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Abstract  

The layer-by-layer (LbL) technique is becoming a powerful tool that has been 
applied in many surface coatings and functionalizations in recent years. It has 
many advantages including a fast and mild process, the flexibility of choice of 
substrate, and the easiness to scale-up. Novel antibacterial materials can be 
achieved using this technique, by immobilizing selected antibacterial agents on 
surfaces of desired substrates. An ideal antibacterial agent, a cationic 
polyelectrolyte, can be LbL-deposited onto the surfaces in mono or multi layers, 
make the surfaces lethal to the bacteria due to their positive charge. This 
approach is able not only to effectively control the spreading of bacteria but 
also to minimize bacterial resistance as well as the environmental impact.  

Cellulose fibres modified by different cationic polyelectrolytes including 
PDADMAC, PAH, PVAm as either monolayer or multilayer assembled with PAA 
using LbL deposition have shown more than 99.99 % bacterial removal as well 
as the inhibition of bacterial growth. Among these modifications, two layers of 
PVAm assembled with one layer of PAA have shown the highest antibacterial 
efficiency due to the highest adsorbed amount and charge density. Secondly, 
PAA was replaced by a bio-based cellulose nano-fibril (CNF), as a middle layer 
between two layers of PVAm, which decreases the carbon-footprint and 
expands the possibility of using LbL technique in antibacterial applications, 
since the LbL technique can be used long as the alternate layers are oppositely 
charged. The fibres modified with this approach have shown similar and even 
better antibacterial properties than those of PAA.  

To develop the antibacterial approach using LbL on cellulose fibres, it is also 
essential to understand the antibacterial mechanism. It was found that the 
charge density and surface structures are two important factors affecting 
bacterial adhesion and the bactericidal effect. To study this, different charged 
cellulose model surfaces were made by coating oxidized, regenerated cellulose 
followed by PVAm/CNF/PVAm LbL deposition, and a better antibacterial effect 
was observed on the higher charged surface. By calculating the force between 
the bacteria and charged surface, it was suggested that a higher interaction due 
to the higher surface charge causes a large stress on the bacterial cell wall 
which leads to the disruption of the bacteria. To further improve the 
bactericidal effect, the flat surfaces were patterned with micro and nano 
structures using a femtosecond laser technique. The weakening of the bacterial 
cell wall caused by the charged surface makes the bacteria more vulnerable 
and easier to disrupt. This approach has been shown to be valid on both Gram-
positive S. aureus, and Gram-negative E. coli. The effect was greater on E. coli 
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with a weaker membrane structure and higher surface potential, which shows 
that the antibacterial mechanism is a physical disrupt of the bacterial cell.  

Keywords: Antimicrobial, Bacteria-surface interaction, Layer-by-layer, 
Cationic polyelectrolyte, Cellulose, Femtosecond laser, Nano-fibril, Surface 
charge, Surface patterning  
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Sammanfattning 

Layer-by-layer tekniken (LbL) blir ett kraftfullt verktyg som har använts i 
många ytbeläggningar och funktionaliseringar de senaste åren. Det har många 
fördelar, inklusive en snabb och mild process, flexibiliteten i valet av underlag 
och enkelheten att skala upp. Nya antibakteriella material kan uppnås med 
hjälp av denna teknik genom att immobilisera utvalda antibakteriella medel på 
ytor av önskat underlag. Ett idealiskt antibakteriellt medel, en katjonisk 
polyelektrolyt, kan LbL-avsättas på ytorna i mono- eller flerskikt, vilket gör 
ytorna dödliga för bakterierna på grund av deras positiva laddning. Detta 
tillvägagångssätt kan inte bara effektivt kontrollera spridning av bakterier 
utan också att minimera bakteriell resistens såväl som miljöpåverkan. 

Cellulosafibrer modifierade av olika katjoniska polyelektrolyter inklusive 
PDADMAC, PAH, PVAm som antingen monolager eller flerskikt sammansatt 
med PAA med användning av LbL-deposition har visat mer än 99,99% 
bakteriellt avlägsnande samt hämning av bakterietillväxt. Bland dessa 
modifieringar har två lager av PVAm sammansatt med ett skikt av PAA visat 
den högsta antibakteriella effektiviteten på grund av den högsta adsorberade 
mängden och laddningstäthet. För det andra ersattes PAA av en biobaserad 
cellulosanano-fibril (CNF), som ett mittlager mellan två lager av PVAm, vilket 
minskar kol-fotavtrycket och utvidgar möjligheten att använda LbL-teknik i 
antibakteriella tillämpningar, eftersom LbL-tekniken kan användas så länge 
som de alternativa skikten är motsatt laddade. Fibrerna modifierade med 
denna metod har visat liknande och ännu bättre antibakteriella egenskaper än 
hos PAA. 

Förutom att utveckla den antibakteriella metoden med hjälp av LbL på 
cellulosafibrer, är det också viktigt att förstå den antibakteriella mekanismen. 
Det visade sig att laddningstätheten och ytstrukturerna är två viktiga faktorer 
som påverkar bakteriell vidhäftning och den bakteriedödande effekten. För att 
studera detta gjordes olika laddade cellulosamodytor genom beläggning av 
oxiderad, regenererad cellulosa följt av PVAm / CNF / PVAm LbL-deposition 
och en bättre antibakteriell effekt observerades på den högre laddade ytan. 
Genom att beräkna kraften mellan bakterierna och laddad yta föreslogs att en 
högre interaktion på grund av den högre ytladdningen orsakar en stor 
påkänning på bakteriecellväggen vilket leder till störning av bakterierna. För 
att ytterligare förbättra den bakteriedödande effekten mönstrades de plana 
ytorna med mikro- och nanokonstruktioner med användning av en 
femtosekund laserteknik. Försvagningen av det bakteriella yttre membranet 
orsakat av den laddade ytan gör bakterierna mer sårbara och lättare att störa. 
Detta tillvägagångssätt har visat sig vara giltigt på både Gram-positiv S. aureus 
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och gram-negativ E. coli. Effekten var större på E. coli med en svagare 
membranstruktur och högre ytpotential, vilket visar att den antibakteriella 
mekanismen är en fysisk störning av bakteriecellen. 

Nyckelord: Antimikrobiell, bakterie-yta-interaktion, lager-för-skikt, katjonisk 
polyelektrolyt, cellulosa, Femtosekund laser, Nano-fibril, ytladdning, 
ytmönster 
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Chapter 1  

BACKGROUND  

1.1 Bacteria and Antibacterial Methods 

Bacteria are the earliest life forms on the earth that have a very long history 
of about 3 billion years.[1] They are prokaryotic microorganisms and they 
are very small cells a few micrometers scale in size in different shapes.[2] 
There are many ways to classify bacteria, and the most common was to 
differentiate bacteria is Gram-positive and Gram-negative, which is based on 
the structural characteristics of their cell walls where different colors are 
developed under the Gram-stain reaction first developed by Hans Christian 
Gram in 1884.[3] The cell wall of Gram-positive bacteria is composed of one 
thick and rigid layer of peptidoglycan, and many Gram-positive bacteria 
have teichoic acids embedded in their cell wall.[4] In the Gram-negative cell 
wall, the cell envelope is composed mainly of an "outer membrane" that is 
the linked by lipopolysaccharide layer (LPS).[5] The two cell-wall structures 
are shown in Figure 1.1.  

 

Figure 1.1: Illustrations of bacterial cell wall structures for Gram-negative and 
Gram-positive bacteria 

One of the biggest challenges that mankind is facing today is bacterial 
infection, since the traditional antibiotics are becoming less effective and 
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leading public health threat. Some harmful bacteria have evolved a multi-
drug resistance and the diseases caused by these bacteria are basically 
incurable due to the long-term and abusive use of antibiotics.[6] Even worse, 
the rapid growth of the population causes much more complicated human 
interactions and makes bacterial evolution and spreading much faster and 
easier. The World Health Organization (WHO)[7], has reported that more 
than 50 % of patients infected by resistant E. coli cannot obtain effective 
treatment from current antibiotics, and that more than 64 % of patients are 
likely to die when infected by methicillin-resistant Staphylococcus aureus 
(MRSA). The death rate of patients caused by sepsis related to the resistance 
of these two bacteria in US hospitals has been increasing since 2000, and 
nearly 250 000 Americans die from sepsis each year.[7] In addition, this 
places a huge economic burden on the health care system and on personal 
and families.[8, 9, 10] The crisis is global, not only in US, and apart from 
continuously developing new antibiotics, more and more attention and 
efforts also have been paid to the control of harmful bacteria spreading and 
proliferation in order to reduce the risk of bacterial infection.[11] With the 
progress of society and improved human living conditions, it is possible to 
build a more sanitized and cleaner personal living environment based on 
the development of antibacterial treatment to the surfaces of different 
substrates. In general, as shown in Figure 1.2, there are three main 
strategies for antibacterial functionalization to control bacterial spreading: 
antibiofouling, leaching (biocide release), and non-leaching/contact-active 
antibacterial approaches.  

 

Figure 1.2: Three main approaches to produce antibacterial surfaces  

 

1.1.1 Antibiofouling  
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“Antibiofouling” is also called anti-adhesive and, as the name suggests, this 
strategy acts to repel the bacteria and to prevent them settling onto the 
surface. The earliest studies were designed to reduce the adsorption of 
protein because the adhesion of bacteria was believed to be due to specific 
proteins excreted by the bacteria[12]. Poly(ethylene glycol) (PEG) was 
utilized in a series of studies against fibrinogen and lysozyme and the basic 
requirements for an antibiofouling ability have also been investigated[13, 
14]. Later studies by Ostuni et al. extended the families of functional groups 
that are against proteins, e.g. tri(sarcosine), N-acetylpiperazine, phosphoryl 
choline etc.[15, 16, 17] In layer investigations, the whole bacteria cell wall 
was taken into account in later investigations when it was realized that the 
antibiofouling against bacteria is more complex than considering the 
protein alone. It was found that super-hydrophilic polymers, zwitterionic 
polymers and lower surface energy polymers can also be used as an 
antibiofouling agent.[18, 19, 20] However, this strategy aims mainly to 
reduce bacterial colonization and spreading by preventing bacterial 
adhesion not by a bactericidal effect. The leaching and non-
leaching/contact-active antibacterial approaches reduce the bacterial 
spreading by killing the bacteria. 

1.1.2 Leaching antibacterial approaches  

Material with an antibacterial approach based on leaching kills surrounding 
bacteria by gradually releasing bactericidal components, and the most 
popular leaching antibacterial agents are silver-based coatings, including 
silver nanoparticles (AgNPs), silver salts, silver-based polymers and 
composites.[21, 22, 23] The bactericidal effect is due to the release of silver 
ions, causing the disruption of bacterial cell membranes, interfering with 
DNA replica, and leading to the death of the bacteria.[24] Other metal ions 
such as copper, gold and zink nano-particles have been also investigated[25, 
26, 27], either directly impregnated onto the substrates or embedded in the 
polymer in order to achieve a better antibacterial effect and a more 
controlled release.[28] The interest in using mental ions as antibacterial 
agent is related to their high and broad spectrum of bactericidal efficiency 
and the low incidence of antibiotic resistance,[29] There are nevertheless 
concerns with this type of antibacterial agent[30], and toxicological studies 
of AgNPs have recently been carried out, many of which have revealed a 
noticeable toxicity towards human cells and aquatic organisms, and certain 

algae species are also sensitive to Ag+.[31] Since the working principle of 
this type of antibacterial agent is a releasing mechanism, it is almost 
impossible to prevent their leaching into the environment, and high 
concentrations of silver nano-particles have already been found in aquatic 
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organisms.[32] Besides metal-ions, nitrogen-halogen chemicals, and even 
some common antibiotics have also been investigated embedded into 
substrates to make antibacterial coatings that can kill bacteria by gradually 
release, but considering the uncontrollable release, the potential risks and 
consequences to the environment and the human body have still not been 
accurately assessed.[30]  

1.1.3 Non-leaching antibacterial coatings  

In contrast to the antibiotic-release approach, surface modification by 
immobilization of antibacterial agents, which deactivate bacteria upon 
contact without leaching any substances from the surface are regarded as 
non-leaching contact-active approaches. They have attracted considerable 
interest in the twenty-first century due to their lower environmental impact 
and wide-spectrum of antibacterial effects.[33] In order to avoid a loss of 
antibacterial efficacy and leaching unwanted substances to the environment, 
the antibacterial agents are required to be irreversibly fixed via either 
chemical or physical methods onto the substrates. So far, a wide varieties of 
antibacterial agents have been investigated, including antibacterial peptides 
(AMP),[34] quaternary ammonium compounds (QACs),[35, 36] and non-
quaternary ammonium cationic compounds such as protonated primary and 
tertiary ammonium groups,[37] guanidinium,[38] tertiary sulfonium[39]. 
The chemical immobilization of such substances can be achieved by grafting 
through covalent bonding,[40] forming self-supporting films via 
crosslinking[41], and incorporating into the materials matrix. The physical 
immobilization can be achieved by spin-coating,[42] and layer-by-layer 
deposition[43][44]. Such immobilized antibacterial agents kill bacteria 
through a direct contact of the bacteria and causing physical damage on the 
cell wall, that have a wide-spectrum antibacterial effect. Since the antibiotic 
polymers are lack of mobility on the surface, they are not able to diffuse into 
the bacterial cell and interacting with, for example DNA. Therefore, this 
approach is believed able to minimize/avoid bacterial resistance.  

