEM images of raw and purified HNTs. 

The presence of the PDA on HNTs was demonstrated by TGA (Figure 19a). PDA 

functionalized HNTs presented a 7% higher weight loss relative to neat HNTs in the 
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temperature range of 200 °C to 1000 °C due to the decomposition of PDA. The successful 

functionalization of HNTs with PDA was further evidenced with FT-IR by the formation of 

new peaks at 1613 cm-1, 1494 cm-1 and 1296 cm-1, corresponding to -NH bending, aromatic 

C=C bending and C-N stretching of PDA, respectively 291-292 (Figure 19b). The 

immobilization of lysostaphin was accomplished via the reaction of PDA functionalized 

HNTs and lysostaphin in the dispersion, followed by washing of HNT-Lys nanohybrids by 

centrifugation to remove any free unreacted enzyme. The quinone groups of the PDA enabled 

the immobilization of lysostaphin via Michael addition and/or Schiff base reactions with 

nucleophilic amino-functional groups commonly found in enzymes 293. The immobilization 

of the lysostaphin on the PDA functionalized HNTs was confirmed by FT-IR. Following the 

treatment of PDA functionalized HNTs with lysostaphin, an additional peak arising from the 

protein-specific amide I band associated with stretching vibration of C=O 294 at 1635 cm-1 

provided a strong evidence for the successful immobilization of lysostaphin on HNTs (Figure 

19c). Furthermore, the amount of lysostaphin immobilized onto PDA functionalized HNTs 

was quantified with a colorimetric protein assay. Analysis of the protein content of HNT-Lys 

nanohybrids demonstrated that each gram of HNTs contained 6 mg of lysostaphin. 



78 

 

Figure 19. TGA analysis of raw HNT and PDA functionalized HNT (a), FT-IR analysis of 

raw HNT and PDA functionalized HNT (b), FT-IR analysis of PDA functionalized HNT and 

HNT-Lys nanohybrids (c) SEM images of HNT, PDA functionalized HNT and HNT-Lys (d). 

SEM visualization of nanohybrids have revealed that the PDA functionalized HNTs were 

finely dispersed without any agglomerated particles (Figure 19d). Potentially the hydrophilic 

character of the PDA improved the dispersibility of HNTs in water. Following the 

immobilization of the lysostaphin on PDA functionalized HNTs, HNT-Lys nanohybrids were 

still finely dispersed, but agglomerations were also visible due to hydrophobic lysostaphin 

coating on the nanotubes which might have reduced the aqueous dispersibility. 

The enzymatic and antibacterial activity of lysostaphin in HNT-Lys nanohybrids was 

investigated. The enzymatic activity of native and immobilized lysostaphin was tested 

against S. aureus by a turbidity assay which monitors cell lysis based on the reduction of the 

optical density in the bacterial suspension. HNT-Lys nanohybrids presented significant 

enzymatic activity on S. aureus as shown by the time-based decrease in optical density 
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demonstrating that the immobilization of lysostaphin on the HNT surface did not prevent the 

cell lysis (Figure 20). The decrease in the optical density of native lysostaphin was more 

pronounced, indicating that the enzymatic activity of HNT-Lys against S. aureus was reduced 

upon immobilization. The degree of freedom of the enzyme, which provides easy access to 

the target cell, was higher in the case of the native enzyme that is free in solution. When the 

enzyme is anchored onto a support surface, loss of activity is expectable due to the limitation 

of the dynamic motion, steric hindrance that restrains contact with the target cell, and 

blockage of enzymes active center 295-296. However, while HNT-Lys samples have partially 

lost some of their enzymatic activity, they still had a significant destructive effect on S. 

aureus. 

 

Figure 20. Enzymatic activity of native lysostaphin (red) and immobilized lysostaphin (blue) 

determined by the decrease in turbidity at 595 nm. The amount of enzyme was 7 µg for each 

sample. 

4.4.2. Antibacterial properties of PU/HNT-Lys hybrid coatings 

HNT-Lys nanohybrids, which were active against S. aureus, were utilized in the design of 

durable antibacterial coatings. Waterborne PUs, which are widely utilized in industrial 
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applications due to their chemical and physical properties, as well as environmentally 

friendly nature, were synthesized and used as the polymeric base coating material. The design 

and fabrication of PU/HNT-Lys based antibacterial surface coatings was demonstrated in 

Figure 21. The glass substrate was coated with waterborne PU with a coating thickness of 

about 2 microns by spin coating. Subsequently, HNT-Lys nanohybrids, which were subjected 

to sonication in an aqueous dispersion were sprayed onto the PU coating. Non-covalent 

interactions such as H-bonding and electrostatic interactions allowed a secure assembly 

between PU and HNT-Lys nanohybrids resulting in PU/HNT-Lys hybrid coatings.  

 

Figure 21. Schematic illustration of the design and fabrication of PU/HNT-Lys hybrid 

coatings. 

SEM image of the coated surface exhibited that HNT-Lys nanohybrids were successfully 

embedded onto the PU surface with a homogeneous distribution (Figure 22a). The presence 

of the HNT-Lys nanohybrids on PU was further demonstrated by FT-IR spectroscopy (Figure 

22b). The formation of the new peaks at 3200 cm-1 and 3100 cm-1, which are protein-specific 

peaks Amide A and Amide B peaks, respectively, indicates that lysostaphin is present on the 

surface and HNT-Lys nanohybrids have been successfully incorporated onto the PU surface. 
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Hydrophilicities of PU, PU/HNT and PU/HNT-Lys surfaces were analyzed by water contact 

angle measurements and the results were demonstrated in Figure 22c. Due to the increase in 

hydrophilicity caused by catechol groups in polydopamine, the contact angle decreased when 

the PDA functionalized HNTs were sprayed onto the PU surface. However, the contact angle 

of PU/HNT-Lys surface was found to be higher than that of the PU and PU/HNT surfaces, 

indicating a decrease in hydrophilicity of the surface. 

