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Abstract

In recent years, antibacterial surfaces have been a subject of increased interest. Especially
interesting are non-leaching, contact-active surfaces that physically disrupts the bacterial
cell using immobilised cationic polymers. Thus the risks of bacterial resistance and dis-
charge of hazardous biocides is minimised. The assembly of such surfaces is elaborate and
usually involves organic solvents. Here, polyelectrolyte multilayers (PEM) are proposed as
an effective surface modification method, with an overall goal of producing antibacterial
cellulose fibres. The PEM process is based on physical adsorption of oppositely charged
polymers in aqueous solutions. Multilayers were formed with the bactericidal polymer
polyvinylamine (PVAm) and polyacrylic acid. PVAm compounds with hydrophobic mod-
ifications were applied as well, as they possess increased antibacterial activity in solution.

In this work, the multilayer formation was studied on model surfaces of silicone oxide
and glass in order to obtain fundamental knowledge of the polymer system. QCM-D and
reflectometry, which detect total mass including bound water and polymer mass only, re-
spectively, were used to analyse the layer formation. Salt-concentrations were varied at
1, 10 or 100 mM NaCl. A stepwise multilayer formation with exponential-like polymer
adsorption but with decreasing water content for each layer was seen at all salt concentra-
tions. A higher salt concentration resulted in an increased adsorbed mass. No significant
differences in adsorption between the modified and unmodified PVAm could be detected.
AFM imaging applied to multilayers having nine layers showed large surface aggregates
under high salt conditions for the C6-modified PVAm. Dynamic light scattering showed
that the polymer occurred as single molecules in solution; hence it was concluded that the
aggregation is surface-associated.

The multilayers were then tested for bacterial growth inhibition. The relative bacterial in-
hibition was time-dependent, as the surface was saturated with bacteria over time. After
two hours, a maximal inhibition of 99 % could be observed for the multilayers. After eight
hours, a moderate inhibition of less than 40 % was detected. Using multilayers affected the
results positively compared to single layers. After three layers, though, no further reduc-
tion was seen. Viability staining of the surface-adhered bacteria revealed that the adhered
bacteria had intact membranes. Therefore, the microbiological properties of the multilay-
ers can at this point be described more as growth-inhibiting by bacterial adhesion effects
than as biocidal. However, this work has shown the importance of combining surface
characterisation and microbial testing to understand the bacteria-surface interaction.
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Sammanfattning

De senaste åren har intresset för antibakteriella ytor ökat. Särskilt intressanta är de icke-
läckande kontaktaktiva ytorna som fysiskaliskt har sönder bakteriers membran via im-
mobiliserade katjoniska polymerer . Risken för utveckling av resistenta bakterier liksom
utsläpp av skadliga biocider i naturen är där med minimerad. Framställningen av sådana
ytor är dock omständig och involverar ofta organiska lösningsmedel. Här presenterar vi
istället polyelektrolytmultilager (PEM) som ett effektivt sätt att modifiera ytor, med slut-
målet att framställa antibakteriella cellulosafibrer. PEM baseras på fysikalisk adsorption av
laddade polymerer i vattenlösning. Multilagern i den här studien formades med antibak-
teriell polyvinylamin (PVAM) och polyakrylsyra. Hydrofobmodifierad PVAm har också
studerats eftersom dessa visat en ökad antibakteriell aktivitet i lösning.

I arbetet studerades multilageruppbyggnaden på modellytor av kiseloxid och glas för att
få grundläggande kunskaper om polymersystemet. För att analysera lageruppbyggnaden
användes QCM-D och reflektometri, som detekterar den totala massan inklusive bundet
vatten respektive enbart polymer. Saltkoncentrationen varierades mellan 1 mM, 10 mM
och 100 mM NaCl. Resultaten visade en stegvis multilageruppbyggnad med exponentiell
polymeradsorption, men med minskande vatteninnehåll för vart lager för alla saltkon-
centrationer. En hög saltkoncentration gav en högre adsorberad polymermassa. Ingen
signifikant skillnad i adsorptionen mellan modifierad och omodifierad PVAm kunde ob-
serveras. AFM-bilder av multilager med nio polymerlager visade stora ytaggregat för
PVAm modifierad med C6 vid hög saltkoncentration. Dynamisk ljusspridning visade
däremot att polymererna var enskilda molekyler i lösning, och därför drogs slutsatsen
att aggregationen av hydrofobmodifierad PVAm är ytassocierad.

Multilagren testades därefter för bakteriehämmande egenskaper. Den relativa bakterie-
inhibitionen var tidsberoende, då ytan med tiden blev mättad med bakterier. Efter två
timmar kunde en maximal inhibition på 99 % iakttas för multilagern, medan inhiberingen
efter åtta timmar var lägre med inhibering på mindre än 40 %. Multilager påverkade
resultatet positivt jämfört med enkla lager. Efter tre lager syntes dock ingen ytterligare
minskning. Infärgning av bakterierna på ytan visade att bakteriernas cellmembran var
intakta. Multilagren med PVAm har därmed en tillväxthämmande effekt genom att vara
bakterieadhesiva snarare än avdödande. Arbetet i den här studien har betonat vikten av att
kombinera ytkaraktärisering kombinerat med mikrobiella tester för att förstå interaktionen
mellan bakterier – yta.
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1 Background

Bacteria belong to the simplest group of living organisms; the prokaryotes (literally "be-
fore nucleus", as they lack a cell nucleus). They have an extreme ability to adapt to the
surrounding environment, colonising virtually every habitat of the planet. However,
this ability to adapt has also led to increasingly common antibiotic-resistant strains, as
antibiotic treatments have become a part of everyday life in modern society. Strategies
that have evolved to counter harmful natural surroundings, in some cases as extreme as
the underwater black smokers [Baross and Deming, 1983], are now working against us
[Baquero and Blázquez, 1997]. Still, in some cases, it is crucial to control bacterial growth.
And in order to prevent the spread of the antibiotic resistance, new means of fighting bac-
teria are necessary.