1.2 Cellulose and its antibacterial functionalizations  

As one of the most abundant bio-resources on earth, cellulose is almost 
inexhaustible which can be obtained from plants, many kinds of algae[45] 
and some bacteria[46]. The primary structure is a linear stiff polymer chain 
formed by D-glucose building block, connected with 1→ 4β-glycosidic bonds. 
The degree of polymerization (DP) varies with the origin and treatment 
from the raw material. The DP value is around 1700 in case of wood, and the 
value is in a range of 800-10000 if they from other plants and cotton and 
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also depends on the treatment.[47] Regenerated fibres contain 250-500 
repeating units per cellulose chain.[48] Cellulose normally exists as the form 
of fibres/fibrils which is the starting material to make cellulose-based 
substrates.[49] These substrates with varies origins and treatments can 
have very different properties, which can be used in many applications.[50] 
Conventionally, cellulose is produced from wood and has been mainly used 
in paper-making industry for a very long period of time, while nowadays 
with the decreasing needs of reading paper worldwide, cellulose was found 
to have a great potential of being taken better advantages on making more 
sustainable and high value-added products in many different ways.[51] 
Because the existence of reactive functional groups such as, primary and 
secondary alcohol groups making the functionalizations of cellulose-based 
material possible both chemically and physically.[52] Among all the 
cellulose functionalizations, antibacterial has attracted a great attention, and 
it has been one of the most popular and fast-growing fields in the past 
decade. Cellulose is a great medium for the antibacterial functionality that 
can be applied to papers,[53] textiles,[54] packaging[55] and hygiene 
products.[56] Due to its high and versatile reactivity, many antibacterial 
strategies have been studied on cellulose-based substrates. For example, it 
has been reported that zwitterionic brushes, as well as PEG brushes, can be 
successfully grafted onto the surface of cellulose membranes through living 
polymerization techniques to enhance the antibiofouling ability.[57, 58] 
Many efforts have also been made to impregnate nano-particles of silver, 
copper, titanium etc.[59, 60, 61, 62] into cellulose networks using reduction 
methods, and the products have shown strong antibacterial activity as a 
result of released metal ions. Non-leaching antibacterial functionalizations, 
aiming to minimize the environmental impact, can be achieved by 
immobilizing antibacterial agents onto cellulose substrates with both 
physical interaction and chemical grafting[63, 64], particularly cationic 
polymers.[65] Bieser and Tiller [66] grafted N,N-
dimethyldodecylammonium (DDA) onto the surface of cellulose via a 
polyoxazoline spacer and the product had a strong antibacterial effect 
against Staphylococcus aureus. Roy et al reported that 2-
(Dimethylamino)ethyl methacrylate (DMAEMA) was polymerized onto 
cellulosic paper using reversible addition-fragmentation chain transfer 
(RAFT) polymerization and quaternized the grafted PDMAEMA chain with 
alkyl bromides, which had been shown to have a high activity against E. 
coli.[67] Instead of using such complicated polymerizations and grafting 
reactions, layer-by-layer technique has attracted attention.[68, 69] Cationic 
polyelectrolytes which are considered to be ideal candidates for 
antibacterial applications due to carried positive charge, could attract 
bacteria as well as being lethal to the bacterial cell. The main reason and the 
advantage is that, the process of assembling polyelectrolytes mono/multi-
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layers onto cellulosic fiber surfaces using the LbL technique through 
electrostatic adsorption is mild and clean, and water is used in the process 
instead of a conventional organic solvent.  

1.3 Antibacterial functionalization via LbL assembly  

In the early 1990s, Decher introduced the layer-by-layer technique with the 
sequential deposition of oppositely charged functional groups as polymers 
or polyelectrolytes.[70, 71] The polyelectrolytes can be divided into strong 
and weak polyelectrolytes, which can be distinguished by their degree of 
dissociation/ionization in solution.[72] Strong polyelectrolytes are 
completely dissociated in solution regardless of the pH, whereas in weak 
polyelectrolytes, the degree of dissociation is pH-dependent.[73] This is 
important in multilayer assembly, since the amount of adsorbed polymer 
depends on the number of charged groups. Rubner et al. also demonstrated 
that the LbL assembly of weak PAA/PAH polyelectrolytes with a controlled 
pH yielded a great flexibility in multilayer thickness,[74] because the 
conformation of the polymers is altered due to the repulsion within the 
polymer chains with different charge densities. Electrolyte concentration is 
another important factor that affects the multilayer construction.[75] The 
ionic strength influences the conformation of polyelectrolytes, the polymers 
being more coiled at a higher salt concentration due to the lower electric 
Debye length. The charge screening becomes less significant at a lower salt 
concentration and the polymer chain adopts a linear conformation, as 
observed by Decher et al.[76] Cellulose substrates including fibres and 
fibrils are negatively charged and they can be functionalized by the 
deposition of an oppositely charged polyelectrolyte through the LbL 
technique. The most common antibacterial agents used in non-leaching 
approaches are cationic polymers which can be physically deposited on 
cellulose substrates via strong electrostatic attraction.[77] Illergård et al.[78] 
have investigated the antibacterial activities of cellulose fibres modified by 
LbL coating of cationic polyvinylamine (PVAm) and anionic polyacrylic acid 
(PAA) with 1 to 5 multi-layers, and they obtained surprisingly good 
antibacterial effects with up to 99.9 % bacterial removal and 99.9% 
bacterial growth inhibition. Further investigations suggested that, by 
controlling the pH of each layer and maintaining salt concentration at 100 
mM NaCl, the combination gives maximum antibacterial effect can be found. 
A re-charge mechanism is established when PVAm is adsorbed at pH 9.5 and 
PAA is adsorbed at pH 3.5, the initially low charged cellulose being 
recharged by PAA and the maximized adsorption of a third layer of 
PVAm.[79] This has become the method of antibacterial functionalization on 
cellulose-based substrates for many applications, such as an antibacterial 
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aero-gel[64] and cellulose membrane[80], and also for waste water 
treatments.[81] The method can play an important role because the 
preparation process is simpler, milder and has a lower environmental 
impact.  

1.4 Antibacterial mechanisms of non-leaching surfaces  

Non-leaching antibacterial surfaces are also referred to as contact-active 
surfaces, because they function once bacteria come into contact with the 
surface instead of releasing a substance to kill the bacteria when they 
become close. This approach requires two stages. The first stage is the 
interface contact between bacteria cell and the target surface, when the 
bacteria is attracted to the surface due to either gravitational,[82] 
electrostatic, or Van der Waals forces[83]. The second stage is when the 
surface takes action against the bacteria on contact, by disrupting the 
bacterial cell membrane either chemically via an immobilized antibiotic 
polymer[84] or physically by unique structures on the surface.[85] In 2001, 
Tiller et al.[86] investigated the influence of molecular weight and alkyl-
chain length of QACs bounded to the surfaces on the antibacterial activity 
and proposed an "insertion model" that suggested that polymer chains 
entered the bacterial cell membrane leading to the disruption and death of 
the bacteria. They found that a higher molecular weight of surface-grafted 
QAC brushes have a greater bactericidal effect (Figure 1.3). This mechanism 
has however been both supported[87, 88] and opposed in other studies[89], 
so this insertion model cannot be considered to be a universal explanation.  

 

Figure 1.3: Illustration of the "Insertion model" for explaining the antibacterial 
mechanism of the contact-active approach. Permission from reference [84], 
Copyright (2011) John Wiley and Sons  
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The surface positive charge density is regarded as one of the most important 
factors governing antibacterial activity, and several publications have 
reported a charge threshold of a cationic surface for an optimum 
antibacterial effect. In 2005, Kugler et. al[90] reported that a charge density 

threshold between 1012 to 1016 positive charges per cm2 is lethal to the 
bacteria, for different bacterial strains under different conditions. They 
proposed an ion-exchange mechanism and suggested the divalent cations on 
the bacterial outer membrane can be exchanged due to the high positive 
charge present on the surface, and that the loss of natural counter-ions leads 
to a destabilization of the cell membrane. Similarly, Murata et. al[91] 
precisely controlled the molecular weight of polyDMAEMA by surface-
initiated atom transfer radical polymerization and then quaternized the 
tertiary amino groups and found that the charge density may be more 
important than the chain length. They reported that a cationic charge 

density higher than 5×1015 is able to kill one monolayer of E. coli.[91] 
Interestingly, the charge threshold they presented is in the same range to 
the negative surface charge density of the bacteria. Another mechanism was 
proposed by Asri et al. in 2014,[92] which is that the death of bacteria 
corresponds to the adhesion force. They found that the interaction force 
between the bacteria and the cationic surface is as high as 100 nN even in 

the presence of Ca2+, and that the release of phospholipids from the cell 
membrane is a more reasonable explanation of the bactericidal effect. This 
mechanism, also called the "phospholipid sponge model", was first 
described by Bieser and Tiller[93], who suggested that the polymer coating 
acts as a sponge, and that either the hydrophobicity or the cationic charge 
can attract anionic lipid molecules and destabilize the cell membrane, as 
illustrated (Figure 1.4).  

 

Figure 1.4: Illustration of the "Phospholipid sponge model" for explaining the 
antibacterial mechanism of the contact-active approach. Strong attraction means 
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that the lipid molecules are torn off from the cell membrane. By permission from 
reference [91], Copyright (2011) John Wiley and Sons 

In addition to the surface charge, surface structures were also reported to 
be essential factors that influence the antibacterial effect.[94, 84] (Figure 1.5) 
A remarkable example is cicada wings[85, 95] the surface of which is 
covered by nano-spike structures around 200 nm in pitch and spike heights 
ranging from 50 to 400 nm, which found were to have a strong passive 
antibacterial effect. The bactericidal mechanism is due to a mechanical 
rapture of the cell wall[96]. Based on model studies, the authors suggested 
that rather than cell blast when in contact with spike-like surfaces, the cells 
are slowly torn apart as they descend onto the spikes.[95] The effect 
depends on the elasticity of the bacterial cell membrane, those that are 
elastic are ruptured, while those that are more rigid are not. Inspired by the 
structures on cicada wings, more and more evidences has been found 
showing that the surface structure plays an important role in physically 
disrupting the bacterial cell, e.g. bio-mimetic black silicon surface,[97]on 
which spike-like nano-structures has shown a highly bactericidal effect 
against both Gram-positive and Gram-negative bacteria. Mijakovic et al.[98] 
have reported that a vertically aligned graphene coating is bactericidal 
because the perpendicular graphene flakes can tear apart the bacteria 
membrane and drain the cytosolic content.  
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Figure 1.5: Images of natural and artificial surfaces with nano-structures, and their 
bactericidal properties. a) Cicada wing, b) Black silicon, c) Dragonfly wing, d) 
simulation of bactericidal process on a nano-structured surface in a model study, e) 
Bactericidal effect on graphene surface with sharp flake geometries. The figure is 
presented with the permission of reference [93-97], Copyright (2011) John Wiley 
and Sons  
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1.5 Aim of the Study  

In the work described in this thesis, we have aimed at developing non-
complicated antibacterial functionalizations of natural and renewable 
materials, as well as a better understanding of the interactions between 
microorganisms and polymers at the interface.  

Taking advantage of the LbL polyelectrolyte assembly technique, low 
negatively charged surfaces of wood cellulose fibres can be fabricated by 1 
and 3 layers of positively charged cationic polyelectrolytes. To investigate 
which polyelectrolyte is the most suitable for making a cellulose fiber 
antibacterial, the antibacterial activities were evaluated with respect to 
bacterial reduction and bacterial growth inhibition. The surface charge of 
modified fibres was determined in order to investigate the relationship 
between surface charge and antibacterial effects.  

Cellulose nano-fibrils have a higher charge than macro-scale cellulose pulp 
fiber, but their charge density depends on the pH. As a bio-based component, 
they should be a good substitute for the petroleum-based PAA which was 
used as the middle layer in LbL assembly during the antibacterial 
functionalizations. Cellulose fibres were therefore treated by LbL assembly 
by PVAm together with CNF, and their bacterial reduction and growth 
inhibition activities were compared to those of surfaces modified by PVAm 
and PAA. Smooth cellulose model surfaces were also prepared and modified 
in order to elucidate the LbL formation of PVAm and CNF under different 
conditions as well as their bacterial interaction.  

The positive charge density of the surface is considered to be the most 
important factor that governed the non-leaching antibacterial approach. To 
study this hypothesis, the bacteria were incubated together with the 
surfaces with different positive charge densities, prepared by LbL assembly 
of PVAm and CNF on negatively charged cellulose model surfaces. By 
modelling studying of bacteria adsorption and bacterial viability on the flat 
surfaces, it is possible to relate the antibacterial activities to the interaction 
force between the interfaces of bacteria and the surfaces.  