The antimicrobial activity of PU/HNT-Lys hybrid coatings was evaluated on S. aureus by 

quantifying the survival of bacteria held in contact with the coated surfaces for 24 h according 

to ISO 22196 standard protocol. PU/HNT-Lys coated surfaces containing 4 wt.% HNT/Lys 

nanohybrids with a lysostaphin concentration of 0.08 g/cm2 were incubated with S. aureus 

(105 CFU/mL) at 37 °C for 24 h followed by serial dilution and colony counting. PU and PU 

coated glass substrates sprayed with PDA functionalized HNTs (PU/HNT) were used as 

control samples lacking lysostaphin. As shown in Figure 23a, while PU and PU/HNT films 

did not display any antibacterial activity, the number of viable cells in contact with PU/HNT-

Lys decreased by about two logs, demonstrating a significant reduction in the number of 

bacteria. The enzymatic activity of HNT immobilized lysostaphin incorporated into PU 

allowed the lysis of bacteria in contact with the coating resulting in strong antibacterial 

activity on S. aureus.  
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Figure 22. SEM images (a), FT-IR analysis (b) and water contact angle measurements (c) of 

PU, PU/HNT and PU/HNT-Lys hybrid coatings (c). 

The antimicrobial activity of PU/HNT-Lys hybrid coatings was evaluated on S. aureus by 

quantifying the survival of bacteria held in contact with the coated surfaces for 24 h according 

to ISO 22196 standard protocol. PU/HNT-Lys coated surfaces containing 4 wt.% HNT/Lys 

nanohybrids with a lysostaphin concentration of 0.08 g/cm2 were incubated with S. aureus 

(105 CFU/mL) at 37 °C for 24 h followed by serial dilution and colony counting. PU and PU 

coated glass substrates sprayed with PDA functionalized HNTs (PU/HNT) were used as 

control samples lacking lysostaphin. As shown in Figure 23a, while PU and PU/HNT films 

did not display any antibacterial activity, the number of viable cells in contact with PU/HNT-

Lys decreased by about two logs, demonstrating a significant reduction in the number of 

bacteria. The enzymatic activity of HNT immobilized lysostaphin incorporated into PU 
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allowed the lysis of bacteria in contact with the coating resulting in strong antibacterial 

activity on S. aureus. 

Bacteria, that were incubated on the surfaces for 24 hours were visualized by LSCM with 

live/dead staining (Figure 23b). While the majority of the bacteria incubated on the PU/HNT-

Lys surface was dead, the bacteria incubated on the PU and PU/HNT surfaces were alive, 

which has clearly demonstrated the killing activity of the PU/HNT-Lys hybrid coating on S. 

aureus. The damage on the bacteria caused by the contact-killing effect of HNT-Lys 

nanohybrids was further visualized with SEM. While bacteria on PU and PU/HNT surfaces 

preserved their spherical shape, the morphology of bacteria which were in contact with 

PU/HNT-Lys hybrid coatings was significantly changed (Figure 23c). This clearly indicated 

the antibacterial effectiveness of the PU/HNT-Lys hybrid coating due to the lysostaphin as a 

contact-killing agent. 
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Figure 23. Viability of S. aureus incubated with glass substrates coated with PU, PU/HNT 

and PU/HNT-Lys at 37 °C for 24 h according to ISO 22196. Values sharing a common 

symbol are not significantly different (n = 3) (a), LSCM images of bacteria on PU, PU/HNT 

and PU/HNT-Lys surfaces (b) and SEM images of bacteria on PU, PU/HNT and PU/HNT-

Lys surfaces (c). 

PU/HNT-Lys hybrid coatings, which have been proven to show antibacterial activity at 37 

°C on S. aureus, were also tested for their antibacterial activity at room temperature. 
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PU/HNT-Lys coated glass surfaces of equal sizes were incubated with aqueous suspensions 

of S. aureus (107 CFU/mL) under dynamic contact conditions for 24 hours at room 

temperature, followed by serial dilution and viable-cell counting. The PU/HNT-Lys hybrid 

coatings caused a decrease in the number of live cells by approximately 99% (Figure 24), 

demonstrating that PU/HNT-Lys coatings presented significant killing efficiency at room 

temperature and can be easily utilized in applications where antibacterial activity at ambient 

temperature is required.  

 

Figure 24. Viability of S. aureus (107 CFU/mL) incubated in the presence of PU/HNT-Lys 

for 24 h at room temperature. Nanocomposite coatings contained 4 wt% HNT-Lys 

nanohybrids and the lysostaphin concentration was 0.08 µg/cm2. 

To determine the effect of the enzyme content on the killing efficiency of the hybrid coatings, 

HNT-Lys nanohybrids were sprayed onto the PU surface to result in coatings with a 

lysostaphin concentration of 0.04 g/cm2, 0.08 g/cm2, 0.19 g/cm2, 0.38 g/cm2 and 

viability assays were performed based on ISO 22196 for the resulting coatings. Contrary to 
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expectations, the antibacterial activity of the hybrid coatings decreased as the enzyme content 

on the PU coating surface increased (Figure 25a). This result may be explained by the fact 

that HNT-Lys nanohybrids tend to form agglomerates as the amount of nanohybrids sprayed 

onto the surfaces increases. Thus, the direct contact of the enzyme with the target cell may 

be restricted due to steric hindrance, thereby reducing the enzyme activity 297. The formation 

of agglomerates was clearly observed with increasing nanohybrid concentrations as shown 

in Figure 25b. Although the antibacterial activity increased by decreased lysostaphin 

concentration, 0.08 g/cm2 was determined to be an optimal concentration, below which 

antibacterial activity of nanocomposite coatings starts to decrease again, potentially because 

the lysostaphin concentration present in the coating was below the effective lysostaphin 

concentration and was not sufficient to kill bacteria.  Since the highest antibacterial activity 

was observed in coatings containing 4 wt% HNT-Lys at a lysostaphin concentration of 0.08 

g/cm2, all further experiments were performed at this concentration. 
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Figure 25. a) The effect of concentration of HNT-Lys on the viability of S. aureus incubated 

at 37 °C for 24 h. The experiments were carried out according to the ISO 22196 standard 

protocol. The HNT-Lys nanohybrid concentrations were 20 wt%, 10 wt%, and 4 wt%, and 

the lysostaphin concentration in the nanocomposites tested were 0.38 µg/cm2, 0.19 µg/cm2, 

0.08 µg/cm2 and 0.04 µg/cm2, respectively, b) SEM images of PU/HNT-Lys nanocomposite 

coatings prepared with different concentrations of HNT-Lys. 