In recent years, there has been increased interest in contact-active antibacterial surfaces
[Madkour and Tew, 2008]. By using immobilised cationic polymers, the surfaces minimise
the risk of bacterial resistance as the polycations act by physically disrupting the bacterial
cell. The polycations are rigidly attached and hence are kept at a high biocidal concen-
tration and do not leach into the environment. Therefore these surfaces are also termed
non-leaching surfaces. Together the bacteria-disrupting mechanism, the high concentra-
tion, and the non-leaching substances all minimise the risk of inducing resistant bacteria
[Lewis and Klibanov, 2005]. However, a drawback to antibacterial surfaces has so far been
the chemistry of the surface preparation. Organic solvents are generally involved in the
often elaborate procedures [e.g. Lewis and Klibanov 2005, Murata et al. 2007]. To over-
come this hurdle, we present a strategy for forming antibacterial surfaces by using poly-
mer adsorption in repeated steps with the polyelectrolyte multilayer (PEM) technique. The
process is carried out in aqueous solutions at room temperature and is thereby a more sus-
tainable alternative to the conventional surface modification. Moreover, it can be used
regardless of the surface geometry. In our case, we are interested primarily in cellulosic
pulp fibres. Cellulose is the most abundant polymer on earth, and pulp fibres today find
wide usage not only as paper but also in applications such as hygiene products and filters.
The formation of antibacterial fibres might bring about new products and possibilities for
the forest-based industry.
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2 CHAPTER 1. BACKGROUND

Figure 1.1. The cell envelope of Gram-positive bacteria. The bacteria is covered by a thick pepti-
doglucan layer, with incorporated teichoic acids and proteins.

1.1 THE BACTERIA

Bacteria are single-celled organisms, usually in the size range of 0.74 - 4 µm [Maillard,
2002]. These ubiquitous organisms are totally dependent on their microenvironment,
which during the course of evolution has lead to great variations in mobility, morphol-
ogy, and metabolism. Bacteria are divided into two categories, Gram-positive and Gram-
negative, based on differences in their outer cell layers. These layers are together termed
the cell envelope, and this cell envelope determines the bacterial interaction with the sur-
rounding environment. Both bacterial cell types have an inner cell membrane that sur-
rounds the inside of the cell, known as the cytoplasm. The cell membrane is composed
of a bilayer of phospholipids with hydrophilic, polar head groups and hydrophobic fatty-
acid chains, giving it amphiphilic and self-associating properties. The cell membrane is
semipermeable, and in general, small, uncharged molecules, e.g. ethanol, can pass directly
over the membrane, whereas large, charged molecules must be actively transported by
membrane-associated proteins. Other proteins, such as receptors and enzymes, are present
as well [Madigan et al., 2005]. Outside the cytoplasmic membrane, bacteria are protected
by a cell wall that stabilises the bacteria and prevents the cells from undergoing osmotic
lysis. The bacterial cell wall is made up of a rigid layer of peptidoglucan, a polymer consist-
ing of sugar residues and amino acids. The peptidoglucan forms a highly crosslinked, hy-
drophilic network, but is quite open in structure and allows for transport of both charged
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Figure 1.2. Cell envelope of Gram-negative bacteria. A thin peptidoglucan layer separates the
phospholipid bilayers. A lipo-polysacharide layer is covering the outside of the cell.

and uncharged molecules up to 50 kDa [Lambert, 2002]. Although the cell wall is present
in both bacterial cell types, the thickness of the peptidoglucan layer varies significantly.
In Gram-positive bacteria, a thick cell wall, with incorporated teichoic acids for stability,
constitutes the outside of the cell (Figure 1.1). In contrast, Gram-negative bacteria have a
thin layer of peptidoglucan followed by an additional outer phospholipid membrane (Fig-
ure 1.2) that forms an additional barrier. The outermost surface of Gram-negative bacteria
is covered by a lipopolysaccharide layer (LPS) that also contributes to structural integrity
and protects the membrane from chemical attacks [Madigan et al., 2005].

The growth of a bacterial population can be described in four different phases: the lag
phase, the log phase, the stationary phase, and the death phase (Figure 1.3). Lag phase
bacteria show no detectable growth; instead, the bacteria are preparing for cell division. In
the log phase, bacterial population growth has started. The bacteria multiply by vegetative
cell division, which leads to an exponential increase in population size. Mathematically,
the growth in this phase is described by the doubling time, which is also called the gener-
ation time. The doubling time can be as short as 15 minutes under favourable conditions,
but can be considerably longer depending on the bacterial strain and environmental fac-
tors. Common factors affecting bacterial growth are temperature, access to oxygen, and
supply of nutrients and salts. With time, growth will be limited as the number of dividing
cells equals the number of dying cells, marking the stationary phase. If no new medium
is added, or if no other growth-limiting factor is changed, the bacterial population will
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Figure 1.3. Bacterial growth curve with the different growth phases depicted.

eventually die off [Madigan et al., 2005].

1.2 PREVENTING BACTERIAL GROWTH

Bacterial growth is in many aspects troublesome. The bacteria often produce toxins and
toxic by-products, causing illness and disease in higher organisms. In addition, bacte-
ria cause unwanted degradation of materials, odours, and discoloration [Madigan et al.,
2005]. In many sensitive environments, such as hospitals, it is therefore desirable to use
antibacterial treatments. The most common method to limit bacterial colonisation is to add
biocides or antibiotics directly to the media surrounding the bacteria.

Antibiotics usually act on specific targets within the cell, such as a specific enzyme. This
makes antibiotics very efficient but also sensitive to alterations in bacterial metabolism.
These changes in the cell produce antibiotic resistance. Biocides differ from antibiotics
by being more diverse and having multiple targets [Denyer and Stewart, 1998]. The bio-
cide class is a very broad group of chemically different substances, such as glutaraldehyde
and quaternary ammonium compounds. A full overview of the different biocide classes
and their mechanisms is beyond the scope of this thesis. Generally, the mechanisms for
biocides can be classified into the following categories: (i) interaction with outer cellular
components, (ii) interaction with cellular membranes, and (ii) targeting of inner cellular
components, such as enzymes and DNA; however, a biocide can work on all three levels.
Exceptions to this nonspecific biocide mechanism do exist. For example, triclosan specifi-
cally targets an enzyme within the cells [Maillard, 2002]. Similar to antibiotic mechanisms,
this mechanism increases the risk of developing antibacterial resistance, as the bacteria can
relatively easily adopt changes, for instance by altering the specific target [Russell, 2003].
Triclosan also illustrates another problem with biocides, namely unintentional spreading
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in nature. A Swedish study showed that the compound could be found in human milk
and fish exposed to municipal wastewater [Adolfsson-Erici et al., 2002]. Unfortunately,
this antibacterial compound is very common in products such as cosmetics, toothpaste,
and detergents.