To maximize the bactericidal effect, we hypothesize that the surface should 
be designed with micro- and nano-structures combined with the attractive 
force exerted from the positive charge of the surface. To the best of our 
knowledge, the charge on the surface not only attracts bacteria and 
strengthens the bacteria-surface interaction via electrostatic attraction, but 
also weakens the bacterial cell membrane and makes it more vulnerable to 
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the surface structure. Therefore, by artificially fabricating different patterns 
with the micro- and nano-structures on the surface using the latest 
femtosecond laser etching method and giving the surface a high positive 
charge via LbL deposition of a cationic polyelectrolyte, it was possible to 
develop a novel antibacterial surface, which was provided with excellent 
bactericidal effect. The antibacterial mechanisms based on chemical 
membrane weakening and physical membrane disruption could also be 
studied.  
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Chapter 2  

EXPERIMENTAL  

2.1 Materials  

2.1.1 Cellulose fibres and fibrils  

The cellulose fibres used in Papers I, II and III were bleached chemical 
softwood fibres (88% cellulose content) supplied by SCA (Mölndal, 
Sweden). The fibres were first disintegrated and washed by a standard 
procedure (Wågberg and Björklund 1993), to remove metal ions and 
dissolved polymer and colloidal particles. The fiber suspension was 
adjusted to pH 2 with addition of 1 M HCl and stirred for 30 min, then 
washed thoroughly with deionized water until the conductivity was below 5 
μs/cm. 0.1 M NaHCO3 was added to the suspension and the pH was adjusted 
to 9 with addition of 1 M NaOH, followed by 30 min of stirring, so that the 
fibres were converted to their sodium form. The total charge of the fibres 
was 40 μmol/g determined by conductometric titration. Dialysis tubing 
consisting mainly of regenerated cellulose (Sigma-Aldrich, Stockholm, 
Sweden), was used for polymer dialysis to achieve a higher purity. Prior to 
use, the tubing was washing in running water for 3-4 hours to remove 
glycerol. Sulfate salts were removed by treating the tubing with 0.3 % (w/v) 
sodium sulfide at 80 °C for 1 min, followed by washing with hot water for 2 
min. The pretreatment procedure was described in the user manual. A gel-
like Generation 2 nanofibrillated carboxymethylated cellulose stock (CNF) 
was supplied by RISE AB (Stockholm, Sweden), which contained 2.5 % of 
fibres in MilliQ water (MQ) (Millipore, Solna, Sweden). The CNF was 
dispersed by sonication and centrifugation according to the procedure 
described by Wågberg et al. [99]  

 

 



EXPERIMENTAL|14 
 

 

2.1.2 Chemicals  

Polyvinylamine (PVAm, Mw ∼ 340 kDa, 25 wt% in H2O2 was supplied by 
BASF SE (Ludwigshafen, Germany), polyacrylic acid (PAA, Mw ∼ 250 kDa, 
35 wt% in H2O2), poly(diallyldimethylammonium chloride) (PDADMAC, Mw 
∼ 250-300 kDa, Mw 400-500 kDa), and poly(allylamine hydrochloride) 
(PAH, Mw ∼ 17.5 kDa, Mw ∼ 56 kDa) were from Sigma-Aldich (Stockholm, 
Sweden) All the polymers were dialysised before use. Solvents and other 
chemicals were used as received from Sigma- Aldrich without further 
purification: hydrochloric acid (HCl), sodium hypochlorite solution (NaClO, 
10 %), 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), sodium chloride 
(NaClO2, 80 %), acetic acid (CH3COOH, ≥ 98.7%), sodium acetate anhydrous 
(CH3COONa, ≥ 99%), phenolphthalein, sodium borohydride (NaBH4), 
glutaraldehyde (50 wt %), and sodium hydroxide (NaOH) were purchased 
from Sigma- Aldrich (Stockholm, Sweden).  

2.1.3 Fiber oxidation  

In paper III, the fibres were oxidized using 2,2,6,6-tetramethylpiperiding 1-
oxyl (TEMPO)-mediated oxidation with different added amounts of sodium 
hypochloride to obtain fibres with different carboxylic acid contents. pH 10 
was maintained by adding 0.5 M NaOH until no consumption of NaOH was 
observed. The oxidation method was developed by Saito et al.[100] The 
total charge densities of the oxidized fibres are listed in Table 2.1. After 
oxidation, the samples were washed thoroughly with deionized water. To 
remove all traces of possible ketone or aldhyde groups during the oxidation, 
the washed fibres were added to 2.5 % NaBH4 solution and 0.5 % of Na2CO3 

for 2 hours, followed by washing with deionized water.  

Table 2.1: Total charge densities of oxidized fibres  
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2.1.4 Preparation of cellulose model surfaces  

Single-sided polished p-type silicon wafers were obtained from Siltronic AG 
(Munchen, Germany), and washed with a sequence of MilliQ water, ethanol, 
and MilliQ water, and dried with N2 gas before being oxidized at ambient 
atmospheric pressure in an oven at 1000°C for 30 min. Thereafter, the silica 

wafer was cut into 10×10 mm2 square pieces. To activate the surface, the 
wafers were hydrophilized by dipping in a 10 wt % NaOH solution for 30 s 
followed by a plasma treatment for 3 min at 30 W without pressure. The 
treated surfaces were dipped in 0.1 g/L PVAm solution at pH 7 to form a 
thin anchorage for the cellulose coating. Five differently charged pulp fibres 
were dissolved. 0.25 g of each pulp was mixed with 12.5 ml NMMO (50 wt % 
in water) at 115 °C, N2 was bubbled into the mixture to minimized the 
degradation of cellulose until a clear light-yellow solution was obtained. 
DMSO was added in a ratio of 3 : 1 DMSO : NMMO to adjust to the desired 
viscosity, and the differently charged dissolved fibres were spin coated onto 
the pretreated silicon wafers at 1500 rpm for 15 s followed by 3500 rpm for 
30 s on a spincoater (KW-4A-2, Chemat Technology, Northridge, CA, US). 
After coating, the surfaces with cellulose film were immersed in 96 % 
ethanol for 1 hour and left for another 1 hour in a new batch of ethanol. 
After drying by blowing N2, the wafers were left in an oven at 105 °C for 6 
hours. The whole procedure was introduced by Gunnars et al.[101]  

2.1.5 Bacteria strains  

Gram-negative Escherichia coli (E. coli) K-12 (BioRad, Solna, Sweden) was 
used in all the papers, Gram-positive Bacillus subtilis (B. subtilis) ATCC 9372 
(Merck, Solna, Sweden), was used in Paper I and Staphylococcus aureus (S. 
aureus) 208 (BioRad, Solna, Sweden) was used in Paper IV.  

2.2 Methods  

2.2.1 LbL modification on fiber and model surfaces  

In Paper I, cellulose fibres were added to deionized water with 100 mM 
NaCl, and the consistency of the fiber suspension was kept at 0.5 % w/w. 10 

g L−1 PVAm was added to the fiber suspension at a concentration of 0.1 g L−1 

and the pH was adjusted to 9.5. After 15 min stirring, the first layer of 
polyelectrolyte was adsorbed onto the fibres. A second layer was deposited 

at a concentration of 0.1 g L−1 PAA at pH 3.5, and for the third layer, the 
PVAm was deposited using the same pH and salt concentration as the first 
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layer adsorbed. The fibres were washed thoroughly with deionized water 
after each deposition step until the suspension conductivity was below 5 μS 

cm−1. Other fiber samples were modified with Layer-by-Layer deposition 
using different cationic polyelectrolytes such as of PDADMAC and PAH with 
different molecular weights. PDADMAC, being a strong polyelectrolyte, was 
adsorbed without pH adjustment, and PAH was adsorbed at pH 7.5. The 
different modifications are listed in Table 2.2. Prior to freeze-drying, the 
modified fibres were protonated by stirring in acidic water (pH 3.5) for 30 
min.  

Table 2.2: Cellulose fibres modified by different cationic polyelectrolyte with 1 and 3 
layers, PAA was used as the middle layer during the LbL assembly for 3-layer 
coatings  

 

In Paper II, both the cellulose fibres and the cellulose model surfaces were 
modified by LbL deposition of PVAm and CNF. The first layer was PVAm 
adsorbed at pH 9.5 at a concentration of 100 mM NaCl. As the middle layer, 
CNF was adsorbed under various conditions, e.g. pH 3.5 and 7.5, and salt 
concentrations of 1 mM, 10 mM and 100 mM. The outermost layer was 
PVAm adsorbed under the same conditions as the first layer. The conditions 
for CNF adsorption was chosen to modify the cellulose model surfaces in 
Paper III, were pH 7.5 and 10 mM NaCl.  

2.2.2 Femtosecond laser patterning and LbL coating on glass  

Different patterns with micro/nano structures were prepared by irradiating 
the 15 mm diameter round glass cover-slip (borosilicate glass D 263 M from 
VWR, Stockholm, Sweden) using femtosecond laser. The laser source was a 
commercial Ti: Sapphire (Spirit One-4-SHG, Spectra-Physics), operated at a 
wavelength of 1040 nm, 20 kHz repetition rate, 80 nJ pulse energy, and a 
375 femtoseconds pulse width. The laser irradiation on the sample was 

moving at a speed of 4000 μm s−1, and the process was monitored under the 
microscope with 2x Keplerian telescope and focused using a 40x Olympus 
Plan Achromat Objective (0.65 NA, 0.6 mm WD, Thorlabs, Inc). Patterned 
surfaces were thereafter cleaned in a ultrasonic water bath for 5 min, 
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followed by rinsing with MQ-water, ethanol, and MQ-water. The cleaned 
surfaces were hydrophilized by dipping them into 1M NaOH solution for 30 
seconds, and finally cleaned in oxygen plasma at a power of 18 W (Harrick 
Scientific Corp, New York) under reduced air pressure for 3 minutes. 
Therefore, the surfaces were ready for LbL coating. 1-layer PVAm modified 

surfaces were prepared by dipping the cleaned surfaces into 0.1 g L−1 PVAm 
solution in 100 mM NaCl at pH 9.5 for 30 minutes at room temperature, 
followed by rinsing in 100 mM NaCl at pH 3.5. For the 3-layer deposition, 
the same procedure was applied for the first layer, followed by PAA 
adsorption as the second layer, by dipping the surfaces into the same salt 
concentration but at pH 3.5 for 30 minutes, the surfaces were rinsed in pH 
9.5 before the PVAm adsorption step was repeated to give the outermost 
layer of the LbL coating. The whole preparation procedure is illustrated in 
Figure 2.1  

 

Figure 2.1: femtosecond laser patterning of the surface, followed by chemical 
functionalization of the femtosecond laser patterned surface with either one layer of 
PVAm (1L) or two layers of PVAm and 1 intermediate layer of PAA (3L). 

2.2.3 Bacterial removal assay  

The ability of the modified cellulosic fibres to remove bacteria from a 

solution was studied with ¼ Ringer’s solution containing 107 CFU/ml E .coli 
and B. subtilis bacteria. A 0.1 g sample of fibres was submerged and shaken 
continuously in 10 ml of this solution for 18 hours at 37 °C, the pH being 
controlled at 7.5 with 0.1 M TRIS buffer. Since no nutrient was added, it was 
assumed that the number of bacteria remained constant. After 18 hours, 1 
ml aliquot of solution was withdrawn and incubated for 24 hours at 37 °C on 

PetrifilmT M (3M, Sollentuna, Sweden), after which the bacteria colonies 
were counted by the image analysis ImageJ software with function of 
particle analyser. The method  is described by Murata et al. [91]. 
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2.2.4 Bacterial growth inhibition assay  

After the removal tests, 1 ml of nutrient broth was added the remaining 9 ml 
of bacterial Ringer’s solution containing fibres, and after continuous shaking 
for 18 hours at 90 rpm and 37 °C, the amount of bacteria in the suspension 
was determined by reading the OD at λ = 620 nm using a MultiSkan FC 
microplate spectrophotometer (Thermo Scientific, Stockholm, Sweden). 
When the bacterial concentration was below the sensitivity of the 
instrument, the bacterial concentration was determined by cultivation of an 
aliquot on Petrifilm as described above.  

2.2.5 Fibre-bacteria adsorption capacity  

To find the capacity limit of the different fibres, the procedure of bacterial 
removal was repeated using starting concentrations of E. coli ranging from 

5×107 to 3×109 CFU/mL. To increase the bacterial loads per gram of fibre, 
the consistency of the fibre was reduced from 1 % to 0.5 % in 10 mL of 
Ringer’s solution with 0.1 M pH 7.5 TRIS buffer added.  