4.4.3. Stability of PU/HNT-Lys hybrid coatings 

Considering that PU/HNT-Lys coatings are designed via non-covalent interactions between 

HNT-Lys nanohybrids and the PU surface, it was critical to demonstrate that nanohybrids 

remain on the surface during/after the application and maintain their enzymatic activity under 

different conditions, mimicking the use of these coatings in real world applications. To 
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evaluate the adhesion and mechanical stability of HNT-Lys nanohybrids on the coating 

surface, PU/HNT-Lys coatings were subjected to incubation in an aqueous buffer for 24 

hours and to rubbing of the surface with a swab, respectively. Following these applications, 

the tendency of HNT-Lys nanohybrids to leach out of the surface was examined qualitatively 

by SEM. As seen in Figure 26a, HNT-Lys nanohybrids did not leach out and remained on 

the surface in both cases, demonstrating the durability of the coatings. 

Whether the lysostaphin was leaching from the PU/HNT-Lys hybrid coatings during aqueous 

incubation was also quantitatively determined. In order to demonstrate the effect of the PDA 

functionalized HNT-assisted immobilization of the lysostaphin on the stability of resulting 

coatings, PU/HNT-Lys coatings were evaluated in comparison to PU/Lys coatings, in which 

the same amount of lysostaphin was directly sprayed onto the PU from an aqueous solution 

without HNTs. Following a 24 h incubation of both coated surfaces in a buffer, both the 

incubation buffer, which would contain any lysostaphin leached out, and the coated surfaces 

were subjected to a viability assay under dynamic conditions. While the antibacterial activity 

of PU/HNT-Lys coatings were still significantly active against S. aureus, PU/Lys coatings 

entirely lost their antibacterial activity following the incubation (Figure 26b). The killing 

efficiencies of the incubation buffers that could potentially contain leached out lysostaphin 

further confirmed the stability of PU/HNT-Lys coatings. While the buffer obtained from the 

incubation of PU/HNT-Lys coated surfaces showed a very weak killing efficiency on S. 

aureus, the buffer, in which PU/Lys coated surfaces was incubated resulted in 95% killing 

activity, demonstrating that most of the enzyme from the PU/Lys surface has migrated into 

the incubation buffer (Figure 26c). The native lysostaphin which adhered to the PU only by 

physical adsorption without being immobilized on HNTs presented weak interactions with 
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the coating material 99, 298 and was easily removed from the surface in the case of PU/Lys 

coatings. On the other hand, lysostaphin was not found to leach out of the surface when it 

was immobilized with the aid of HNTs due to the ability of these nanohybrids to form strong 

non-covalent interactions with the PU. These results suggest that the covalent immobilization 

of the enzyme on the HNT support significantly enhanced its adhesion stability on the 

surface, resulting in durable, non-leaching antibacterial coatings effective against S. aureus. 

 

Figure 26. a) SEM images of PU/HNT-Lys coated surfaces following incubation with 

aqueous buffer (left) and rubbing with a swab (right), b) killing efficiency of PU/HNT-Lys 

and PU/Lys coated surfaces following the incubation with aqueous buffer, c) killing 

efficiency of the buffer incubated with PU/HNT-Lys and PU/Lys coated surfaces. Values 

sharing a common symbol are not significantly different (n = 3). 

The prolonged use of the enzyme-based antibacterial coatings is challenging as it involves 

continuous exposure of the immobilized enzyme to bacteria; therefore, it is a fundamental 



90 

requirement for the coating material to have operational stability. To assess the reusability of 

PU/HNT-Lys hybrid coatings, multiple incubation cycles of the same set of coated surfaces 

were performed with S. aureus. In each cycle, coatings were incubated with a cell suspension 

(107 CFU/mL) for six hours followed by cell counting to determine the antimicrobial activity 

of the coatings. Coated surfaces were rinsed with buffer, dried and kept at room temperature 

for three days between each cycle. As shown in Figure 27a, at the end of three operation 

cycles, PU/HNT-Lys surfaces presented only a slight decrease in enzymatic activity and were 

still active against S. aureus demonstrating 1.5 log killing efficiency. These results 

demonstrated the reusability of the PU/HNT-Lys coatings, which retain their powerful 

destructive effect on S. aureus upon multiple use. 

 

Figure 27. a) Operational stability of PU/HNT-Lys hybrid coatings over three cycles, b) 

Storage stability of PU/HNT-Lys hybrid coatings stored at 4 °C and RT for 20 days. Values 

sharing a common symbol are not significantly different (n = 3). 

Finally, the storage stability of PU/HNT-Lys hybrid coatings was studied over 20 days 

(Figure 27b). PU/HNT-Lys coatings that were stored at 4 °C and at RT in dry form for 20 
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days were subjected to a viability assay, and their antibacterial activity was evaluated. 

Coatings stored for 20 days at 4 °C reduced the number of viable bacteria by the same ratio 

as freshly prepared coatings. While coatings stored for 20 days at RT presented a minimal 

decrease in antibacterial activity, they were still active in killing S. aureus on the surface 

demonstrating the stability of these coatings over time.  

4.4.4. Antibiofilm properties of PU/HNT-Lys hybrid coatings 

Biofilms of S. aureus formed by aggregates of surface attached bacteria embedded in a self-

produced extracellular matrix are resistant to many antibacterial agents and are important 

causes of surface-associated infections 184. Lysostaphin has a strong eradicative effect on not 

only planktonic S. aureus but also biofilms originating from S. aureus on abiotic surfaces 22. 

The effectiveness of PU/HNT-Lys coatings on the inhibition of biofilm formation was 

investigated. Glass substrates coated with PU/HNT-Lys and control PU were incubated with 

S. aureus for 48 h to allow static biofilm formation, rinsed to remove unadhered cells, stained 

with live-dead cell stain and visualized with laser scanning confocal microscopy (LSCM). 

Figure 28a demonstrates the representative LSCM images of stained surfaces. The dark green 

background experienced in LSCM images for neat PU and PU/HNT-Lys samples resulted 

from the non-specific binding between PU and the stain and should not be confused with cell 

viability. While the neat PU surface was highly colonized with light green live cells, 

PU/HNT-Lys coated surface significantly impaired the attachment of cells and caused a 

significant reduction in the number of colonized bacteria due to its antibiofilm activity. 