The stated problems demonstrate that the development of new antibacterial treatments
constitutes a high-priority research field. New antibacterial treatments must be safe to
use with decreased risk of inducing bacterial resistance. In recent years, there has there-
fore been increased interest in antibacterial surfaces as a new means of fighting bacteria
[Madkour and Tew, 2008].

1.3 ANTIBACTERIAL SURFACES

Antibacterial surfaces can roughly be divided into two categories; leaching and non-
leaching surfaces. Leaching occurs in a type of controlled-release process and is in this
context based on the same principles as directly adding a biocide. Surfaces with added
silver are examples of this type [e.g. Lee et al. 2005]. Non-leaching surfaces, on the other
hand, are based on a mechanism requiring the bacteria to come into contact with the sur-
face i.e. they are contact-active. Contact-active surfaces are an appealing alternative for
several reasons. First, the concentration of the antibacterial compound is kept at a perma-
nent, high concentration. Second, the contact-active mechanism affects bacteria by physi-
cally disrupting the cell wall. This physical-disruption approach minimises the risk of de-
veloping antibiotic resistance, as that would require major alterations in the cell-envelope
composition. Moreover, the mechanism works for a broad spectrum of bacteria, as the
cell envelope has similar properties in both Gram-negative and Gram-positive species. Fi-
nally, because the antibacterial agents are attached, the risk for polluting the environment
is eliminated [Lewis and Klibanov, 2005].

A drawback of contact-active surfaces is their capacity, which is limited by the surface area
as only adsorbed bacteria are affected. Murata et al. [2007] reported that the antibacterial
properties of a surface decreased close to a bacterial load of 108 CFU/cm2, which is in
agreement with the theoretical maximal coverage per cm2. It therefore seems likely that
the surface capacity depends on the specific type of surface selected and also on the type of
bacteria used. Non-leaching antibacterial surfaces can thus be seen as a method to prevent
bacterial colonisation at an early stage.

1.4 MECHANISM OF ANTIBACTERIAL SURFACES

The effects of the contact-active surfaces can be divided into the following two phases: an
initial adhesion process, where the bacteria are brought into contact with the surface, and
a biocidal effect, where the adhered bacteria are killed.

1.4.1 Bacterial-adhesive effect

The physical properties of the bacteria and of the surface are the main aspects govern-
ing initial bacterial adhesion to surfaces [An and Friedman, 1998]. The adhesion rate and
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amount of adhered bacteria have been shown to depend mainly on the following three
factors: surface charge, hydrophobicity, and surface roughness [Terada et al., 2006].

The bacteria carry, with a few exceptions, a net negative charge at physiological pH due to
carboxyl and phosphate groups on the cell surface. Positively charged amino groups are
present as well, but these are outnumbered by the negatively charged groups. The elec-
trostatic interactions between the bacterial cell and the surface play an important role in
bacterial adhesion. The influence of the electrostatic interactions has been demonstrated by
varying the ionic strength, which screens the charges, and by varying the surface potential.
Variations in ionic strength and hence in Debye length in solution have shown to largely
affect adhesion results, and thus positively charged surfaces generally show an increased
number of adhered bacteria. Several attempts have been made to model bacterial adhesion
with electrostatic-interaction models, but the theories are adapted for non-biological par-
ticles and have been largely unsuccessful. This is due to the cell surface being much more
dynamic and heterogeneous than the particles usually described by the theories. More-
over, the bacterial outer surface is ion penetrable through channels and transporter chan-
nels, adding greater complexity [Poortinga et al., 2002]. However, it is important to keep
the aspects of electrostatic interaction in mind when trying to describe and understand the
mechanisms of bacterial adhesion to surfaces.

Another important factor in bacterial adhesion is the hydrophobicity of the surface and
of the bacteria. The hydrophobicity is considered a short-range interaction, i.e. the
bacteria have to come very close in order to experience the hydrophobic interactions
[An and Friedman, 1998]. The hydrophobicity of bacteria depends on the different bac-
terial cell-wall structures because Gram-negative bacteria are generally more hydrophilic
since they have charged LPS on the surface [Terada et al., 2006]. Bacteria tend to favour
hydrophobic materials, whereas hydrophilic materials can basically be resistant to antibac-
terial adhesion [An and Friedman, 1998].

A third factor to consider in bacterial adhesion is surface roughness. This is in general
regarded as less important than electrostatics and hydrophobicity [Terada et al., 2006], and
findings regarding its influence on adhesion are inconclusive [An and Friedman, 1998].
However, a possible effect of high surface roughness may be a relatively greater accessible
area for bacteria.

1.4.2 Biocidal effect

Once adhered to the active surface, the bacterial cell is inactivated by the biocidal effect
of the surface. The mechanism of this inactivation is still largely unclear. In the literature,
two different principal mechanisms for this antibacterial effect have been proposed; these
main mechanisms are the membrane-puncturing theory and the ion-exchange theory.

The first and perhaps more-cited theory is based on the observation that immobilised poly-
cations with hydrophobic modifications show antibacterial activity [e.g. Lin et al. 2003,
Tiller et al. 2001]. Since these amphiphilic polymers resemble the phospholipids in the cel-
lular membrane, they are proposed to interact with and penetrate the outer bacterial mem-
brane. This disturbance would then be enough to burst the bacteria [Lewis and Klibanov,
2005]. Studies performed with polymers in suspension have supported this hypothesis,
as hydrophobically modified polymers have shown distinctly lower active concentrations
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than their unmodified counterparts [e.g. Westman et al. 2009b]. However, direct parallels
to immobilised polymers should be drawn with caution, as these do not have the same
degree of freedom as polymers in solution.

This hypothesis has been criticised because the width of the cell envelope often is underes-
timated. In both Gram-negative and Gram-positive bacteria, the cell envelope thickness
is slightly below 50 nm (see Figure 1.1 and 1.2), meaning that the chain length of the
polymers must be at least 70-100 nm Murata et al. [2007]. Also, monolayers of a silanol
compound have been used as antibacterial treatments, and the chains of this compound
are far shorter [Andresen et al., 2007, Gottenbos et al., 2002]. Other studies have shown
no significant impact of increased length [Huang et al., 2008, Murata et al., 2007] and have
instead proposed a theory for the mechanisms of antibacterial surfaces based on an ion-
exchange process caused by the charges of the polycation [Huang et al., 2008, Kugler et al.,
2005, Murata et al., 2007, Terada et al., 2006].