2.3 Characterization techniques  

2.3.1 Fourier transform infrared analysis (FTIR)  

Infrared spectroscopy was utilized to determine the content of carboxylic 
groups in the pulps. The pulp fibres with different charges were kept in their 
sodium form. A small portion of dried fibres was taken from each un-
dissolved pulp sample and analyzed with the aid of FTIR (Perkin-Elmer 
Spectrum 2000). For the dissolved pulps, 2 ml of pulp solution was taken 
and precipitated in 96 % ethanol for 1 hour, this solvent exchange process 
was repeated 3 times, then left overnight together with ethanol at 4 °C 
sealed by parafilm. The gel-like precipitated cellulose was dried in an oven 
at 60 °C for 2 hours until it was completely dry. The dried dissolved 
cellulose was then broken into small piece and subjected to FTIR analysis.  

2.3.2 Polyelectrolyte titration (PET)  

PET was used to determine both the adsorbed amount of polymer and the 
surface charge of the fibres. The polymers were added at different 
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concentrations to a 5 g/L fibre suspension in the presence of 0.1 M NaCl and 
allowed to adsorb for 15 min. Thereafter, the fibres were filtered, and the 
amount of remaining polymer in the filtrate was determined by titration 
with anionic potassium polyvinyl sulphate (KPVS) from Wako Pure 
Chemicals, Japan. The amount of adsorbed polymer was then calculated as  

Cadsorbed = Cinitial − Cfiltrate                                                                   (1)                                                                                              

and normalized with respect to the amount of solid fibres used. For fibres 
modified with a layer of cationic polyelectrolyte, the net charge was 
calculated as  

qnet = qadsorbed polymer − qfibre                                                              (2)                                                                                                 

The charge of the adsorbed cationic polymers is the charge at saturation 
adsorption. The surface charge of unmodified fibre was determined by 
adsorbing five different concentrations of PDADMAC on unmodified fibres. 
The amount of PDADMAC remaining after filtration was determined by 
titration with KPVS, and the charge of the unmodified fibre was calculated 
based on the charge of PDADMAC at saturation according to the adsorption 
isotherm.[102] For fibres modified with three layers, the charge was 
determined by adsorbing anionic KPVS to saturation adsorption for both 
one and three layers.  

2.3.3 Zeta Potential Measurements  

The streaming potentials of the fibre samples were determined using a 
Mutek SZP-10 zeta potential analyser (BTG Instruments GmbH, Saffle, 
Sweden). A pH of 7.0 was used in all cases, and the conductivity of the 
suspension was measured by a conductometer with a conductivity cell 
(013005D) and a conductivity constant of 0.475 (Thermo Orion, Stockholm, 
Sweden). A fibre consistency of 1% was used, and the salt concentration for 
the zeta potential test was 0.01 M NaCl to ensure a constant potential.  

2.3.4 Conductometric titration  

The carboxylic acid contents were determined by conductometric titration 
according to a procedure described elsewhere.[103] About 0.5 g of each 
pulp was used, and the values are the averages of triplicate measurements 
with a maximum of 3 % deviation.  
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2.3.5 Nitrogen analysis (ANTEK)  

Nitrogen analysis using an ANTEK MultiTek instrument (PAC, Houston, USA) 
was used to assess the amount of cationic polymers adsorbed onto the 
fibres, because the cationic polymers are the only nitrogen-containing 
components. The sample was incinerated at 1050 °C in an oxygen-poor 
medium in which the nitrogen-containing groups were converted into NO. 
By exposure to ozone, the nitrogen oxide groups were converted into 
excited NO2, and the light emission upon decay was recorded. By comparing 
the nitrogen counts of the fibre samples to a calibration curve made with the 
same polymer, the amount of polymer was obtained. All the samples were 
tested in triplicate.  

2.3.6 Quartz crystal microbalance with dissipation (QCM-D)  

A QCM-D E4 instrument (Q-sense AB, Goteborg, Sweden) was used to 
monitor the layer assembly of CNF/PVAm on the cellulose model surfaces. A 
detailed description of the working protocol can be found elsewhere.[13] 
The flow sequence of adsorption on QSX-334 cellulose-coated silica quartz 
crystals (Q-sense) was: Rinsing-PVAm-rinsing-CNF-rinsing-PVAm solution. 

The concentrations of PVAm and CNF were 0.1 g L−1, the same as in the 
modification of the model surface. Rinsing solutions were MilliQ water 
adjusted to different pH and salt concentrations, depending on the 
conditions of assembly of the next layer. The adsorbed mass (∆m) is related 
to the frequency (∆f) of the crystal according to the Sauerbrey equation: 

∆m = C × ∆f/n                                                                                  (3)                                                                                                          

C is the crystal sensitivity factor, and n is the overtone number. Using the 
QCM-D instrument, both the frequency and the dissipation were monitored 
at the same time. The energy dissipation is a measure of the rigidity of the 
film, the dissipation factor D being defined as  

D = Edissipated/(2πEstored)                                                                                           (4)                                                                                                                                  

where Edissipated is the energy dissipated during one oscillation period, and 
Estored  is the energy stored in the system.[104]  

2.3.7 Atomic force microscopy (AFM)  
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An Atomic force microscope was used for imaging and characterization of 
the cellulose model surfaces both with and without adsorbed bacteria. The 
roughness of the cellulose film on the silica wafer in fluid was measured 
using a SCANASYST mode with AFM cantilevers of SCANASYST-FLUID+ on 
an AFM MultiMode 8 (Bruker, Santa Barbara, CA), with a scanning area of 5 

× 5 μm2, which was a suitable scale for reducing variations during 
roughness measurements. Five test points were measured in triplicate at 
random positions of CNF aggregates formed on modified model surfaces and 
of flat regions without aggregation. To obtain a clear and high-resolution 3D 
image of how bacteria attached on model surfaces, the bacterial cells 
adsorbed were fixed as mentioned above, and the surfaces were scanned in 
MilliQ-water with the scanning mode of SCANASYST in fluid. The 
morphology of the bacterium could thus be seen.  

2.3.8 AFM colloidal probe  

AFM Colloid probe measurements were conducted with a MultiMode IIIa 
(Veeco Instruments Inc. Santa Barbara, CA) with a PicoForce extension. For 
the colloid probe measurements, tipless rectangular cantilevers (CLFC-
NOCAL, Bruker) with a normal spring constant of approximately 0.18 N/m 
were selected [105] and calibrated,[106, 107] in air under ambient 
conditions using the AFM Tune IT 2.5 (Force IT, Sweden) software and were 
then used after the attachment of silica particles. The silica particles (Lot No: 
31443, Dry Borosilicate Glass Microspheres, Duke Scientific Corporation) 
with a diameter of 9.6 ± 1.0 μm were glued to the cantilevers with a heat-
melting glue (Epikote 1001, Shell Chemical Co.) using a manual 
micromanipulator (HS 6 Manuell, Marzhauser Wetzlar GmbH & Co. KG) and 
a reflection microscope (Olympus). Before being glued, the particles were 
dispersed for 15 min in 1 M NaOH followed by rinsing with MilliQ water 
until the dispersion had a neutral pH. Small volume of the dilute particle 
suspension was then applied to a clean microscope slide and allowed to dry. 
The force was measured in a liquid-cell for the different cellulose sample 
surfaces in 0.1 and 10 mM NaCl solutions at pH 6.5. Measurements were 
also made in a particle vs particle geometry to the interaction between two 
particles of the same type (e.g. a silica particle was glued onto the flat silica 
wafer in the same way as to the cantilever), in order to make it possible to 
estimate the surface potential of the silica particle subsequently used to 
estimate the surface charge of the cellulose surfaces. AFM Force IT version 
3.0 (ForceIT, Sweden) software with the plug-in dlvoIT (ForceIT, Sweden) 
was used to convert the raw data and to compare the force profiles to both 
symmetric and asymmetric DLVO models [108]. To calculate of the 
asymmetric surface set-up, the Asymm_pc_v2_2 program by Johan C. 
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Froberg based on models created by Bell and Petersson [109] Devereux and 
De Bruyn [110] was used. In the asymmetric model, the value obtained by a 
symmetric fitting of the silica particle/particle measurements was used as 
the value for the silica particle.  

2.3.9 Field-emission scanning electron microscopy (FE-SEM)  

Cellulose substrates including pulp fibres and model surfaces with adsorbed 
bacteria were studied using SEM. To fix the bacteria, the specimens were 
rinsed in MilliQ water and thereafter dipped in 2.5 % glutaraldehyde in 0.1 
M phosphate buffer (pH 7.4) overnight at 4 °C. The specimens were rinsed 
in deionized water and solvent-exchanged in 50 %, 70 %, 80 %, 90 %, and 
96 % ethanol for 15 min, in absolute ethanol for 15 min at 4 °C, and finally 
dried using critical point drying (CPD) (Tousimis Samdri-795, Maryland, 
USA). The dried samples were coated with 10 nm of Pt in a 208HR high-
resolution sputter coater (Cressington, Watford, UK) before being studied in 
SEM using a S-4800 field emission scanning electron microscope (Hitachi, 
Tokyo, Japan). The images were captured under 18.0 k and 1.50 k 
magnification at 5.0 kV. In Paper I, samples were observed under a TM1000 
table-top scanning electron microscopes (Hitachi, Tokyo, Japan).  

2.3.10 Calculation of surface charge from surface potential  

The surface charge of the modified cellulosic surfaces in Paper III was 
estimated using the Gouy-Chapman model, which describes the relationship 
between surface charge and surface potential for a flat surface. The model 
uses the Poisson-Boltzmann equation describing the distribution of ions 
outside a charge surface.[111]  

σ = (8kTc∗0ε0εr)1/2sinh(zeΦ0/2kT)                                                      (5)                                                                   

where k is the Boltzmann constant, T is the temperature in Kelvin, c∗0 is the 

ion concentration in the bulk (mol/m3), ε0 is the vacuum permittivity, εr is 
the relative permittivity, z is the valency of the ion, and 3 is the elementary 
charge.  

2.3.11 Estimation of the bacteria-surface interaction force  

The interaction force between two differently charged interfaces, was 
estimate using the equation:  
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F/area ≈ 64kTc∗0Γ1Γ2exp(−κh)                                                           (6)                                                                        

where Γ1 is the surface potential of the modified cellulose surface, Γ2 is the 
surface potential of the bacterial surface (-0.03 V at pH 7.0 and 10 mM salt 
concentration,[112] corresponding to the charge of the surface of E. coli 

bacterium cell), κ−1 is the Debye-screen length, (ca. 3 nm at 10 mM NaCl), h 
is the separation between the two charged interfaces, and the area of 

interaction is 2 × 10−12 m2  

2.3.12 Fluorescence microscopy  

A fluorescence microscope Nikon Eclipse Ti-U (Bergman Labora AB, 
Danderyd, Sweden) was used to quantify the adsorption and distribution of 
bacteria on the cellulose model surfaces. The bacteria were transformed 
with a PGreen plasmid to express green fluorescent protein (GFP) according 
to a calcium-chloride-heat-shock- transformation protocol.[113] To make 
the bacteria adsorption visible, the cellulose model surfaces were 

submerged in 2.5 ×108 CFU m/L E. coli k-12 PGreen in 10 mM NaCl solution 
(1/4 Strength Ringers tablets, Sigma Alderich) for both 4 and 18 hours with 
continuous shaking at 37 °C. This was followed by a gentle dip-rinsing with 
1/4 Ringer’s solution after which the samples were placed on a glass slide 
with the surface downwards and observed at 10x magnification.  

The same procedure was applied and 40x magnification was used to study 
the bacteria viability where the E. coli K-12 were stained for 15 minutes in 

the dark by a LIVE/DEAD BacLightT M Bacterial Viability Kit, L13012 
containing SYTO 9 and propidium iodide (PI) fluorescent dyes (Molecular 
Probes, Invitrogen Grand Island, NY, USA). SYTO 9 binds to nucleic acid and 
shows green fluorescence, whereas PI shows red in damaged bacterial 
membrane and replaces the green colour of the bacteria since it has a higher 
affinity to nucleic acids than SYTPO 9. Optical filters were used at 520 nm 
for green fluorescence, and above 630 nm for red fluorescence. The images 
were captured under the same exposure time and configurations in the 
manual mode.  