Furthermore, the biofilm formation on these surfaces was quantitatively examined by 

dispersing the surface attached bacteria followed by colony-counting. PU/HNT-Lys coatings 

showed 70% reduction in biofilm formation compared to neat PU coatings (Figure 28b). 
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These results clearly indicate that PU/HNT-Lys hybrid coatings have a significant effect on 

the prevention of biofilm formation and have strong potential as antibiofilm coatings 

effective against S. aureus. 

 

Figure 28. Representative LSCM images of surfaces coated with neat PU film (top) and 

PU/HNT-Lys (bottom) following a 48 h incubation with S. aureus and staining with live-dead 

cell stain (a) biofilm formation on PU and PU/HNT-Lys coated surfaces (b). Scale bar is 5 

µm. Values sharing a common symbol are not significantly different (n = 3). 

4.5. Conclusion 

Novel lysostaphin containing waterborne polyurethane hybrid coatings with antibacterial and 

antibiofilm properties were fabricated by the covalent immobilization of lysostaphin on PDA 

functionalized HNTs and incorporation of resulting nanohybrids into polyurethane coatings. 

These coatings presented a strong antibacterial effect on both planktonic and biofilm form of 

methicillin-resistant S. aureus, the primary source of healthcare-associated infections, by 
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direct-contact killing mechanism without the release of antibacterial agents. Moreover, 

lysostaphin containing hybrid coatings prepared in this study were demonstrated to have 

storage and operational stability, which can be safely used as durable and effective coating 

materials in areas related to human health. These novel hybrid coatings, consisting of natural 

and safe ingredients, have a great potential to combat S. aureus related infections as they can 

easily be applied to surfaces in healthcare environments and medical devices. 
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CHAPTER 5: Lysostaphin-functionalized waterborne polyurethane-polydopamine 

coatings effective against S. aureus Biofilms   

Reference Publication: Buket Alkan-Taş, Ekin Berksun, Cüneyt Erdinç Taş, Serkan Ünal 

and Hayriye Ünal “Lysostaphin-functionalized Waterborne Polyurethane-Polydopamine 

Coatings Effective Against S. aureus Biofilms”, ACS Appl. Polym. Mater. 2022, 4, 6, 4298–

4305 

 

5.1.  Abstract 

Hybrid waterborne polyurethane-polydopamine (WPU-PDA) matrix, showing the adhesive 

properties of PDA in its entirety, was utilized for the immobilization of lysostaphin (Lys), an 

important anti-staphylococcal agent, to obtain highly effective antibacterial and antibiofilm 

surface coatings. WPU-PDA matrix prepared by the encapsulation of WPU particles with 

PDA in aqueous dispersion was applied as coatings on substrates and the facile incubation 

of the WPU-PDA coated surfaces with Lys in aqueous solution resulted in WPU-PDA/Lys 

coatings that contain immobilized Lys on the surface. WPU-PDA/Lys coatings showed 

strong anti-S. aureus activity with a 4-log reduction in the number of cells. Furthermore, 

WPU-PDA/Lys coatings were demonstrated to be durable without any enzyme leakage and 

their antibacterial activity was preserved for at least 30 days and over multiple exposures to 

bacteria. WPU-PDA/Lys coatings presented significant antibiofilm activity against S. aureus 
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with a 3.5 log reduction in the number of surface-attached bacteria. WPU-PDA/Lys coatings 

that are easy-to-apply to almost any surface, non-toxic, and environmentally friendly, provide 

promising antibacterial and antibiofilm surfaces, that are effective on S. aureus. 

5.2. Introduction 

Biofilms, defined as organized surface-attached bacterial aggregates, cause significant 

problems in different application areas in marine 299, food 300 and healthcare industries 301-

303. Following the adhesion of planktonic cells  to biotic or abiotic surfaces, the bacteria 

population increases via  formation of colonies surrounded by a polymeric extracellular 

matrix 304. The three-dimensional extracellular polymeric matrix, which acts as a physical 

and chemical barrier, protects the biofilms from attack by antibiofilm therapies and extreme 

environmental conditions, making biofilms very difficult to eradicate 35. Current 

antimicrobial treatments using antibiotics are often unsuitable for infections caused by 

biofilms due to their complex physical and biological properties.  

Surface coatings, that can prevent bacteria from adhering to the surface or target the 

extracellular polymeric substances (EPS) of existing biofilms, are promising approaches to 

prevent biofilm-induced problems. Reduction of the interactions between the surface and 

bacteria via  a hydrophobic surface 305, a negatively charged surface 306 or integration of 

polyethylene glycol (PEG) to the surface may provide an anti-adhesive layer 307-308 that 

inhibits bacterial adhesion; thus biofilm formation may be  prevented at an initial step. 

However, the effectiveness of anti-adhesive surfaces is limited, as even a small number of 

bacteria adhered to the surface can trigger biofilm formation. Active coatings containing 

antimicrobial agents are more promising because they destroy the biofilm integrity by 
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degrading the structural components of the EPS. Coatings based on polycationic biocides 309-

311 for killing bacteria via electrostatic interactions and coatings based on antimicrobial 

peptides 85, 312-313 for blocking the bacterial function via penetration into the cell membrane 

are some examples of antibiofilm coatings. Furthermore, another strategy that has proven 

effective in combating biofilms has been the integration of enzymes active against biofilm 

forming bacteria into surface coatings. The control of biofilms with enzymes is an important 

approach, as enzymes are environmentally friendly due to their non-toxic nature and their 

biodegradability. Quorum-sensing-degrading enzymes 314 and Dispersin B 315 that were non-

covalently immobilized onto surfaces have been demonstrated as effective contact-active 

antibacterial/antibiofilm agents. However, in coatings obtained via non-covalent 

incorporation of enzymes onto surfaces, the enzyme may leak from the surface, or the 

enzymatic activity may decrease over time. Therefore, covalent immobilization of enzymes 

onto target surfaces has an important advantage for obtaining durable active coatings. 

Covalent immobilization of enzymes including  cellobiose dehydrogenase (CDH) 316, 

nuclease 317, acylase 318, and glycoside hydrolase 319have been demonstrated to result in 

coatings that are effective against biofilms. The covalent incorporation of the enzyme on the 

coating surface offers an alternative approach in that the enzyme is more stable with 

minimization of enzyme leaching and provides long-term use. 

Lysostaphin (Lys) is a proteolytic enzyme, that can degrade biofilms by disrupting the 

peptide bonds of the proteinaceous substances that make up the EPS content of biofilms 21. 