The bacterial cell net-negative charge is neutralised primarily by divalent cations such as
Mg2+ and Ca2+ [Poortinga et al., 2002]. According to the ion-exchange theory, the coun-
terions are released in a process driven by a large entropy increase when the bacteria en-
counter a highly charged surface. As a consequence of the counterion release, the bacterial
cell disrupts. The proposed process is similar to polyelectrolyte adsorption, which will be
described later. The surface charge must be sufficiently high, as a charge-density threshold
for the antibacterial effect has been observed. Kugler et al. [2005] reported of a threshold
of 5*1015 N+/cm2, and the same threshold has been reported by Murata et al. [2007]. In-
terestingly, the surface charge for E. coli is reported to be in the same range [Murata et al.,
2007]. Different bacteria do however appear to behave differently, as Terada et al. [2006] re-
ported that a surface-potential threshold was evident for E. coli but not for B. subtilis. This
difference is suggested to be due to the fact that LPS are present only on Gram-negative
bacteria [Kugler et al., 2005], but on the other hand no systematic differences in the surface
potential of bacteria has been established [Poortinga et al., 2002].

1.5 PREPARATION OF ANTIBACTERIAL SURFACES

The non-leaching surfaces have been prepared predominantly by covalently attaching
polymers with high charge densities and high molecular weight. The procedures are
often elaborate and involve organic solvents [e.g. Lee et al. 2005, Murata et al. 2007]. A
simpler approach to applying paint-like coatings with modified polyethyleneimine has
been described by A. Klibanov’s group [e.g. Lewis and Klibanov 2005, Lin et al. 2003,
Mukherjee et al. 2008, Tiller et al. 2001], but this process still involves organic solvents.

Physical adsorption of cationic polymers in aqueous solutions is another possibility for
surface modification, but the amounts adsorbed are often quite small. To overcome the
shortcomings of the techniques, here we suggest the polyelectrolyte multilayer technique
as an effective means of surface modification. The method of preparing polyelectrolyte
multilayers by stepwise adsorbing oppositely charged polymers, i.e. polyelectrolytes, was
first introduced in the 1990s [Decher, 1997]. Since then, the technique has been applied
to improve properties in a variety of scientific areas, from the preparation of ion-selective
membranes [Jin et al., 2003] to more practical applications, such as tensile-strength im-
provements in paper-making [Eriksson et al., 2005, Wågberg et al., 2002].
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Figure 1.4. The principle procedure of the formation of multilayers.

The experimental procedure is simple. A charged surface is first immersed in a polyelec-
trolyte solution with a charge opposite that of the surface. As the polyelectrolyte adsorbs,
the surface undergoes a charge reversal, and a second layer, consisting of a polymer with
a charge opposite that of the first polymer, can be adsorbed. This can then be repeated to
produce as many layers as desired. Between each adsorption step, the surface is rinsed to
remove excess polymer (Figure 1.4).

Among the benefits of the polyelectrolyte-multilayer technique are that the technique can
be applied regardless of the geometry of the surface and that it is carried out in aqueous
solutions at room temperature. The properties of the resulting multilayers are influenced
by the choice of system parameters, such as the type of polyelectrolyte, salt concentration,
and pH [von Klitzing, 2006]. This also makes it possible to regulate the layer formation.

1.5.1 Polyelectrolyte adsorption

In general, the conformation of polyelectrolyte molecules adsorbed at the solid-liquid
interface is closely related to the initial conformation of the polyelectrolytes in solution
[Falk et al., 1989]. The charged moieties of a polyelectrolyte can, similarly to acids and
bases, be classified as strong, with constant charge over a large pH range, or weak, with
a dissociation (and hence charge) that is dependent on pH. The charges of the polyelec-
trolyte induce a straightening of the polymer chain due to internal electrostatic repulsion;
the more charged the polyelectrolyte, the more stretched it is. It will also experience re-
pulsion from other polyelectrolytes in the vicinity. To maintain electroneutrality, dissolved
polyelectrolytes have a loosely bound cloud of counterions. The electrostatic repulsion
within the chain and between different parts of the polyelectrolyte chain will be effectively
reduced or screened upon salt addition to the polyelectrolyte solution, which in turn makes
the polyelectrolyte chain less stiff so that it can coil up [Netz and Andelman, 2003]. In the
same manner, the charges between adsorbed polyelectrolytes are screened as well, and the
amount adsorbed to the surface can hence in practical situations be increased when salt
is added. However, for polyelectrolyte adsorption where charge interactions are present,
an increase in salt concentration will decrease the adsorbed amount at equilibrium [Fleer,
1993].
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These counterions thus play a major role in the adsorption process since the system in-
creases in entropy as counterions are released upon adsorption. This entropy increase is
essential for multilayer formation, as the surface then can absorb more polyelectrolyte than
the initial charge would allow [von Klitzing, 2006]. This charge overcompensation for sur-
faces containing a high number of adsorbed layers, i.e. greater than five, has been shown
to be dependent on the polymer system used rather than the initial surface charge [Decher,
1997].

Although electrostatic interaction is an important driving force in polymeric adsorption,
other interactions, such as hydrophobic interactions, can have a strong impact as well
[Poncet et al., 1998].

1.5.2 Influence of hydrophobic modifications

Hydrophobically modified polyelectrolytes constitute a special group of polyelectrolytes,
consisting of a charged backbone that stretches the polymer and a hydrophobic part that
gives the polyelectrolyte self-assembling properties Kötz et al. [2001]. This group is bio-
logically interesting since for instance proteins often are of this amphiphilic nature which
contributes to protein folding [Anfinsen, 1973]. Several hydrophobically modified poly-
mers have also been shown to interact with cell membranes, as stated earlier.

This type of polyelectrolyte can produce a highly viscous solution if the polymer con-
centration is above a critical threshold, c*. At this concentration, the hydrophobic chains
form interpolymer aggregates, which can function as crosslinks between the polymers.
The tendency for self-aggregation, i.e. intra-polymer association, increases with increas-
ing content of hydrophobic groups and increasing length of the hydrophobic chains. As
for simple polyelectrolytes, the electrostatic repulsion of the charged polymer backbone
is significant. At low polymer concentrations, a screening of the charges will lead to a
decreased viscosity, due both to decreased electrostatic repulsion and to intramolecular
associations between the hydrophobic groups within the polyelectrolyte chain. At high
polymer concentrations though, there is an enhanced viscosity because the hydrophobic
groups dominate the overall polyelectrolyte properties [Kötz et al., 2001]. In the case of
weak polyelectrolytes, it is possible to vary both the pH and salt concentrations to tune the
self-associative behaviour of the hydrophobic polymers.