2.3.13 Confocal laser scanning microscopy (CLSM)  

In order to achieve a better contrast and minimize the quenching or photo-
bleaching of stained samples in Paper IV, Confocal laser scanning 
microscopy (LSM 510, Carl Zeiss, Germany) was applied to examine the 
live/dead bacteria on patterned glass surfaces. A wave length of λ = 488nm 
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laser was used, with single channel for GFP mutated E. coli, and duo channel 
was for live/dead stained E. coli K-12.  
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Chapter 3 

RESULTS AND DISCUSSION  

 

3.1 Fibres modified by cationic polyelectrolytes (Paper I)  

3.1.1 Fibre modification via LbL assembly of cationic 
polyelectrolytes  

The fibres were modified via LbL deposition of 1 layer each of PVAm, 
PDADMAC and PAH as well as 3 layers with PAA as the middle layer. The pH 
was controlled according to previous studies, in order to maximise the 
amount of cationic polymer adsorbed. The adsorbed amounts of 
polyelectrolytes shown in Table 3.1 were determined by both Antek 
nitrogen analysis and polyelectrolyte titration. PVAm 3L had the highest 
adsorption, which could be due to the "recharging" effect. The amount of 
polymer adsorbed on a substrate was affected by charge, polymer 
conformation at solid-liquid interface, molecular weight etc. PVAm and PAA 
are weak polyelectrolytes, the charge and conformation of which are altered 
by changing the pH. By adjusting to pH 9.5, the charge density of PVAm 
decreased, leading to an increase in the amount adsorbed on the fibre. 
During the deposition of the second layer of PAA, the pH was decreased to 
3.5 to provoke a higher charge density and more loops and tails of PVAm in 
the first layer and a greater adsorption of PAA. The strong polyelectrolyte 
PDADMAC with a fixed charge density and adsorbed in a flat conformation 
with few loops and tails was unable to recharge when the pH was changed 
there was only a slight increase in adsorption from 1L to 3L, and the 
adsorbed amount was also dependent on the size of the polymer chain. 
Wågberg and Hägglund [102] showed that PAH 1 had a larger amount 
adsorbed than PAH 2, because it is easier for a small PAH molecule is able to 
penetrate the fibre wall better than a large one. The amounts adsorbed 
determined by PET were generally lower than that indicated by N analysis. 
Since only the polymer adsorbed on the surface of the fibres can be 
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determined, the PET measurement gives the amount of cationic polymer by 
determining the amount of KPVS left in the filtrate after it has been 
adsorbed on fibres.  

Table 3.1: Amount of polyelectrolyte adsorbed. 1L: single layer; 3L: three layers, 
aDetermined by ANTEK nitrogen analysis (N analysis); bDetermined by 
polyelectrolyte titration (PET) 

Polyelectrolytes 
Adsorbed amount (mg g

-1
 fibre) 

N analysis
a
 PET

b
 

PVAm 1L 4.7 3.7 

PVAm 3L 15 8.9 

PDADMAC 1 1L 3.2 2.5 

PDADMAC 1 3L - 0.9 

PDADMAC 2 1L 3.4 2.1 

PDADMAC 2 3L 1.3 0.5 

PAH 1 1L 8.1 5.1 

PAH 2 1L 3.7 3.4 

 

3.1.2 Bacterial removal of modified fibres  

The antibacterial activity of the LbL-coated fibres was examined by bacterial 
removal tests in which a removal efficiency of > 99.9 % is regarded as 
antibacterial. Figure 3.1 shows the percentage reduction of Gram-negative E. 
coli and Gram-positive B. subtilis after incubation with LbL-modified fibres 
for 18 hours.  
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Figure 3.1: Bacterial removal of fibres treated with different polyelectrolyte 
combinations, presented as a percentage of the initially added amount. Note that the 
y-axis starts at 99.4 %. The error bar is the 95% confidence interval.  

The initial bacterial loads in the tests were set to 107 CFU/mL in order to be 
able to distinguish between the different samples based on the results in 
previous studies,[114] which shown the modified fibres had high bacterial 
adsorption capacities. The fibres coated with one and three layers of PVAm 
and PDADMAC showed greater removal activity on Gram-negative E. coli 
than on Gram-positive B. subtilis, whereas the PAH-coated samples showed 
the opposite. Of all the tested samples, 3L PVAm showed the best results 
and the effects on E. coli and B. subtilis were almost identical. 3L showed a 
slightly better effect than 1L for PVAm samples, but 1L worked better than 
3L for PDADMAC.  

3.1.3 Bacterial growth inhibition by modified fibres  

The growth inhibition of E. coli and B. subtilis by different modified fibres is 
shown in Figure 3.2. The fibre samples had a significant growth inhibition 
effect, but the effect was generally for E. coli K-12 than for B. subtilis, with 
the exception of the PAH samples that worked better on B. subtilis. 3L PVAm 
showed the greatest growth inhibition capability.  



RESULTS AND DISCUSSION|28 
 

 

 

Figure 3.2: Percentage growth inhibition of E. coli (dark bar), B. subtilis (light bar), 
determined from the number of bacteria left after 18 h incubation with nutrient. The 
error bar shows the standard deviation.  

3.1.4 Bacteria-fibre adsorption capacities  

To investigate the potential of fibres modified by cationic polyelectrolytes to 
remove bacteria, their ability to adsorb bacteria was determined. With E. 
coli as model bacterium, the adsorption isotherms are shown in Figure 3.3. 

Up to 5.5× 1011 CFU g−1 of bacteria could be adsorbed by the 3L PVAm-
modified fibre and no adsorption saturation was observed. Other modified 

fibre samples were able to remove up to 3× 1011 CFU g−1 indicating that the 
modified fibres have a high bacterial adsorption capacity. Since the bacterial 
adsorption capacities of all the modified fibres were high, it is necessary to 
determine whether the reduction in bacteria found in the bacterial growth 
inhibition study was due to bacterial adsorption or to a decrease in bacterial 
viability. In the bacterial growth inhibition test, the population of E. coli was 

4× 10 8 CFU/ml with OD = 0.12, after 18 hours incubation. Each of the 

modified fibre samples was therefore suspended in a 4× 10 8 CFU/ml of E. 
coli solution without adding any nutrient, and the OD was measured after 18 
hours. The results are shown together with those from the previous study in 
Table 3.2  

Table 3.2: Optical density (OD) values at 620 nm in test 1 (bacterial growth 
inhibition) and test 2 (same bacterial population from the beginning without 
nutrient added) after 18 hours incubation.  
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Figure 3.3: Adsorption isotherms of E. coli on modified fibres after 18 hours. (a) 1L 
modified fibres. (b) 3L modified fibres. 

The table shows that there are differences between test 1 and test 2. Test 1 
with nutrient added resulted in a lower OD than test 2, which suggests the 
modified fibres may somewhat influence the bacteria proliferation not only 
by continuously adsorbing proliferated bacteria when nutrient is present. 
The hypothesis was tested by SEM. Figure 3.4 shows more adsorbed 
bacteria and the morphology of the cell was also different from that of the 
reference. An elongation and deformation can be observed on modified fibre 
surfaces. This result can explain the results in table 3.2.  
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Figure 3.4: SEM images of (1) a healthy E. coli colony, (2) a reference fiber after 
contact with E. coli, (3) E. coli adsorption on PD2 3L modified fibres and (4) on PVAm 
3L modified fiber  

Among samples modified by different cationic polyelectrolytes, it shows the 
three-layer PVAm comprising PAA stands out in both bacterial removal and 
growth inhibition effects. Deformation and elongation of bacterial cell can 
be observed on modified fibres suggested the cationic fibre surfaces are not 
suitable for bacteria to survive. 

3.2 Antibacterial evaluation of fiber modified by 
CNF/PVAm (Paper II)  

3.2.1 LbL assembly of CNF/PVAm on cellulose fiber and surfaces  

The cellulose fibres and the cellulose model surfaces were modified by LbL 
deposition of PVAm/CNF/PVAm, where different adsorption conditions 
were used for the deposition of CNF in order to investigate the adsorption 
behaviour of this LbL system. By altering the concentration of NaCl from 1 
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to 10 and 100 mM, and the pH from 3.5 to 7.5, different adsorbed amounts 
of PVAm were achieved and asshown in Figure 3.5  

 

Figure 3.5: Adsorbed amount of PVAm on modified fibres determined by Antek 
nitrogen analysis. The error bars show 95 % confidence intervals.  

The differences in adsorption were due to the differences in the third layer 
of PVAm, since all the samples had the same adsorption of PVAm at the first 
layer. The PAA/PVAm fiber had a much larger adsorbed amount of PVAm 
than all the CNF/PVAm samples. Among the CNF/PVAm samples, the total 
adsorbed amount of PVAm was higher when the CNF layer was deposited at 
pH 3.5 than at pH 7.5, except for the CNF layer deposited at 10 mM salt 
concentration. The polyelectrolyte adsorption is an electrostatically driven 
process, and the thermodynamic driving force is the entropy gain when the 
counter-ions diffuse between differently charged interfaces.[115] 
Parameters such as the choice of polymer, salt concentration and pH can 
therefore affect the adsorption. The charged groups and conformation of the 
weak polyelectrolyte PAA middle layer can be different at different pH level. 
In the PVAm/PAA sample, the polymer was more coiled and more PAA was 
adsorbed at PH 3.5 and 100 mM NaCl. When the pH was raised to 9.5 prior 
to the next layer of PVAm, the charge of PAA was increased and more PVAm 
was deposited. Unlike PAA however, the conformation of CNF was not easily 
altered and the increase in the amount of PVAm adsorbed was small. The 
amount of PVAm adsorbed when the CNF was at pH 3.5 with 100 mM NaCl 
was however greater. To understand how the CNF/PVAm assembled under 
different conditions, the same LbL system were examined on flat cellulose-
silica model surfaces, as well as the roughness of each samples in fluid 
medium. Figure 3.6 shows the microscopic images of CNF/PVAm cellulose-
model surfaces modified with different combinations of pH and salt 
concentration.  
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Figure 3.6: Stereo-microscopy images of aggregate formation of CNF/PVAm 
multilayers deposited on cellulose model surfaces where the CNF was adsorbed at 
different pH and salt concentrations.  

The main difference was observed that CNF/PVAm aggregates were formed 
at lower pH and higher salt concentration. Very few aggregates were formed 
at pH 7.5 and 10 mM NaCl. No aggregates were observed at pH 7.5 and 1 
mM NaCl. Fall et al. reported that increased protons at low pH led to the 
protonation of carboxyl groups on CNF fibrils and reduced the surface 
charge, so that it was easy for the aggregates to form. When salt was 
introduced, the thickness of the diffuse layer near the fibrils was reduced 
and the long-range repulsion between them was weakened. The manner in 
which CNF/PVAm were adsorbed on model surface could possibly be an 
indication of how they were adsorbed on cellulose fibres. In addition, the 
roughness of both flat areas and aggregates areas was determined and the 
results are shown in Figure 3.7. The areas with greater level of aggregation 
showed higher roughness. A different roughness can lead to a different 
contact area, which may affect the bacterial interaction.  

 

Figure 3.7: Roughness of different cellulose model surfaces on both the flat regions 
and island (aggregation) regions determined by AFM in fluid.  
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The QCM-D on CNF/PVAm assemblies was also determined to monitor the 
multilayer formation and the adsorption behaviour under different 
conditions, as shown in Figure 3.8. Two adsorption patterns can be 
observed qualitatively in Figure 3.8 (a), (c) and Figure 3.8 (b), (d). The main 
difference between (a) and (b) is the strong decay of the total frequency in 
(a) during the initial rinsing step using 1 mM NaCl and pH 3.5, due to the 
expansion of PVAm polymer. The amine groups on the polymer chain were 
protonated and revealed more positive charge that increase both the 
repulsion of the polymer chain and the hydrophilicity leading to more 
bonded water molecules. This behaviour was indicated by the great increase 
in dissipation during the rinsing, and the adsorption layer of PVAm became 
much softer. This behaviour was not however observed in (b) A second big 
difference between (a) and (b) was the CNF adsorption at the two pH 
conditions. In (a), a rigid layer was formed after the slow deposition of CNF 
since the dissipation did not change, whereas in (b), faster adsorption and a 
faster frequency change were observed, and the dissipation data showed 
that a softer layer of swollen CNF was deposited. The adsorption kinetics of 
(a) relied on the charge of PVAm, to which water bonded and on the charge 
of CNF, but (b) had less water bonded on the PVAm, and the adsorption 
kinetics depended more on the charge of the CNF. The higher salt 
concentration in (c) and (d) affected the adsorption kinetics but did not 
alter the adsorption pattern. In (c), the decay of frequency after the rinsing 
was not as great as in (a), indicated that the increase in salt concentration 
reduced the diffuse ion layer (screened the charge) and weakened the water 
binding ability of the PVAm chain. In addition, during the CNF adsorption, a 
noticeable drop in dissipation was shown in (c) compared with (a), and the 
adsorption of CNF was much faster in (c) with a fast decay of dissipation, 
indicating that the bound water on the PVAm layer was excluded and 
formed a compressed layer. The difference between (a) and (c) could be 
explained by the larger CNF aggregates so that it was easier to overcome the 
barrier of less bound water and stop them from being adsorbed on the 
PVAm layer due to the increase in ionic strength, but less CNF was adsorbed 
due to a weakened electrostatic interaction. In Figures 3.8 (b) and (d), the 
adsorption of CNF was dominated by its charge and conformation. A much 
higher frequency change is shown in (b) and (d) than in (a) and (c), and the 
increase in dissipation showed that the layer became softer after adsorption. 
The main differences between (b) and (d) were the adsorbed amount and 
the adsorption rate. Although the CNF was more aggregated, the 
electrostatic force was less at the higher salt concentration. Larger CNF 
aggregates could carry more bound water but the adsorption took longer. 
Using QCM with dissipation, the adsorption of the PVAm/CNF layers was 
revealed in detail and helped to find better conditions for LbL modification.  
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Figure 3.8: CNF/PVAm layer assembly at different conditions monitored by QCM-D 
on cellulose-coated sensors with a pre-adsorbed PVAm single layer. The y-axes show 
the change in normalized frequency (left, blue curve) and the change in energy 
dissipation (right, red curve). (a) Rinsing and CNF deposition at pH 3.5 in 1 mM NaCl, 
(b) Rinsing and CNF deposition at pH 7.5 in 1 mM NaCl, (c) Rinse and CNF deposition 
at pH 3.5 in 10 mM NaCl, (d) Rinsing and CNF deposition at pH 7.5 in 10 mM NaCl.  