Lys is highly selective for S. aureus, the best-known example of staphylococcal strains, and 

eradicates S. aureus biofilms effectively 320. In limited number of studies, Lys was 

incorporated into surface coatings via Lys-functionalized nanoparticles or pre-
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functionalization of the surface with an adhesive polymeric layer, and antibiofilm surfaces, 

that can effectively eradicate S. aureus biofilms were obtained 99, 101, 191 . However, the 

immobilization of the Lys onto a nanoparticle and its subsequent dispersion in the coating 

material can cause formation of aggregates and heterogeneous distribution of the 

nanoparticles into the coating material decreasing the effectiveness of the enzyme. A 

nanoparticle-free approach to incorporate Lys into a surface coating, that does not require 

prior functionalization of surfaces and can be easily applied to large-area surfaces would have 

great potential as effective and practical antibiofilm coatings for eradication of S. aureus 

biofilms.    

In this study, a hybrid waterborne polyurethane and polydopamine (WPU-PDA) polymer 

matrix 321 was utilized as a scaffold for the immobilization of Lys, resulting in a single-

component, nanoparticle-free surface coating that can be easily applied to large-surface areas 

and presents effective antibiofilm activity against S. aureus. The WPU-PDA is obtained by 

coating the WPU particles with polydopamine and can be applied to any surface as a single 

component coating. Surfaces onto which this hybrid polymer is applied exhibit intrinsically 

adhesive properties, allowing Lys to be immobilized homogeneously via a facile incubation, 

that preserved its antibiofilm activity. The WPU-PDA-Lys coatings presented here offer a 

practical and effective solution on surfaces that are prone to S. aureus biofilm formation.   

5.3. Materials and Methods 

5.3.1. Materials 

3-hydroxytyramine hydrochloride (dopamine) and Tris(hydroxymethyl)aminomethane 

(ultrapure Tris base) were purchased from Acros Organics Inc and MP Biomedicals, LLC, 
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respectively. Acetone with 99.5% purity, sodium hydroxide, ethylenediamine (EDA), 

hydrochloric acid (37%), and Lys were supplied from Sigma-Aldrich Inc. Agar powder and 

Tryptic soy broth (TSB) were purchased from Medimark. Sodium 2-[(2-aminoethyl) amino] 

ethane sulphonate (AEAS) (50 wt % in water) was donated by Evonik Industries. 

Hexamethylene diisocyanate (HDI) was purchased from Covestro AG. Polyester polyol 

(Desmophen 1652, Mn=2000 g/mol) was supplied from Covestro AG and dried at 80 °C for 

15 min under vacuum (~2 mbar) before use.  

5.3.2. Synthesis of WPU-PDA dispersion 

The WPU dispersion was synthesized using the acetone method 191. The NCO-terminated 

polyurethane prepolymer was prepared via the pre-polymerization reaction between 

polyester polyol (170.8 g) and HDI (29.0 g). The reaction temperature was first set to 80 °C 

until the theoretical NCO content of 3.86 % (determined by the back titration method 

following ASTM D2572-97) was reached, then the prepolymer was dissolved in acetone at 

50 °C resulting in 40 wt % solid content. Chain extension of the prepolymer was performed 

by the dropwise addition of a mixture of AEAS (13.3 g) and EDA (1.9 g) at 50 °C. Then, 

distilled water was slowly added into the reaction mixture at 40 °C and acetone was removed 

by vacuum distillation. Finally, filtration of the product through a 50 µm filter resulted in a 

WPU dispersion with approximately 35 wt % solid content and a pH of 7.0.  

WPU-PDA dispersions were prepared as reported earlier 321. An aqueous dopamine solution 

was mixed with the WPU dispersion at 6 mg/mL dopamine concentration and 6 wt % total 

solid content, and the pH was adjusted to 8.5. A dark   brown WPU-PDA dispersion was 

obtained after a 24 h stirring reaction at  40 °C. 
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5.3.3. Preparation and characterization of WPU-PDA/Lys coatings 

The WPU-PDA dispersion was spin coated (SPIN-COATER KW-4A) onto a sterile glass 

substrate (18 mm diameter, Corning Inc.) at 2000 rpm for 60 s and the substrate was dried 

overnight at room temperature. The thickness of the coating on the substrate was measured 

as 2 µm by a KLA-Tencor P6 Surface Profilometer. 

To covalently immobilize the Lys, WPU-PDA coated substrates were immersed into 1 mL 

Lys solution with a concentration of 0.16 mg/mL in Tris buffer (50 mM Tris, 145 mM NaCl) 

and shaken at 500 rpm at room temperature for 4 h. Resulting WPU-PDA/Lys coated 

substrates were removed and washed with 1 mL Tris buffer by shaking for 10 min to remove 

any unreacted Lys from the surface and drying at room temperature. Lys was directly 

immobilized onto WPU coatings by the same method to prepare WPU/Lys coated substrates 

as a control surface. 

Fourier Transform Infrared (FT-IR) spectra of the coated substrates were acquired using 

Nicolet IS10 equipped with an ATR system.  

To determine the immobilization efficiency of the Lys on the WPU-PDA coatings, the 

concentration of the Lys solution before and after the reaction with WPU-PDA coated 

surfaces was determined with the Bio-Rad Quick Start™ Bradford Protein Assay (BSA). The 

amount of the Lys immobilized onto the WPU-PDA coated substrate was calculated from 

the difference of the amount of the Lys in the initial solution and the solution collected after 

the reaction. The Lys concentration on the WPU-PDA-Lys coatings was reported in µg/cm2. 

Immobilization of the Lys to the WPU-PDA surface was evaluated by the decrease in optical 

density of S. aureus (ATCC 29213) suspensions mixed with the Lys solution collected from 
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the reaction with the WPAU-PDA coated substrates using Tecan Infinite M200 plate reader. 

S. aureus (ATCC 29213) grown on TSB agar plates were inoculated into TSB (3 mL) and 

grown overnight at 37 °C on a shaker incubator (200 rpm). Cells harvested by centrifugation 

were washed twice in sterile Tris buffer (pH 7.5) and resuspended in Tris buffer at a 

concentration of 107 CFU/mL. The initial Lys solution and the Lys solution collected after 

the reaction with the WPU-PDA coated substrates were placed in a 96-well microplate and 

the plate was covered to prevent any evaporation. The optical density of the suspensions at 

595 nm was monitored for 30 min at 37 °C. 