This subtle balance between electrostatic and associative interactions makes it hard to pre-
dict the system behaviour upon adsorption. Even though the bulk concentration is be-
low the critical aggregation concentration, the surface-associated polymer will experience
a much higher local concentration, inducing aggregation. The hydrophobicity may also
introduce hydrophobic interactions between the polyelectrolyte and the substrate, which
will influence the conformation, as a local surface separation of the hydrophobic - hy-
drophilic polymer parts may be generated [Poncet et al., 1998].

1.6 ANTIBACTERIAL MULTILAYERS: THE CHALLENGE

By carefully selecting the polymers used in the multilayer formation, it is possible to tune
the macroscopic properties of the multilayer. Here we will study a multilayer system with
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biocidal cationic polymer to render the multilayers antibacterial. This thesis is a continu-
ation of the work of Westman et al. [2009a], who found that the antibacterial properties of
multilayers with PVAm-C6 and PAA improved with the number of layers used. Antibacte-
rial surfaces prepared by the multilayer technique have been described by other studies as
well [e.g. Elsabee et al. 2008, Guyomard et al. 2008], but to our knowledge these multilay-
ers have predominantly been of the leaching type. Our aim is to form highly antibacterial
multilayers with a contact-active biocidal mechanism.

In this thesis, we take the evaluation of antibacterial multilayers one step further by study-
ing the adsorption and the bactericidal properties of PVAm with different modifications.
Fundamental knowledge of the formation and conformation of the surface is crucial for
the understanding of antibacterial effects, and it also offers possibilities to tune the mul-
tilayer’s properties. Hence, a thorough adsorption study of the multilayer formation has
been made. In parallel, a more high-throughput screening method has been applied; this
is equally crucial in the search for the mechanism.

The overall objective of this work is to make antibacterial cellulosic fibres. Cellulose has
excellent properties for surface modifications and is moreover a renewable resource. This
makes it suitable as substrate for antibacterial surfaces, especially when considering the
large total surface area of pulp. However, the possibility of studying adsorption and an-
timicrobial properties on fibres is limited. Here, we have instead employed silicon oxide
and glass surfaces as model surfaces. The work in this thesis should hence be viewed as a
necessary model-study to tailor the fibres.



2 Experimental

2.1 MATERIALS

2.1.1 Polyelectrolytes

Polyvinylamines (PVAm) with different substituents and degrees of modification (Table 2.1)
were supplied by BASF SE (Ludwigshafen, Germany). Details about the synthesis can
be found elsewhere [Champ et al., 2008]. The polymers were dialyzysed and freeze-dried
prior to use. Polyvinylamines are weak polyelectrolytes i.e. their charges vary with pH,
and the charge densities have previously been determined previously for all polymers
except PVAm-C4 [Westman et al., 2009b].

Table 2.1. The different PVAm used in the study. The polymer properties are given according to
the according to the supplier’s specifications.

Polymer Substituent Degree of sub-
stitution

Degree of hy-
drolysis

Molecular
weight

PVAm - - 100 % 250 kDa

PVAm-C4 C4 100 % 92.5 % 340 kDa

PVAm-C6 C6 30 % 90.7 % 340 kDa

PVAm-C8 C8 10 % 90.7 % 340 kDa

The polymers have previously been tested for antibacterial activity (except for the PVAm-
C4) [Westman et al., 2009b]. Inhibitory concentrations down to 10 µg/mL for the modified
PVAms were reported compared to more than 100 µg/mL for the unmodified PVAm. In
another study using unmodified PVAm with lower molecular weights, the minimum in-
hibitory concentration (MIC) was found to vary between 500 and 2100 µg/mL, depending
on the bacterial strain used [Bromberg and Hatton, 2007].

Anionic polyacrylic acid (PAA) (Sigma) with a molecular weight of 240 kDa according to the
supplier’s specifications was used without further purification.

MilliQ water (MQ) (Millipore, Solna, Sweden) was used to prepare all polymer solutions.

11



12 CHAPTER 2. EXPERIMENTAL

Figure 2.1. The principal polyvinylamine polymer structure. In this study, the hydrophobically
modified PVAm corresponds to a p of 1, 3, or 5.

2.1.2 Substrates

QCM-D. Silica-coated AT-cut quartz crystals (Q-Sense, Västra Frölunda, Sweden) were
rinsed in a sequence of MQ-EtOH-MQ and thereafter dried under nitrogen flow. The crys-
tals were plasma treated for 3 min at 30 W at reduced air pressure.

Silicon wafers of p-type (Memc Electronic materials SpA, Novara, Italy) used as substrates
in the reflectometry measurements were oxidised in 1000 ◦C for 3 hours and thereafter
cut into strips. The thickness of the oxide layer was measured by null ellipsometry (type
43702-200E, Rudolph Research, Flanders, USA). Prior to use, the strips were rinsed with
a sequence of MQ-EtOH-MQ and hydrolysed in 10 % NaOH for 30 seconds. They were
thereafter plasma treated at 10 W for 30 seconds at reduced air pressure.

Commercially available cover slides (VWR, Stockholm, Sweden) were used as substrates in the
antimicrobial testing. The slides were made out of pure white glass and with a diameter of
13 mm. The glass slides were subjected to the same cleaning procedure described for the
silicon wafers above. Untreated glass slides were used as a negative control in the growth
experiments.

2.1.3 Bacteria

The test organisms for the studies were the Gram-negative Escherichia coli ATCC 11775
obtained from SIK (Göteborg, Sweden) and the Gram-positive Bacillus subtilis (MERCK,
Solna, Sweden). The bacteria were grown in tryptone glucose extract broth (TGE) (BD
Difco, Stockholm, Sweden) at 37 ◦C with continuous shaking.

2.2 METHODS

2.2.1 Adsorption studies

Quartz crystal microbalance with dissipation monitoring (QCM-D) can in short be described as
an ultrasensitive scale used to monitor total adsorbed mass. The sensor is a piezoelectric
quartz crystal driven at its resonance frequency by a step function. As mass is added to the
crystal, in the form of both adsorbed substance and bound water, the resonance frequency
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is linearly shifted downward. By monitoring the frequency, the total adsorbed mass can
be calculated using the Sauerbrey equation (Equation 2.1)

∆m = −c∆f
n

(2.1)

where c is a sensitivity factor, ∆f is the change in frequency, and n is the overtone number
[Rodahl et al., 1995]. This relationship is valid for high viscosity, i.e. densely adsorbed
layers.