 

3.2.2 Antibacterial effects of modified cellulosic fibres and 
surfaces  

Both bacterial removal and bacterial growth inhibition by modified fibres 
were examined and the results are shown in Figures 3.9 and 3.10. The fibres 
modified by CNF/PVAm with less adsorbed PVAm had a similar or even 
better antibacterial effect than PAA/PVAm with more adsorbed PVAm, 
which suggested that it might be possible to achieve a satisfactory 
antibacterial property by replacing petroleum-based PAA with the more 
sustainable CNF. It was also found that the inhibition effects followed the 
same pattern as the bacterial removal tests, and it is suggested that the 
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antibacterial effect is only achieved when the bacteria are in contact.[116] 
To better understand the bacteria adsorption on the CNF adsorbed under 
different conditions, the cellulose model-surface was used instead of pulp 
fibres. The model surface is much flatter and more homogeneous than with 
fiber surface, and the bacterial adsorption and distribution can be clearly 
visualized by fluorescence microscopy. The bacterial adsorption on different 
surfaces is shown in Figure 3.11.  

 

Figure 3.9: Bacterial removal by cellulose fibres modified by 3-layer PVAm LbL with 
PAA or CNF as the middle anionic layer. Different salt concentrations (1, 10 and 100 
mM NaCl) and pH (3.5 and 7.5) were used during the CNF assembly. The error bars 
show 95 % confidence intervals  

 

Figure 3.10: Bacterial inhibition by CNF/PVAm modified cellulose fibres, assessed 
by determining the optical density (OD) of E. coli solutions after 18 hours incubation, 
the lower the OD the greater being the bacterial growth inhibition. Fibres modified 
by PAA/PVAm, and PAA in 100 mM NaCl at pH 3.5; and CNF/PVAm LbL modified 
when CNF had been adsorbed at different salt concentrations (1, 10, 100 mM NaCl) 
and different pH (3.5 and 7.5). The error bars show 95 % confidence intervals.  
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The bacteria ere not adsorbed evenly, but were accumulated on the 
CNF/PVAm aggregates. Figure 3.12 shows that rough regions more bacteria 
than the flat parts. Both PVAm/CNF/PVAm had good antibacterial effect and 
PVAm/PAA/PVAm modified fibres, especially when aggregates were formed. 
This suggested that CNF instead of petroleum based PAA with PVAm is able 
to give the desired antibacterial effects.  

 

Figure 3.11: Fluorescence microscopy images of the GFP pGreen E. coli adsorbed on 
cellulose model surfaces modified by CNF/PVAm. a): Reference cellulose model 
surface without modification, b): PAA/PVAm modified model surface, c): CNF/PVAm 
modified surface, in which the CNF layer was assembled at pH 3.5 1 mM salt 
concentration, d): CNF layer assembled at pH 7.5 1 mM salt, e): CNF layer assembled 
at pH 3.5 10 mM salt concentration, f): CNF assembled at pH 7.5 10 mM salt 
concentration, g): CNF assembled at pH 3.5 100 mM salt concentration, h): CNF 
assembled at pH 7.5 100 mM salt concentration.  

 

Figure 3.12: To the left, bacteria adsorption on a modified cellulose model surface 
with CNF aggregates; SEM insets to the right corresponded to the bacteria 
adsorption on a CNF aggregates region and on a flat region.  
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3.3 Antibacterial mechanisms and surface charge (Papers I 
& III)  

3.3.1 Influence of surface charge of modified fibres on 
antibacterial effects (Paper I)  

In Paper I, the antibacterial effects were studied with regard to bacterial 
removal, bacterial growth inhibition and bacterial adsorption on cellulose 
fibres LbL coated with different cationic polyelectrolytes. All the modified 
fibres showed promising antibacterial effects, but PVAm 3L had the best 
effect. Apart from the fact that the adsorbed amount of PVAm was the 
highest, the factor that was believed to be important for the antibacterial 
effects was the accessible surface positive charge. The charge densities 
determined by polyelectrolyte titration and the zeta-potentials are shown in 
Table 3.3. Compare with the antibacterial effects shown in Figure 3.1 and 
3.2, the antibacterial effects shown a good agreement with the surface 
charge. PVAm 3L modified Fiber with the highest amount of adsorbed 
polymer had the highest surface charge and the greatest bacterial removal, 
bacterial growth inhibition and bacterial removal capacity. However, there 
were some differences in antibacterial properties between different 
polymers, e.g. both PAH 1 and PAH 2 performed much better on Gram-
positive B. subtilis than on Gram-negative E. coli, whereas PVAm and 
PDADMAC showed a better effect on E. coli, showing that although the 
surface charge is important for both bacterial removal and bacterial 
inhibition, different cationic polymers could affected different bacterial 
strains differently. Therefore, to study the specific influence of surface 
charge on antibacterial effects in Paper III, only PVAm was used to make 
different charged surfaces.  

Table 3.3: Surface charge densities of cellulose fibres modified by different cationic 
polyelectrolytes, determined by polyelectrolyte titration, presented as both units of 

charge equivalent and unit charge per area. aFiber modified under 0.1 M NaCl. bThe 
zeta potential was determined at 0.01 M NaCl and 7.0 pH 
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3.3.2 Surface charge on different oxidized cellulose model 
surfaces (Paper III)  

The initial charge of the cellulose model surface was altered by spin-coating 
regenerated cellulose with different amounts of carboxylic groups. Different 
processes including oxidation, dissolution, and regeneration were applied to 
achieve five differently charged cellulose model surfaces. The pulps were 
examined under FTIR before and after dissolution, and as shown in Figure 
3.13. Spectra of fibres with different degrees of oxidation before dissolution 

are shown in Figure 3.13(a), where differences at 1614 cm−1 indicate 
different amounts of carboxylate groups in their sodium salt form. There is a 

shift from around 1723 cm−1 (C=O) to around 1614 cm−1 (COO−) and 

symmetrical vibration at 1402 cm−1 (COO−). Since all the spectra were 

normalised with respect to the peak at 1320-1310 cm−1 which was the S ring 

stretching, the increase in peak height at 1614 cm−1 showed that the amount 

of COO− increased. Figure 3.13 (b) show spectra for the fiber samples after 
dissolution in NMMO/DMSO followed by regeneration in 96 % ethanol. The 
order of the carboxyl group peak is the same as in Figure 3.13(a), showing 
that there was no significant loss of carboxylic carbonyls during 
regeneration of cellulose in 96 % ethanol. Benselfelt et. al,[117] reported 
that there was a significant carboxylic carbonyl loss after regeneration and 
they suggested that the loss of charge was probably due to a heterogeneous 
oxidation leaded to fibres with a charge density in the range of 2500-5000 

μmol g−1, corresponding to a degree of substitution (DS) in a range of 0.5-1.2, 
which reached the solubility limit of carboxymethylated cellulose in cold 
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water.[117] In the present case, ethanol was used to avoid charge loss, due 
to the much lower solubility in this solvent.  

 

Figure 3.13: (a) FTIR spectra of cellulose fibres with different total charge densities. 
(b) FTIR spectra of cellulose regenerated in 96% ethanol after dissolution in 

NMMO/DMSO 1:3 solution. The insets are enlarged peaks representing COO− and 

the heights of the peaks show the amounts of COO− groups in the samples after 
normalisation of the spectra.  

 

Surface potentials of five different surfaces were also determined using AFM 
colloidal probe before and after LbL deposition of PVAm/CNF/PVAm, in 
order to calculate the surface charge and investigate how the surface charge 
(positive) varied on different charged cellulose surfaces. The surface 
potentials of the surfaces were measured by fitting the force measurements 
with a AFM colloidal probe to DLVO theory. When the asymmetric model 
was used, the potential was first acquired between two similar silica 
particles by fitting the symmetric DLVO model to force curve in the sphere-
sphere geometry of similar spheres. The surface potentials of the silica 
particles were -57 mV at 0.1 mM NaCl, and -30 mV at 10 mM NaCl, and the 
surface potentials of silica particles modified with a monolayer of PVAm 
were +45 mV at 0.1 mM NaCl, and +15 mV at 10 mM NaCl. These values 
were used in the DLVO fitting process in the asymmetric model. The 
Hamaker constant used was the silica/water/silica constant with a value of 

4.6 x 10−21 J[119] this value could be argued to be different and to vary for 
all our samples, but the actual value used does not affect the final value 
obtained for the surface potential. It will only change the shape of the curve 
in the last few nanometers before entering stage 2. Figure 3.14 shows the 
surface potentials of (a) cellulose model surfaces and (b) LbL modified 
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cellulose surfaces, obtained by fitting the DLVO theory in asymmetric 
models at different salt concentrations.  

 

Figure 3.14: (a) Surface potentials of different charged cellulose surface and (b) 
surface potentials of cellulose surfaces modified with PVAm/CNF/PVAm layer-by-
layer deposition. The surface potential was obtained by fitting the force curve with 
DLVO theory in symmetric and asymmetric models at 0.1 mM and 10 mM NaCl. The 
error bar shows the standard deviation of the data from three different positions, 
each obtained from the average force of more than 15 times independent 
measurement.  

The absolute value of the surface potential increased with increasing charge 
density of the fibres initially used to make the cellulose surfaces. In general, 
the same trend was evident on the LbL-modified cellulose 
(PVAm/CNF/PVAm) surfaces, suggesting that the elevated charge is 
maintained even after the LbL modification of the cellulose model surfaces 
on both cellulose surfaces and cationic modified surfaces, the surface 
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potential was lower in 10 mM NaCl than in 0.1 mM NaCl. A significant 
increase in surface potential in asymmetrical model starting from the fiber 

with a charge 90 μmol g−1 was observed. The slightly contradictory result 
may be due to oxidation of this specimen; the recrystallizing of the cellulose 
differed from the un-oxidized case. The cellulose coating on silica was 
thinner and less rough, as shown in Table 3.4.  

Table 3.4: Thickness (h) of cellulose film on model surfaces, and the root mean 

square roughness (Sq) of a 10×10μm2 area in both air and 10 mM NaCl. 

 

 

The surface charge of the LbL-modified cellulose surfaces was calculated 
from the surface potential using the Poisson-Boltzmann equation based on 
the Gouy-Chapman model and the results are shown in Table 3.5.  

Table 3.5: Surface potentials from AFM colloidal probe measurements and 
calculated surface charges of LbL modified cellulose surfaces. 
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3.3.3 Bacterial adsorption and viability on charged cellulose 
model surfaces  

Bacteria are often negatively charged although the bacterial cell envelop 
may vary, and they preferably attach to surfaces with a positive charge. The 
bacterial adsorption on the surface should therefore be influenced by 
varying the surface charge. The influence on the viability of the bacteria on 
contact was also investigated. Bacterial adsorption on the charged surfaces 
in 10 mM NaCl solution was examined under fluorescence microscopy after 
4 and 18 hours and the results are presented in Figure 3.15. (a) Microscopic 
images of bacteria adsorbed on the charged surfaces, and (b) numbers of 
bacteria adsorbed. An increase in adsorbed bacteria with increasing surface 
charge was observed after both 4 and 18 hours, and a large increase in 
adsorption was observed for the two most highly charged surfaces, 
suggesting that there is a change in the adsorption process between the 
surfaces with a lower charge and the highly charged surfaces. The 
theoretical saturation amount of E. coli bacteria adsorbed on the surface 
was calculated based on the size of the bacteria. If the area taken by one 

single bacterium adsorbed is 2×10−12, the maximum adsorption will be 

5×107 per cm−1 if the surface is fully covered by a monolayer of E. coli. In 

Figure 3.15 (b), the adsorption after 4 hours is around 5×107 per cm−1. 
Illergård et. al have reported that, the maximum adsorption can be reached 
within 4 hours. [44] It is believed that the two most highly charged surfaces 
in our investigation adsorb more bacteria on the top of the adsorbed 
bacteria-monolayer.  
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Figure 3.15: (a) Fluorescent microscopy images of GFP pGreen E. coli on charged 
LbL modified cellulose surfaces after 4 and 18 hours incubation, the surface charge is 

indicated in mC m-2 below the images. The scale bar is 100 μm. (b) Quantitative 
analysis (obtained from OD measurements) of the number of bacteria adsorbed as a 
function of positive surface charge, after 4 and 18 hours incubation. Different colours 
indicated the data points in multiple measurements 

 

It is assumed that not all the bacteria adsorbed are irreversibly adhered. 
Weakly adsorbed bacteria would easily be removed by a brief rinsing. This 
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was observed by determining the population of bacteria adsorbed on the 
surfaces before and after cell fixation with water and ethanol. Surfaces with 
fixed bacteria were examined under SEM and the numbers of bacterial cells 
observed are presented in Figure 3.16. The bacterial cells left on the 
surfaces were considered to be irreversibly adsorbed, which was ca. 50 % of 
the total population of bacteria adsorbed. The population of bacteria 
irreversibly adsorbed on the surface was higher on the more highly charged 
surface.  