5.3.4. Antibacterial properties of WPU-PDA/Lys coatings 

The antibacterial activity of WPU-PDA/Lys coatings was determined with the ISO 22196 

standard protocol with some modifications 288. S. aureus (ATCC 29213) grown on TSB agar 

plates were inoculated into TSB (3 mL) and grown overnight at 37 °C on a shaker incubator 

(200 rpm). Following the incubation, centrifugation was applied to collect grown cells; 

subsequently, collected cells were rinsed twice in sterile Tris buffer and resuspended in 

Tris/TSB (1 %, v/v) at a concentration of 105 CFU/mL. 30 μL aliquot of the of bacterial 

suspension was transferred onto coated glass substrates (20 mm × 20 mm), which were placed 

into petri dishes, and samples were covered with parafilm (15 mm × 15 mm). Incubation of 

samples was performed at 37 °C under a relative humidity of above 90% for 24 h. The coated 

glass substrates and parafilm used as a cover were transferred into Tris buffer (2 mL) and 

bath sonication was carried out for 15 min followed by vortexing for 30 s. Serial dilutions of 

the bacterial suspension were plated onto TSB agar and the number of bacteria was 

determined as log CFU/cm2 by counting the colonies that were grown on agar during the 
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incubation at 37 °C for 18 h. Mean and standard error calculated from three different 

measurements were reported. 

5.3.5. Stability of WPU-PDA/Lys coatings 

To determine whether the immobilized Lys remains stable on the surface, a turbidity assay 

was performed. WPU/Lys and WPU-PDA/Lys coated substrates, which contained 6 µg/cm2 

enzyme on the surface were incubated with 2 mL Tris buffer for 24 h. The buffer incubated 

with the coated substrates were removed and subjected to a turbidity assay; the coated 

substrates were dried at room temperature. 50 µL of the buffer incubated with the coated 

substrates was placed in a 96-well microplate, mixed with 150 µL of S. aureus (107 CFU/mL) 

and the optical density at 595 nm was monitored for 30 min at 37 °C. Furthermore, a viability 

assay was applied to the WPU/Lys and WPU-PDA/Lys coated substrates that have been 

incubated with buffer. The substrates were added into 500 µL bacterial suspensions with a 

concentration of 107 CFU/mL and incubated at 37 °C with shaking at 200 rpm for 24 h. Serial 

dilutions of the bacterial suspensions were plated and incubated at 37 °C for 18 h for colony 

counting. Mean and standard error calculated from three different measurements were 

reported.  

The operational stability of the coatings over multiple exposures to S. aureus was determined 

via the ISO 22196 standard protocol with some modifications. Coated substrates (20 mm x 

20 mm) were exposed to bacteria (30 μL) at 105 CFU/mL, covered with parafilm (15 mm × 

15 mm) and incubated at 37 °C under a relative humidity of above 90 % for 24 h. Following 

the incubation, bacteria on the coated substrates were transferred to Tris buffer for 

quantification as detailed above, and the coated substrates were prepared for the second cycle 
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of exposure to S. aureus by washing with Tris buffer and drying under nitrogen flow.  This 

process was repeated three times for each sample.  

The storage stability of the coatings was studied over 30 d. WPU-PDA/Lys coatings that 

were stored at room temperature for 30 d were subjected to a viability assay via the ISO 

22196 protocol as detailed above. Mean and standard error calculated from three different 

measurements were reported. 

5.3.6. Antibiofilm properties of WPU-PDA/Lys coatings 

Glass substrates (18 mm diameter) coated with WPU-PDA/Lys, prepared by incubation with 

0.16 mg/mL, 0.31 mg/mL or 0.54 mg/mL Lys solution and containing 6 µg/cm2, 13 µg/cm2 

and 20 µg/cm2 enzyme on their surfaces, respectively, were immersed into petri dishes 

containing suspensions of S. aureus (ATCC 29213) in TSB growth medium (108 CFU/mL). 

To allow biofilm formation, petri dishes were incubated at 37 °C without shaking. After 24 

h, bacterial suspensions were replaced with fresh TSB and incubated for an additional 24 h. 

To quantify the biofilm formation, coated substrates were removed from the petri dishes and 

gently washed once with 15 mL Tris buffer to eliminate unattached bacteria. Substrates were 

then immersed into 15 mL fresh Tris buffer and agitated in an ultrasound bath for 20 min 

followed by vortexing for 30 seconds to transfer surface-attached biofilm bacteria into the 

buffer. Serial dilution and colony counting was performed on the buffer containing bacteria 

released from the biofilms. Mean and standard error calculated from three different 

measurements were reported.  

Scanning electron microscope (SEM) imaging of the biofilm formation on surfaces was 

performed using LEO Supra 35 V P scanning electron microscope. Following the static 
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biofilm formation substrates were gently rinsed with Tris buffer and fixed in 2.5 % 

glutaraldehyde in PBS for 2 h at room temperature. Fixed samples were washed twice with 

sterile PBS and dehydrated in a series of increasing ethanol concentrations. Before the SEM 

visualization samples were coated with Au-Pd. 

Biofilms formed on the substrates were visualized with laser scanning confocal microscopy 

(LSCM). Substrates were washed with sterile Tris buffer once to remove unattached bacteria, 

stained with BacLight Live/Dead stain (L-7012, Invitrogen, USA) for 10 min in dark at room 

temperature, and finally rinsed with Tris buffer to remove the excess stain. Samples mounted 

onto a coverslip were imaged with a Carl-Zeiss LSM 710 Laser Scanning Confocal 

Microscope equipped with a Plan-Apochromat 63x/1.40 oil objective. 3-D renderings of Z-

stacks created by using Zen 2010 software were reported. 

5.4. Results and Discussions 

5.4.1. WPU-PDA/Lys coatings 

To obtain a polymeric matrix, that can be easily applied as a coating and presents adhesion 

properties allowing the immobilization of Lys, hybrid waterborne 

polyurethane/polydopamine was prepared.  The excellent adhesion properties of 

polydopamine originating from its catechol groups 231 were aimed to be imparted to 

waterborne polyurethane.  The stable, hybrid dispersion of the WPU-PDA polymeric matrix, 

was obtained by encapsulating WPU particles with polydopamine via a one-pot 

polymerization of the dopamine monomer in the WPU dispersion, as reported previously 321-

322. A substrate was coated with the WPU-PDA polymer matrix via spin coating followed by 
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the incubation of the WPU-PDA coated substrate with an aqueous Lys solution, resulting in 

WPU-PDA-Lys coatings (Figure 29). 