The dissipation monitoring allows study of the viscous losses of the adsorbed layer. When
the driving power is switched off, a decay in amplitude of the crystal oscillation is ob-
served, inversely proportional to the total energy loss or dissipation. In this manner, QCM-
D gives information on both adsorbed amount and structure [Rodahl et al., 1995].

A QCM D300 instrument (Q-Sense) was used for the microbalance studies. To obtain a sta-
ble baseline, the instrument was run with salt solution adjusted to pH 7.5 for a minimum of
10 minutes. The multilayers were subsequently formed in a sequence of PVAm–rinsing pH
7.5–PAA–rinsing pH 3.5. This pH strategy was chosen since it is known that this pH com-
bination gives a high adsorption with thick layers when using weakly charged polyamines
and polycarboxylic acids [Notley et al., 2005, Shiratori and Rubner, 2000]. Each step lasted
5 minutes and was carried out at a constant temperature of 24 ◦C. The third overtone was
used for analysis, and the Sauerbrey mass was calculated.

Reflectometry. Using a stagnation point adsorption reflectometer (SPAR) (Laboratory of
Physical Chemistry and Colloidal science, Wageningen University, Netherlands), the same
sequence as described above was used to form the multilayers. With the SPAR technique
a linearly polarised light beam is directed on a silicon wafer on the stagnation point of a
polymer solution flow. The adsorbed polymer layer induces a phase shift of the reflected
beam, as the index of refraction is changed. The intensity ratio of the parallel and perpen-
dicular components is measured, and from this an entity S is calculated that is proportional
to the adsorbed amount. As the resulting ∆S, i.e. S

S0
is insensitive to the solvent, the re-

flectometry technique detects only the adsorbed polymer mass [Dijt et al., 1994].

The adsorbed polymer mass was calculated with the Prof Huygens software (DullWare,
Netherlands). The refractive increments of the PVAm used in the calculations were mea-
sured with an Abbe Refractometer (Carl Zeiss, Oberkochen, Germany), whereas the re-
fractive increment for PAA was obtained from Eriksson et al. [2005].

The fractional water content of the multilayers was then calculated as

∆mH2O = ∆mQCM−D −∆mSPAR

∆mQCM−D
(2.2)

Dynamic light scattering (DLS) measurements of the polymers in solution were performed
with salt concentrations ranging from 1 to 1000 mM NaCl at pH 7.5 and with a polymer
concentration of 0.5 g/L. Prior to the analysis the solutions were filtered through a 0.2 µm
Supor R© syringe filter (Pall Corporation, Cornwall, UK) to remove particles. A Zetsizer
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Nano ZS from Malvern Instruments (Malvern, UK) was used to perform the measure-
ments. The intensity peak was used to analyse the data.

Atomic force microscopy (AFM) imaging was carried out for the polyelectrolyte multilayers
produced on the QCM-D crystals. The AFM instrument, a Nanoscope III (Veeco, Santa
Barbara, USA), was used in dynamic mode. The crystals were dried prior to the analy-
sis. Surface roughness was calculated using the Nanoscope software (Veeco). Standard
dynamic mode silicon cantilevers (RTESP) came from the same supplier.

2.2.2 Antibacterial evaluation

An overview of the test method can be found in Figure 2.2. Multilayer-treated glass slides
for antibacterial testing were prepared using the same scheme as in the adsorption experi-
ments, but with a salt concentration of 100 mM and an adsorption time of 10 minutes. The
multilayers were formed with 1, 3, 5, 7, and 9 layers, ending with a PVAm layer. A list of
the tested surfaces can be found in Table 2.2. The samples were rinsed with salt solution
after the final adsorption step and then air dried. Contact-angle analysis (CAM 200, KSV,
Helsinki, Finland) against MQ water was performed on the multilayers as an indication
of multilayer formation, since the hydrophobic modifications were expected to render the
multilayer surfaces hydrophobic.

Table 2.2. Overview of the materials used in the antibacterial evaluation. The multilayers were
prepared with 1, 3, 5, 7, and 9 layers for each polymer.

Reference Positive reference Multilayer surfaces

Untreated glass slides Fabric1 PVAm

Fabric2 PVAm-C4

PVAm-C6

PVAm-C8

Two commercial antibacterial fabrics were used as reference samples (hereafter designated
Fabric1 and Fabric2). The fabrics were both treated with the same antibacterial substance,
octadecyldimethyl(3-trimethoxysilylpropyl)ammonium chloride (AEGIS Microbe shield,
Midland, USA). Fabric1 was a 100 % polyester fabric for clean room use (Precision fabrics,
Bamberg, Germany). Fabric2 consisted of cotton terry intended for household use (La Red-
oute, Borås, Sweden). The fabrics were cut into circles with a diameter of approximately
13 mm before testing. As the terry absorbed water, it was first saturated with water before
testing.

Growth inhibition experiments. Growth media consisting of 10 % TGE and 90 % 100 mM
NaCl was inoculated with either E. coli or B. subtilis to a final bacterial concentration of
103 colony forming units (CFU)/mL. This growth-media mixture was used to limit the
maximal growth of the bacterial suspension and to make it more suitable for spectroscopic
readings. A milliliter of the suspension was added to each test surface placed in a multi-
well plate with a bottom diameter of 15 mm (Nunc, Roskilde, Denmark). Thus in essence



2.2. METHODS 15

Figure 2.2. Overview of the antibacterial evaluation method. Multilayers formed on glass slides
are put in multiwell plates where bacterial suspension (1 mL) is added. The wells are thereafter
incubated with shaking. After the incubation the bacterial growth is analysed (1) by measuring the
turbidity in the suspension and (2) by fluorescence microscopy where the bacterial density on the
surface and the bacterial viability is analysed.

the whole bottom area of the well consisted of the treated surface. Each test point was
tested by two samples. The plates were incubated at 30 ◦C with shaking at 90 rpm.

The growth was analysed by transferring 200 µL aliquots to a transparent 96-well
microplate (Nunc) and thereafter reading the OD at 540 nm (Labsystems Multiskan
MCC/340, Thermo Scientific, Stockholm, Sweden). The values were corrected for back-
ground adsorption, and the relative growth was calculated according to Equation 2.3

Relative growth = ODsample

ODcontrol
(2.3)

where ODsample is the optical density averaged over the two test sample at 540 nm and
ODcontrol is the average optical density for the negative control at the same wavelength.