 

Figure 3.16: Numbers of bacteria adsorbed on an area of 50×50 μm2 areas before 
and after fixation. The numbers of bacteria after fixation were counted on SEM 
images using image analyzing software ImageJ with the particle analysis function.  

The viability of E. coli adsorbed on surfaces with different charges was also 
investigated using the bacterial Live/Dead staining kit using SYTO 9 and 
Propidium iodide (PI) respectively to indicate live and dead bacterial cell. 
SYTO 9 can easily diffuse into the bacterium cell and stain it green, whereas 
PI can penetrate the compromised bacterium membrane and replace the 
SYTO 9 due to a higher affiliation with nucleic acid and stain the cell red. 
After 18 hours incubation, the live and dead adsorbed bacteria were 
observed under fluorescence microscopy and the quantitative results are 
presented in Figure 3.17. The ratio of dead to live bacteria clearly increased 

with increasing surface charge. The highest charged surface 47 mC/m2 

corresponded to 3.1×1013 charges/cm2, which was 50-100 times less than 

the critical charge threshold of 1013 found in the earlier studies by Murata et 
al.,[91] for an efficient killing of adsorbed bacteria.  
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Figure 3.17: Live/dead fluorescence microscopy images of 400 times magnification 
for E. coli K-12 stained by live/dead kit on five different PVAm/CNF/PVAm modified 
cellulose surfaces with initially different surface charges. The scale bar is 50 μm. 
Below the images are the numbers of bacteria adsorbed. The percentages are the 
proportion of dead bacteria in the whole adsorbed population. The cationic charges 

of the LbL-treated surfaces are shown below the columns in mC cm−2.  

 

 

3.3.4 Force of interaction between modified cellulose model 
surfaces and bacteria  

Various antibacterial mechanisms have been proposed: an ion-exchange 
effect, where the poly-cation is able to destabilize the bacterial membrane 

by exchanging the divalent cations, Ca2+ and Mg2+; and a "phospholipid 
sponge model" where the strong electrostatic interaction is able to tear off 
lipid molecules from the membrane so that the bacterium cell disrupts. We 
have proposed that the antibacterial effects of a PVAm/CNF/PVAm-
modified cellulosic surface, is due to physical damage to the bacterium cell 
caused by the high interaction force. The red stained dead bacteria indicated 
that the cell membrane had been disrupted. Although the cellulose surface 
can be considered smooth to the rod-shaped E. coli with a dimension of 1μm 
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× 2μm, the outer membrane of the E. coli cell wall composed of 
lipopolysaccharide and phospholipid is only 8 nm thick, which is within the 
range of the cellulose surface roughness. The force applied to the bacterial 
membrane was calculated using equation (6). 

The interaction force increased exponentially with decreasing separation 
between the bacteria and surface, and the estimated force when the 
separation was as 0 is shown in the Table 3.6. The force was at least 50 nN 
when bacteria are adsorbed on the most highly charged surfaces (assume 
the contact area between bacteria and the surface is 1.5 × 10-13 m2). 
Francius et. al [120] have investigated the indentation from an AFM probe 
on the surface of E. coli, and found that a force of 4 to 5 nN could cause cell 
damage. It was suggested that their observation could be explained by the 
Sneddon model:  

F = 2Etan(σ)δ2/π(1 − ν2)  

where F is the loading force, δ the indentation depth, E the Young modulus, 
ν the Poisson coefficient, and the contact tip geometry (σ, semi-top angle of 
the tip). Based on the same model Sen et al. reported the predicted the lysis 
force of bacterial cell to be 25 nN. An interaction force of 14-27 nN can cause 
bacterial cell lysis under pyramidal tips according to by Hategan et al.[121] 
Our estimated force was in the same range, and the higher ratio of dead-to-
live bacterial on a higher charged surface could be due to disruption of the 
cell membrane at hard and sharp-edged surface geometry.  

Table 3.6: Interaction forces between positively charged, LbL-treated surfaces and 
single cell E. coli membranes. 

Surface 1 2 3 4 5 

Surface charge 7.29 17.1 19.2 44.5 47.2 

Pressure F/area (kPa) 127 236 251 346 355 

 

3.4 Antibacterial mechanisms and surface structures 
(Paper IV)  

According to the findings in Paper III, the decrease in bacterial viability 
corresponded to the force of interaction between the bacteria and charged 
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surface. The calculated force was in the range required to disrupt the cell 
membrane at hard and sharp tips. The bactericidal efficiency was however 
only 30 %, which can be further improved either by increasing the surface 
charge density or by creating surface structures. Inspired from the nature, 
spike-like and sharp pillar structures could effectively disrupt the bacterial 
cell membrane even without a strong interaction force. The "water balloon"-
like bacterial cell landed on such surfaces on cicada wings and slowly sank 
down due to the weak gravitational force and ended with membrane 
rupturing.[84] In our previous studies, it is able to create a cationic surface 
with very high positive charge that exert a strong interaction force, which 
could pull the bacteria aggressively towards the surface. Therefore, it is 
reasonable to make bacteria experience the membrane ruptured towards 
the surface with structures, and lead to cell contents leakage and kill the 
bacteria. Taking advantage of the femtosecond laser technique, the surface 
can easily and quickly be etched to the desired patterns of micro/nano 
structures as shown in Figure 3.18.  

 

Figure 3.18: Illustration of the hypothesis of bactericidal effect of bacteria adsorbed 
on the surface with positive charge and nano-scaled structures, and the preparation 
of a surface coating component of a three-layer polyelectrolytes LbL assembly. 

 

3.4.1 Patterned surfaces with micro/nano structures fabricated 
by the femtosecond laser technique  

The desired surface patterns should have sharp tips and edges, according to 
the hypothesis proposed by Ivanova et. al [85] and the scale needs to 
correspond to the dimensions of the bacterium with selective several micro-
meter variations in order to observe how the bacteria adapt. In current 
studies, two forms of mechanical contacts between bacterium and 
structured surfaces, bending and indentation were taken into account. They 
are independent from the forms (line, dot or even strange shapes) of the 
patterns. Therefore the arrays were made with 1-4 micro-meter intervals 
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named P1-P4 using the femtosecond laser technique. The topographies of 
the treated surfaces were determined by AFM and are presented in Figure 
3.19. P1 and P2 are very similar, with a number of sharp tips and pillars; 
geometries similar to the surface of cicada wings. P3 and P4 belong to the 
same category, in which platforms and micro-trenches (1-2 um deep) can be 
clearly observed. There are some small bumps aligned with the edge of P3 
and P4 due to the thermo-effect of the ablation. These small bumps scale in 
a range from 100-200 nm with sharper tips at the tops, and these may also 
play an important role in bacterial interactions.  

 

Figure 3.19: Patterns on a glass substrate produced by femtosecond laser 
irradiation. a) Picture of glass slides processed by laser patterning. b) Schematic 
illustration of the line-shape design. c) AFM image of surfaces topographies 
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patterned by femtosecond laser irradiation. The bars on the right indicate the depth 
scale.  

3.4.2 Surface potentials of patterned surfaces with positive 
charge after LbL modification  

The surface potential is a result of the surface charge density, which is either 
negative or positive, and leads to an interaction force with the charged 
bacterial cell membrane. Thus, it is essential to investigate the charge 
density as well as the charge distribution on the patterned surfaces and to 
have a high positive charge on the patterned surfaces to achieve the 
optimum bactericidal effect. The surface potentials of laser-treated surfaces 
were determined using AFM colloidal probe measurements before and after 
deposition of 1 and 3 layers of polyelectrolyte. The force curves were 
obtained from colloidal probe measurements, and the surface potential was 
obtained by fitting the curves to the DLVO theory and the results are shown 
in Table 3.7.  

Table 3.7: Potentials and range of potentials measured with a AFM colloidal probe 
on flat and patterned areas of surfaces with/without LbL-treatment.  

 

The surface potentials of unmodified glass with both flat and patterned 
surfaces are negative, and they were positive after the first layer of PVAm 
had been successfully adsorbed, thereafter the value was much higher after 
another layer of PVAm was adsorbed due to the "recharge effect". The 
recharge effect is a result of maximizing the amount of adsorbed 
polyelectrolytes by adjusting the pH and salt concentration during the LbL 
assembly. A noticeable difference in the surface potentials can be seen 
between the flat surface and patterned surfaces. On the patterned surfaces, 
there was a larger scatter in the force curves related to the dimension of the 
probe (6 um) and the irregular structures on the surfaces (200-1000 nm). In 
general, the medium potential of the patterned surfaces was slightly lower 
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than that of the flat surfaces (Figure 3.20). However, the patterns on the 
surface have only a slight effect on the surface charge and it thus suggested 
that the polyelectrolyte adsorption on the two surfaces was similar and able 
to exert a similar attraction on the bacteria. Any differences in antibacterial 
effect can therefore be related to the surface structures.  

 

Figure 3.20: Median surface potentials shown in Table 3.6 of surfaces with and 
without patterns before and after 1L modification and 3L modification  

3.4.3 Bacterial assays on charged surfaces with/without 
patterns  

The main purpose of developing such antibacterial approach combining the 
surface structures with the cationic polyelectrolytes LbL deposition was to 
study the influence of surface structures. Therefore, both the bacterial 
adsorption and the bactericidal effect were investigated on LbL-modified 
surfaces with and without patterns. The numbers of adsorbed Gram-
positive S. aureus and Gram-negative E. coli were counted on different 
surfaces (low/high charge, with/without patterns) after different 
incubation times, and the results are presented in Figure 3.21. More bacteria 
were adsorbed on the higher positively charged surfaces treated with three 
layers of polyelectrolytes than on the surfaces treated with one PVAm layer 
(1L). On the 1L surfaces, there were 50% more on the patterned than on the 
flat surfaces, but this effect was not noticeable on the higher charged 3L 
surfaces. An plausible explanation is that on the lower charged surface, the 
surface topography has a greater influence on bacteria adhesion due to the 
weaker electrostatic attraction. The bacteria preferably attach to the 
rougher surface which has a greater surface area available for attachment, 
and which protects them from the shear force in fluid.[122] On the higher 

Flat P1 P2 P3 P4 
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charged surface, however, the attraction to the bacteria is greater and 
reduces the influence of the surface topography on the adsorption, and the 
charge becomes the dominate factor. It also can be observed that different 
bacterial strains performed differently on charged surfaces after being 
incubated for a certain time, due either to their shape or to their surface 
properties. For example, E. coli has shown a considerable adsorbed amount 
after 4 hours, which was 80 % of the adsorption obtained after 18 hours. 
However, S. aureus reached only 30 % after 4 hours incubation.  

 

Figure 3.21: Bactericidal assays. a) Number of bacteria cell of E. coli and their 
viability. b) Number of bacteria cell of E. coli and their viability at different surfaces 
after 30 min, 4 hours, and 18 hours.  

The plausible explanation is the entropy gain when E. coli come into contact 
with the charged surface is greater than that of S. aureus due to the higher 
negative charge on the surface of the cell membrane of E. coli, at a pH range 
between pH 4 and pH 9. Other than the bacterial adsorption, it was 
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hypothesized that the design of the surface with high charge and structure is 
more able to rupture the bacterial cell and lead to the death of the bacteria. 
To verify this hypothesis, a LIVE/DEAD staining kit was used to label the 
live and dead bacteria. As expected, there were large differences between 
adsorbed bacteria on the flat and patterned surfaces on the higher charged 
3L surfaces. Figure 3.21 shows the numbers of live and dead bacteria. The 
death rate increased from 30 % on flat to 98 % on patterned areas for Gram-
negative E. coli after 18 hours incubation, and it increased from 45% to 85% 
for Gram-positive S. aureus. Figure 3.22 present the fluorescence images 
from confocal laser microscopy of live and dead bacteria adsorbed on both 
flat and patterned surfaces. The bacterial "dead zones" were also examined 
by SEM and the results are presented side by side in the figure in order to 
show where/how bacteria died. The boundary between live and dead E. coli 
is very clear between the flat and patterned surfaces, indicating that the E. 
coli bacteria are significantly more sensitive to the patterned and positively 
charged surfaces. Although the live/dead boundary between flat and 
patterned surfaces is not as clear for S. aureus as for E. coli, there are more 
dead S. aureus than live ones on the structured surfaces. The SEM images 
show that bacteria were more likely to adhere the edges and rough areas on 
patterned surfaces, and the deformation, elongation and disruption are 
clearly visualized. The results suggest that there is a difference in 
bactericidal activity towards E. coli and S. aureus on patterned areas with 
positive charge, and this is in line with the mechanical properties of the cell 
membrane. The outer membrane of E. coli is composed of a thin (1.5-10 nm) 
cytoplasmic structure that keeps the bacterial cell intact due to the inner 
turgor pressure. Unlike E. coli, S. aureus contains a much thicker (15- 80 nm) 
peptidoglycan layer that gives a greater higher tensile strength and rigidity 
[123]. In addition, a higher charge density on the E. coli cell surface than on 
the S. aureus led to the higher bactericidal effect on E. coli than on S. aureus. 
The deformation and disruption of the bacterial cell seen in the SEM images 
were very similar to those described in earlier studies of nano-structured 
antibacterial surfaces found in nature as well as those artificially produced 
[85, 97].  
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Figure 3.22: Live/dead assay images of E. coli (left) and S. aureus (right), together 
with SEM images of the bacterial cell morphology. Scale bars for the CLSM images 
are 20 μm, for SEM 10 μm and 1 μm.  