 

Figure 29. Preparation of the WPU-PDA/Lys coated surfaces. 

The  PDA component of the hybrid matrix was utilized for the covalent immobilization of 

the Lys via Michael addition and/or Schiff base reactions between the quinone groups of the 

PDA and nucleophilic amino-functional groups of the enzyme 293. 

 

Figure 30. FT-IR analysis of WPU-PDA and WPU-PDA/Lys coated surfaces (a), Enzymatic 

activity of the initial Lys solution (red) and the solution that was collected from the reaction 

of WPU-PDA coated surface and the Lys solution (blue) as determined by the decrease in 

OD595 nm of S. aureus incubated with each of these solutions (b). 

The successful immobilization of Lys onto the WPU-PDA coating was evidenced by FT-IR 

(Figure 30a). The disappearance of the peak at 3175 cm-1 in the WPU-PDA spectrum 
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corresponding to the amino group of the PDA 323 confirmed the reaction between the PDA 

and  the functional groups of the Lys. The efficiency of the Lys immobilization on the WPU-

PDA coating was determined to be 96 % by the   BSA assay, resulting in a Lys concentration 

of 6 µg/cm2 on the coating surface. The immobilization of Lys was further confirmed with a 

turbidity assay, which monitors the decrease in optical density due to the Lys-based cell lysis. 

The enzymatic activity of the initial Lys solution and the wash solution collected from the 

WPU-PDA surface after the reaction with the Lys solution was tested against S. aureus. The 

initial Lys solution showed a very strong enzymatic activity on S. aureus, resulting in a 

significant decrease in optical density. On the other hand, the wash solution collected after 

the reaction was completed presented a negligible enzymatic activity, demonstrating that 

most of the Lys was immobilized on the WPU-PDA surface (Figure 30b). 

5.4.2. Antibacterial properties of WPU-PDA/Lys coatings 

The antibacterial activity of the WPU-PDA/Lys coating was evaluated against S. aureus by 

determining the viability of the bacteria that have been in contact with this surface according 

to the ISO 22196 standard protocol. As illustrated in Figure 31, while WPU and WPU-PDA 

control samples, which did not contain Lys enzyme, did not show any killing activity on S. 

aureus cells, WPU-PDA/Lys coatings demonstrated strong antibacterial effect against S. 

aureus with a 4-log reduction in the number of viable bacteria. The facile immobilization of 

the Lys onto the WPA-PDU coating resulted in a surface containing Lys, which preserved 

its enzymatic activity and can kill S. aureus effectively. 
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Figure 31. Viability of S. aureus incubated with WPU, WPU-PDA and WPU-PDA/Lys coated 

substrates at 37 °C for 24 h according to ISO 22196. 

5.4.3. Stability of WPU-PDA/Lys coatings 

The stability of the Lys immobilized onto the coating, as well as the durability of its 

enzymatic activity was studied. WPU-PDA-Lys surfaces were incubated in an aqueous 

buffer, which was then tested in terms of its cell lysis activity on S. aureus. WPU-Lys 

surfaces, which were prepared via dip coating of the same amount of Lys directly onto the 

WPU coating was used as a control. As shown in Figure 32a, the buffer in which the 

WPU/Lys surfaces was incubated killed the S. aureus, confirming that the Lys bound to the 

surface via non-covalent interactions was not stable and migrated to the incubation buffer 298. 

On the other hand, the buffer in which the WPU-PDA/Lys coated surfaces were incubated 

presented very low antibacterial activity on S. aureus, demonstrating that the Lys in the 

WPU-PDA/Lys coatings remained stable due to covalent immobilization. As a further 

confirmation of the enzyme stability of WPU-PDA/Lys coatings, the resulting WPU/Lys and 
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WPU-PDA/Lys coatings treated with the aqueous buffer were tested in terms of their killing 

activity on S. aureus. While the WPU-PDA/Lys coatings washed with the buffer presented 

killing activity on S. aureus, WPU/Lys coatings did not show any antibacterial activity 

following the treatment with buffer (Figure 32b). These results suggest that the PDA on the 

WPU-PDA constitutes a scaffold for the covalent binding of the Lys enzyme, and as a result, 

non-leaching and durable Lys-containing coatings that are effective against S. aureus were 

obtained. 

 

Figure 32. a) Killing efficiency of the buffer incubated with the WPU/Lys and WPU-PDA/Lys 

coated surfaces, b) Viability of S. aureus incubated with WPU, WPU-PDA/Lys and WPU-

PDA/Lys coated surfaces which were treated with aqueous buffer. 

It is critical that the enzyme in enzyme-based antibacterial coatings maintains its activity over 

multiple exposures to bacteria. To evaluate the operational stability of WPU-PDA/Lys 

coatings, they were challenged with S. aureus over multiple incubation cycles. In each cycle, 

coated surfaces were incubated with suspensions of S. aureus for 24 h, rinsed with buffer, 

dried and re-exposed to the same number of bacteria. As shown in Figure 33a, after 
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challenging the same coatings with bacteria by three operational cycles, only a slight decrease 

in antibacterial activity of WPU-PDA/Lys coatings was observed; the coatings still presented 

strong killing effect on S. aureus with a 3.5 log reduction in number of bacteria. 

The storage stability of the WPU-PDA/Lys coatings was determined by storing the coated 

surfaces at room temperature for 30 d, and then applying a viability assay to these coatings. 

As indicated in Figure 33b, the killing efficiency of the coatings stored for 30 d at room 

temperature remained almost the same as the freshly prepared coating, demonstrating the 

strong storage stability of these coatings. 

 

Figure 33. a) Operational stability of WPU-PDA/Lys coatings over three cycles, b) Storage 

stability of WPU-PDA/Lys coatings stored at RT for 30 d. 