Viability testing. The multilayer-treated slides that showed the least bacterial growth in sus-
pension after 11 hours were stained using the fluorescent Baclight LIVE/DEAD kit (Molec-
ular Probes, Paisley, UK). The two-component kit discerns live cells from dead by using a
membrane-permeable dye (Syto9) and a membrane-impermeable dye (propidium iodide).
Under the microscope, the bacteria with intact membranes appear as green, whereas bac-
teria with membrane damage appear as red. The results were visualised using an epiflu-
orescence microscope (Olympus BH-2-RFCA, Olympus, Solna, Sweden) equipped with a
digital camera (Olympus DP10, Olympus) at a magnification of 25X.





3 Results and discussion

3.1 ADSORPTION STUDIES (PAPER I AND PAPER II)

The properties of polyelectrolyte multilayers can be varied by changing the system param-
eters, which allows numerous possible formations. Adsorption studies were done both to
acquire fundamental knowledge about the multilayer system and to be able to fine-tune
and optimise the antibacterial properties of the multilayers in the future. Since not only
total mass, but also the conformation of the surface-bound polymers influence the proper-
ties, several different surface-characterisation techniques have been utilised.

3.1.1 Multilayer formation

The formation of the PVAm/PAA multilayers has been studied by two complementary
techniques: QCM-D and reflectometry. In QCM-D the total mass including bound water
is detected, whereas in reflectometry only the adsorbed polymer mass is measured. By
combining these two methods, an estimate of the water content in the layers can be made.
Additionally, the QCM-D gives information about the viscosity and elasticity of the layers
via dissipation monitoring.

A stepwise adsorption, supporting the formation of multilayers, was observed for all
tested polymers at the tested salt concentrations. The adsorption kinetics for each layer
were in most instances fast and typically reached a saturation plateau within seconds. The
corresponding dissipation data were generally of small magnitudes, suggesting that the
polymers adopted a flat conformation at the surface. Unlike the Sauerbrey mass, the dissi-
pation did not strictly follow a stepwise increase with layer growth but instead appeared
to stabilise after three adsorbed layers. An example of the kinetics is found in Figure 3.1,
which illustrates the layer formation of PVAm-C6 and PAA at different salt concentrations.
Plateau values for the Sauerbrey mass, sampled during the rinsing step 9 minutes after the
polymer addition, for the different polymers at 1 and 100 mM NaCl from the QCM-D anal-
ysis are presented in Figure 3.2. A nearly linear multilayer growth is observed, with the
total mass increasing in similar amounts for each layer. In contrast, the reflectometry mea-
surement indicates a exponential-like layer growth (Figure 3.3). Combined, this gives a
trend of decreasing water content with increasing number of layers, as the polymer mass
is increasing more rapidly than the total mass. However, the individual data points ap-
pear to be affected by errors in the determination since some calculated water contents for
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PVAm-C6 and PVAm-C8 are negative, the results should only be regarded as an indication
of the water content.
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Figure 3.1. The kinetics of the multilayer formation with PVAm-C6 / PAA. The first PVAm layer is
adsorbed after 10 minutes of rinsing. A stepwise increase in mass, typical for multilayer formation,
can be observed (a). The total adsorbed amount is increasing in a linear manner with increasing
salt concentration. In contrast, the dissipation (b) was fairly stable and low, indicating rigid layers.

Both analysis methods imply that a higher salt concentration gives a higher adsorbed
mass. Therefore 100 mM NaCl was the chosen concentration for the multilayer adsorp-
tion for the growth-inhibition test. At this concentration, however, an exception to the
stepwise adsorption kinetics was observed, as a dynamic behaviour in the second layer
(PAA) appeared in the QCM-D. This manifested as an increasing, drifting signal in both
the Sauerbrey mass and the dissipation data (Figure 3.1). The singularity was repeatable
and observed for all polymers at high salt concentrations. As the singularity occurred
only in the QCM-D measurements and not in the reflectometer, the cause is most likely
changes in conformation brought about partly by the introduction of the anionic polymer,
but mostly by the change in pH (from 7.5 to 3.5), as the dynamic behaviour was also ob-
served in the rinsing step. Both PVAm and PAA are weak polyelectrolytes, and the pH will
greatly influence the charges of the multilayers and thus also the electrostatic interaction.
That the dynamic behaviour was present only at the highest salt concentration may be an
effect of an increase in mobility of the polymer chains due to the increased screening of
charges by the introduced ions [von Klitzing, 2006].

Interestingly enough, the hydrophobic modification did not seem to influence the ad-
sorbed mass to any higher degree. Both modified and unmodified PVAm showed approx-
imately equally adsorbed masses, particularly at high salt concentrations. At high con-
centrations, the hydrophobic interactions were anticipated to have the greatest influence
on the adsorbed amount, as the excess ions shield the electrostatic interactions, and thus
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Figure 3.2. Plateau values from the QCM-D, taken during the rinsing step, 9 minutes after poly-
mer addition at 1 mM (a) and 100 mM NaCl (b). The layer forming is nearly linear. The error bars
for PVAm-C6 and PVAm-C8 represent the standard deviation.
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Figure 3.3. Calculated adsorbed mass from the reflectometry measurements for 1 mM (a) and 100
mM (b) salt. As the adsorbed polymer masses were higher than the detection range of the SPAR, the
values for higher numbers of layers could not be measured.
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the hydrophobic forces may dominate [Poncet et al., 1998]. It can therefore be concluded
that for the adsorbed mass for the PVAm/PAA multilayers, the electrostatic interactions
are dominating. This is probably due to the combination of high charge densities and low
degrees of substitution of the hydrophobically modified PVAm samples.

3.1.2 Surface characterisation

Even though the adsorbed masses for the PVAms basically were of the same magnitude,
there was a remaining question of whether or not any aggregation of the polymers oc-
curred due to the hydrophobic modifications. There are two possible modes of aggrega-
tion for the studied system– either spontaneous association in solution or surface-induced
association.

The possible aggregation in solution was analysed by dynamic light scattering, which mea-
sures the hydrodynamic diameter, i.e. the diameter of a corresponding spherical particle
modelled from the polymer diffusion data. Results from DLS analysis (Table 3.1) suggest
that polyelectrolyte behaviour of the polymers dominates over the associative nature in
solution. This includes a stretched, rod-like configuration at low salt concentrations and
a transition with increasing salt concentration towards a more coiled structure, as is typi-
cal for polyelectrolytes with high charge densities [Netz and Andelman, 2003]. A rod-like
configuration correlates with the double peaks in hydrodynamic diameter at 1 mM as ob-
served in the DLS data. Since the hydrodynamic size is defined from the diffusion of a
spherical object, a direct physical interpretation of the size data at 1 mM NaCl should be
avoided. At salt concentrations of 10 mM NaCl and above, a hydrodynamic diameter
around 60 nm is observed for all polymers. This peak indicates that PVAm is present as
single molecules in solution, especially since native PVAm showed a similar size.