 

3.4.4 Antibacterial mechanisms based on surface charge and 
structures  

Based on the results presented in Papers III and Paper IV, a new 
antibacterial mechanism can be proposed based on the physical disruption 
of the bacterial cell membrane by the strong force of interaction between 
bacteria and the positively charged surface. These forces are related to the 
attraction between oppositely charged surfaces and bacterial membranes, 
while surface structures with pillar-like and sharp edges are able to 
penetrate and pierce the bacterial cell membranes and lead to the death of 
the bacteria. Previous mechanisms regarding the contact-active 
antibacterial approach have focused more on membrane weakening, 
including hypothesis such as membrane destabilization due to ion-
exchange,[90] alky-chain insertion,[86] and lipid-phosphate 
disassembly,[64, 92] but the importance of the external force has been 
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neglected. Natural bactericidal surfaces with spike or pillar- like structures 
were shown to be able to efficiently rupture the cell membrane purely by 
physical interaction without any influence of chemical compounds, and this 
indicated that physical interaction also played an important role in 
bactericidal activity. In the current studies, the interaction force was 
calculated based on the surface charge determined with an AFM colloidal 
probe, and the force was found to be sufficient to disrupt the bacterial cell 
membrane. Later investigations of the bacterial effect of similar highly 
charged surfaces with pre-fabricated structures verified the hypothesis. A 
schematic illustration of the synergistic effect of charge and structure is 
shown in Figure 3.23.  

 

Figure 3.23: Schematic illustration of E. coli adsorbed on positive charged patterned 
surface (P4). The negatively charged bacteria are attracted by the surface with 
positive charge, causing weakening of the cell membrane either by an ion-exchange 
mechanism or by a phospholipid sponge mechanism. The weakened cell membrane 
can more easily be ruptured on edges with nano-scale tips, due to the high pressure 
that leads to physical damage to the membrane  

 

 

3.4.5 Retention of the bactericidal effect and bio compatibility 
with mammalian cells  
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Glass surface, in Paper IV, was used as the model surface to demonstrate the 
possible interaction of bacteria on modified cellulosic fibres, by the 
deposition of cationic polyelectrolyte using LbL technique and introducing 
structures using femto-second laser irradiation. Since the process is more 
controllable and it allows us to discriminately quantify the live and dead 
bacteria, more in-depth studies about this antibacterial approach can be 
carried out, e.g. retention of bactericidal effect of the modified surface, and 
its bio compatibility with human mammalian cells. Figure 3.24 presents two 
different scenarios of the reusability of the treated surface in order to study 
the retention of bactericidal effect. One is to measure the bactericidal effect 
on the used surfaces that previously adsorbed bacteria have been washed 
away; the other is on the used surfaces with pre-adsorbed dead bacteria. 
The results show that the bactericidal effect significantly dropped 20 – 50% 
on used surfaces with pre-adsorbed dead bacteria, while the bactericidal 
function was preserved better and 10 - 20% decrease of the ratio of dead 
bacteria over the total number of adsorbed ones on the treated surfaces that 
were cleaned and pre-adsorbed bacteria cells were removed. It suggested 
the washing process could remove the larger bacteria cells on the surface 
without compromise the antibacterial functionality significantly and it is 
common for contact-active functionalization to work when direct contact is 
impaired [124, 125]. In addition, greater bactericidal effect was exhibit on 
laser patterned surfaces than was on flat ones. 

        

Figure 3.24. Retention of the bactericidal effect on reuse of 3L PVAm modified laser-
patterned surfaces without and with pre-adsorbed dead bacteria compared with 
newly prepared ones. The bars values present the bactericidal effects in terms of 
bacterial death ratio over the total adsorbed bacteria on the surfaces. The error bar 
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values were calculated using standard error of each measurement according to the 
cell count of dead and live bacteria.   

The biocompatibility of the treated surfaces with mammalian cells is also 
important once this approach is considered to be used in potential medical 
applications. Studies reported the cationic polymers in solution from disturb 
not only bacteria but also mammalian cells [126, 127], however, their 
diffuse into cells will be greatly limited when they are immobilized.[128, 
129, 130] In current study, the adhesion and growth of human dermal 
fibroblast cells on 3L LbL-modified laser-patterned surfaces were 
investigated. Fluorescence images in Figure 3.25 present the fibroblast cells 
on cationic surfaces compared with the fibronectin coated surfaces. 
Fibronectin was used to treat the surface as reference because it is known to 
promote cell adhesion and growth for most mammalian cells.[131, 132, 133] 
It can be observed from the images that LbL coated surfaces support 
mammalian cell adhesion and growth, although roughly 50% less than the 
fibronectin-coated surfaces. 

    

Figure 3.25. Adhesion and growth of mammalian fibroblast cells on 3L LbL modified 
surfaces with/without pattern using fibronectin-coated surfaces as reference. 
Images are composed of bright-field microscopy images of the surfaces and two 
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fluorescence images of the Hoechst-stained nuclei (blue) and phalloidin-stained 
actin fibers (green). Scale bars, 200 µm. 

 

 

 

Chapter 4  

CONCLUSIONS  

Cellulose fibres were successfully modified by cationic polyelectrolytes via 
the LbL deposition of either one or three layers, and these have been shown 
to have a surprisingly good antibacterial effect. Among the samples, three-
layer PVAm-modified fibres containing PAA show the best antibacterial 
activities and the recharge mechanism explains the relatively large amounts 
of bacteria adsorbed and the high positive charge. Both PET and zeta 
potential measurements revealed a strong positive correlation between the 
surface charge and antibacterial activity. The LbL approach for cellulosic 
fiber modification proved to be effective and the SEM images show the 
deformation and elongation of bacterial cell.  

A step has been made towards a more bio-based antibacterial material by 
replacing the previous PAA by CNF as the middle layer within the LbL 
assembly of PVAm on the cellulose fibres. By altering the adsorption 
conditions of CNF, it was found that CNF/PVAm modified fibres present 
better antibacterial activities than PAA/PVAm, especially at a lower pH and 
with a higher salt concentration. By studying the adsorption on cellulose-
model surface, it was possible to conclude that the form of the CNF 
aggregates and a greater surface roughness lead to a higher bacterial 
adsorption and greater growth inhibition. The studies demonstrate the 
possibility of achieving a better antibacterial effect with a more sustainable, 
natural resource-based modification through LbL assembly.  

Cellulose-model surfaces with various fiber charges obtained by TEMPO 
oxidation were modified with multilayer deposition of PVAm/CNF/PVAm 
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and this led to different positive charges on the cellulose-model surfaces, 
calculated based on the surface potential determined by colloidal probe 
measurements. The influence of surface charge on the bacterial interaction 
was investigated, and it was found that more bacteria were adsorbed and a 
higher death ratio is achieved with a greater charge. The forces between the 
bacteria and the cellulose-model surfaces have been estimated based on the 
surface charges, and it is suggested that the cause of bacteria death is the 
interaction force combined with the surface geometry. A force of 50 nN can 
lead to indentation of bacterial cell wall leading to a stretching and 
disruption of the bacterial membrane. This hypothesis was further 
supported by the results of later studies, by artificially introducing the 
surface structures using femtosecond laser irradiation on highly positively 
charged glass surfaces. An enhancement of the bactericidal effect as a result 
of a disruption of the cell membrane was seen. A new antibacterial approach 
is therefore suggested that relies on the synergy behaviour a surface with a 
positive charge and patterns of micro/nano structures easily to an 
antibacterial mechanism of physical disruption and membrane weakening. 
This is can be used not only as a model study for cationic polyelectrolyte 
modified cellulosic fibres but also paves the way for developing a wider 
range of antimicrobial applications, including medical implants, 
antibacterial devices and hygiene products.  
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Chapter 5  

FUTURE WORK  

In this work, we have managed to expand the use of cationic 
polyelectrolytes and bio-based materials for cellulosic antibacterial 
functionalization and have studied the mechanisms of bacteria-surface 
interactions. Future work should be focused on aspects of both applied and 
fundamental investigations.  

 Since we have replaced PAA, which is the middle layer using LbL 
assembly for the antibacterial coating on bio-based cellulosic nano-
fibrils, it would be interesting also to substitute the outermost layer of 
petroleum-based cationic polymers using LbL assembly on bio-based 
natural cationic compounds as well, e.g., chemically modified chitosan 
with higher positive charged groups, cationic cyclodextrin, dextran and 
its derivatives etc, to achieve Making bio-based antibacterial solutions 
on/with sustainable components based on a mild and clean LbL-
coating process and towards a more environmental friendly society.  

 
 Besides the antibacterial approach itself, expanding the coating on a 

wider variety of substrates is also a future vision. Current studies have 
shown the flexibility of the LbL technique for modifying cellulose fibres 
or model surfaces using different combinations of bio-based 
compounds and cationic polymers; other substrates such as light-
weight cellulose-based materials including foams, aerogels, or 
membranes which can be used in packaging materials, composites, 
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metal alloys that can be used in implant medical devices, and many 
other antibacterial material development.  

 

 It is also necessary to clarify further antibacterial mechanisms such as 
the specific actions of surfaces with more finely tuned structures and a 
high positively charge on bactericidal effects, e.g. the maximum 
bactericidal effect using the minimum required charge and optimum 
geometry of the surface structure. More comprehensive and better 
investigations into the influence of structure and surface charge on the 
bactericidal process, e.g., how fast the bacterial cells rupture, whether 
they are bacterial strain-dependent, how to visualize the whole 
disruption process using more advanced microscopy techniques etc, to 
strengthen the hypothesis of physical disruption of the harmful 
bacterial cells and to pave the way to develop more advanced 
antibacterial approaches, to minimize the environmental impact as 
well as bacterial resistance. It is indeed an interesting field to explore 
in the exciting future. 
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cationic surfaces kill bacterial cells,” Biomaterials, vol. 28, no. 32, pp. 4870–
4879, 2007.  

[92]  L. A. Asri, M. Crismaru, S. Roest, Y. Chen, O. Ivashenko, P. Rudolf, J. C. 
Tiller, H. C. van der Mei, T. J. Loontjens, and H. J. Busscher, “A shape- 
adaptive, antibacterial-coating of immobilized quaternary-ammonium com- 
pounds tethered on hyperbranched polyurea and its mechanism of action,” 
Advanced Functional Materials, vol. 24, no. 3, pp. 346–355, 2014.  

[93]  J. C. Tiller, “Antimicrobial surfaces,” in Bioactive surfaces. Springer, 
2010, pp. 193–217.  

[94]  G. S. Watson, D. W. Green, L. Schwarzkopf, X. Li, B. W. Cribb, S. Myhra, 
and J. A. Watson, “A gecko skin micro/nano structure–a low adhesion, su- 



BIBLIOGRAPHY|71 
 

 

perhydrophobic, anti-wetting, self-cleaning, biocompatible, antibacterial 
surface,” Acta biomaterialia, vol. 21, pp. 109–122, 2015.  

[95]  S. Pogodin, J. Hasan, V. A. Baulin, H. K. Webb, V. K. Truong, T. H. P. 
Nguyen, V. Boshkovikj, C. J. Fluke, G. S. Watson, J. A. Watson et al., 
“Biophysical model of bacterial cell interactions with nanopatterned cicada 
wing surfaces,” Biophysical journal, vol. 104, no. 4, pp. 835–840, 2013.  

[96]  X. Li and T. Chen, “Enhancement and suppression effects of a 
nanopatterned surface on bacterial adhesion,” Physical Review E, vol. 93, no. 
5, p. 052419, 2016.  

[97]  E. P. Ivanova, J. Hasan, H. K. Webb, G. Gervinskas, S. Juodkazis, V. K. 
Truong, A. H. Wu, R. N. Lamb, V. A. Baulin, G. S. Watson et al., “Bactericidal 
activity of black silicon,” Nature communications, vol. 4, p. 2838, 2013.  

[98]  S. Pandit, Z. Cao, V. R. Mokkapati, E. Celauro, A. Yurgens, M. Lovmar, F. 
Westerlund, J. Sun, and I. Mijakovic, “Vertically aligned graphene coating is 
bactericidal and prevents the formation of bacterial biofilms,” Advanced 
Materials Interfaces, vol. 5, no. 7, p. 1701331, 2018.  
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