5.4.4. Antibiofilm properties of WPU-PDA/Lys coatings 

The antibiofilm activity of WPU-PDA/Lys coatings on S. aureus biofilms was also 

investigated. To determine the effect of the Lys content of the coatings on the formation of 

biofilms, WPU-PDA/Lys coatings of different Lys concentrations were prepared. WPU-

PDA/Lys coatings, as well as WPU and WPU-PDA control coatings were statically 

incubated with S. aureus for 48 h to allow formation of bacterial biofilms on their surfaces 
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and then rinsed to remove any unadhered cells. Finally, the number of viable surface attached 

bacteria was counted to quantitatively determine the biofilm formation on these surfaces. As 

the Lys content increased in the coating, the degree of the biofilm formation on the surfaces 

has decreased. WPU-PDA/Lys coatings with a Lys content of 20 µg/cm2 on the surface 

resulted in a 3.5 log reduction in the number of surface-attached bacteria, which clearly 

shows that WPU-PDA/Lys coatings were highly effective on S. aureus biofilms (Figure 34).  

 

Figure 34. Biofilm formation on the WPU-PDA control surface and WPU-PDA/Lys coated 

surfaces at different Lys concentrations. 

The morphology of the biofilm bacteria on the WPU, WPU-PDA and WPU-PDA/Lys coated 

surfaces incubated with S. aureus to allow static biofilm formation was investigated using 

SEM (Figure 35). WPU and WPU-PDA coated control surfaces, which were lacking the Lys 

were highly colonized with aggregates of healthy bacteria without any structural 

deformation. However, for the WPU-PDA/Lys coatings, significantly less bacteria were 

observed on the surface, demonstrating that the Lys on the coatings have prevented biofilm 
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formation.  Furthermore, distortions in the spherical shape of the surface-attached cells 

indicated that Lys has presented a killing activity by breaking down the cell walls. 

 

Figure 35. Representative SEM images of surfaces coated with WPU, WPU-PDA and WPU-

PDA/Lys following a 48-h incubation with S. aureus. 

Coating samples were also stained with live/dead indicator dyes and imaged with laser 

scanning confocal microscopy (LSCM). Figure 36 illustrates the representative LSCM 

images of WPU, WPU-PDA and WPU-PDA/Lys coatings. Both WPU and WPU-PDA 

coated surfaces were colonized by live bacteria, whereas the WPU-PDA/Lys coating 

inhibited the bacterial attachment on the surfaces as seen by the significant reduction in the 

number of colonized bacteria. Also, the small number of bacteria attached to WPU-PDA/Lys 



111 

surfaces were almost entirely dead. These results demonstrated that WPU-PDA/Lys coatings 

have a significant effect on both inhibition of biofilm formation and the destruction of 

surface-attached bacteria indicating that these coatings can be utilized as effective antibiofilm 

coating against S. aureus. 

 

Figure 36. Representative LSCM images of surfaces coated with WPU, WPU-PDA and 

WPU-PDA/Lys following a 48-h incubation with S. aureus. 

5.5. Conclusions 

WPUs, which stand out in a variety of industrial applications due to their environmental 

friendliness as well as their excellent chemical and physical properties, were functionalized 

with polydopamine, resulting in a one-component polymeric coating that allowed facile 

covalent immobilization of the Lys enzyme. Non-leaching, antibacterial Lys coatings 
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presented strong antibacterial effect on S. aureus, resulting in a 4-log reduction in the number 

of viable bacteria. Furthermore, the WPU-PDA/Lys coatings were shown to have a durable 

enzymatic activity allowing strong storage and operational stability. Biofilm formation was 

significantly inhibited with a 3.5 log reduction in the number of surface-attached bacteria, 

and the bacteria attached to the WPU-PDA/Lys coatings were shown to be killed by the Lys 

on the surface. We believe that the WPU-PDA/Lys coatings presented here have the potential 

to be used on a variety of large-area surfaces, ranging from healthcare to indoor applications, 

where inhibition and eradication of biofilms are required, thanks to their strong 

antibacterial/antibiofilm activity, ease of applicability and the environmentally friendly 

nature. 
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CHAPTER 6: Overall conclusions 

The overall conclusions of the thesis can be stated in the order of the chapters as below: 

• Antimicrobial crv-HNT/PE thin film coatings were prepared by multiple self-

assembly of CHI and carvacrol-loaded HNTs onto the polyethylene surface by spray 

LbL. The viability of A. hydrophila on the coated film and the aerobic count on 

chicken meat surfaces packaged with the resulting material was decreased by 85% 

and 48%, respectively. Furthermore, the antibiofilm properties of films were 

confirmed by observation of less colonized bacteria on the surface. As a result of the 

encapsulation of carvacrol in the nano-carrier, sustained release of carvacrol was 

ensured and thus the films were provided with long-term antimicrobial properties.  

• WPU-PDA hybrid coatings were fabricated to destroy pathogenic bacteria physically 

by utilizing the NIR-sensitive properties of the surface. Thanks to the effective 

photothermal activity of the PDA, the temperature of the hybrid coatings reached 

almost 155 °C after 4 minutes of NIR laser irradiation, which is an effective 

temperature for the lysis of bacteria irreversibly. Moreover, the photothermal stability 

of hybrid coatings was maintained after repeated laser irradiation. WPU-PDA hybrid 

coatings demonstrated strong antibacterial activity, resulting in 3.5 logs reduction in 

bacterial viability under NIR light irradiation and this activity was maintained up to 

twenty-irradiation cycles as well. In addition, the S. aureus biofilms were completely 

destroyed under laser irradiation, and the hybrid coatings showed impressive 

antibiofilm properties.  
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• PU/Lys-HNT hybrid coatings were designed to combat MRSA by utilizing the 

contact-killing property of lysostaphin. Hybrid coatings demonstrated effective 

antimicrobial activity against S. aureus by >99% killing efficiency. Besides, coatings 

maintained their activity over multiple incubation cycles without leaching of the 

enzyme due to covalent bonding. Storage stability was confirmed by no change in 

antimicrobial effect after 20 days as well. Moreover, the decrease in biofilm 

formation by 70% was proof of the antibiofilm effectiveness of hybrid coatings.  

• WPU-PDA/Lys coatings, in which lysostaphin acts as the contact-killing agent, 

showed a significantly lethal effect on S. aureus with excellent storage and 

operational stability, resulting in a 4 log decrease in the number of viable bacteria. In 

addition, surface-attached bacteria on WPU-PDA/Lys coatings were significantly 

killed, resulting 3.5 logs reduction in the number of bacteria, which means WPU-

PDA/Lys coatings had a significantly destructive effect on biofilms.  
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