Table 3.1. Hydrodynamic diameters from dynamic light scattering of PVAm polymers. At a low
salt concentration, two modes are observed, whereas for higher salt only one peak is present.

PVAm-C6 PVAm-C8 PVAm

NaCl peak 1 peak 2 peak 1 peak 2 peak 1 peak 2

(mM) (nm) (nm) (nm) (nm) (nm) (nm)

1 21.7 361.8 26.7 271.7 22.1 183.6

10 69.4 - 78.7 - 52.5 -

100 62.6 - 48.8 - 58.0 -

1000 45.1 - 71.7 - 51.9 -

The surface-induced aggregation was studied by AFM for dried multilayers with nine
individual polyelectrolyte layers formed in the QCM-D. At 1 mM NaCl, the layer mor-
phology was similar for both PVAm and PVAm-C6 (Figure 3.4(a) and 3.4(c)). An increase
in the NaCl concentration to 100 mM affected the layer structures differently, as the native
PVAm PEM revealed smaller, joined aggregates (Figure 3.4(b)), while the PVAm-C6 PEM
showed larger, spherical aggregates (Figure 3.4(d)). A structure similar to the structures
observed with the other polymers at low salt concentration was achieved with PVAm-C8
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at 100 mM NaCl (Figure 3.4(e)) and with seven layers at 1 mM NaCl (data not shown). The
results from the AFM are also presented as average roughness (Ra) in Table 3.2. The large
aggregates of PVAm-6 at 100 mM give the surface a higher roughness, whereas the other
multilayers are more similar. The occurrence of a single large aggregate in the PVAm at
100 mM, probably a polymer complex, gives an overestimation of the surface roughness.
If the area where the aggregate is located is excluded a Ra of 7.09 is obtained.

Table 3.2. Surface roughness calculated from the AFM height data for nine polyelectrolyte layers.

Polymer Ra (nm)

1 mM 100 mM

PVAm 6.37 8.62

PVAm-C6 5.80 10.8

PVAm-C8 6.26

The observation of aggregates on the surface but not in solution can be explained by
the reduction of the polymer-chain electrostatic repulsion that follows upon adsorption
[Kötz et al., 2001]. When the electrostatic repulsions decrease below a critical level, fa-
cilitated by the high salt concentration, the interaction of the hydrophobic chains of the
modified PVAm overcomes the electrostatic force so that aggregates can form. As PVAm-
C6 has a higher degree of substitution, this occurs at a lower salt concentration than for
PVAm-C8, although the PVAm-C8 has longer hydrophobic substituents.

As the multilayers were formed with hydrophobically modified polymers, contact-angle
analysis can be used as an indicator of the surface modification. Relatively high contact
angles were measured for all polymers, even after only single adsorbed layer. The contact
angles were highest for the third layer, except for multilayers with the native PVAm (Fig-
ure 3.5). As previously mentioned, hydrophobicity is considered to be the second most
prominent factor for bacterial adhesion [Terada et al., 2006]. As all treated surfaces here
are approximately in the same range, consequently the hydrophobicity will have only a
minor impact on the microbiological testing. It can be noted that the untreated cover slips
were of a hydrophobic nature with a contact angle of 79,7 ◦ i.e., in the same range as well.
Here the reference sample was plasma treated prior to the contact angle measurements
according to the multilayer formation protocol described in the experimental section. This
rendered the glass substrate hydrophilic with a contact angle between 5 ◦and 6 ◦.

3.2 MICROBIOLOGICAL EVALUATION (PAPER II)

The antibacterial properties of the multilayer-coated surfaces were tested in a two-step
assay. The first step tested the growth-inhibiting properties by measuring the bacterial
growth in the surrounding media over time. The surface-adhered bacteria were then vi-
sualised with a viability stain to determine both the presence of biocidal properties of the
surfaces and the surface cell density. It should be pointed out that no widely accepted test
standard for contact-based antibacterial surfaces currently exists.
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(a) (b)

(c) (d)

(e)

Figure 3.4. AFM height images showing nine polyelectrolyte layers of (a) PVAm and (c) PVAm-C6
formed at 1 mM NaCl and (b) PVAm, (d) PVAm-C6, and (e) PVAm-C8 formed at 100 mM NaCl.
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Figure 3.5. Contact angles of the water-air interface for the different layers and polymers. Cover
slides out made of quartz glass were used as substrates in this experiment.

3.2.1 Growth inhibition experiments

The multilayers’ growth-inhibition properties varied over time. After 2 hours of incuba-
tion, the multilayers inhibited the growth of the bacteria as much as 99 %. This corresponds
to a relative growth of less than 1 %, here illustrated by the E. coli experiments (Figure 3.6).
At this time, the bacterial growth for some samples was below the detection limit, roughly
estimated at 105 CFU/mL for the spectrophotometer used in this experiment.

When measuring the same samples after 8 hours, the picture had changed (Figure 3.7),
with considerably more growth than before. Also, different trends of the number of layers
and the polymer used were observed. The negative control now showed a growth of ap-
proximately 2*108 CFU/mL. The overall best result, i.e. the result giving the least relative
growth, was three multilayers, which gave a relative growth of around 60 %, correspond-
ing to a growth inhibition of 40 % for both bacterial types. Above three layers the relative
growth is at the same level, or even increased. For one layer, hardly any effect was ob-
served. As for the different polymers, the native PVAm and the polymer modified by C8
were the most efficient. PVAm-C8 has been found to be a very potent biocide in suspen-
sions, whereas unmodified PVAm needed a much higher concentration in the same exper-
iments [Westman et al., 2009b]. It is therefore evident that there are different mechanisms
for surface-immobilised polymers as compared to polymers in suspensions. Instead this
points to that charge is the major factor for the surface-induced growth inhibition. It is in-
teresting to note that these two polymers are the polymers with the highest charge density
at physiological pH [Westman et al., 2009b]. It can also be noted that the positive references
used did not give the effect claimed by the manufacturers. Fabric2 gave growth inhibition
in the same range as the multilayer surfaces. Fabric1 showed even higher growth than the
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Figure 3.6. E. coli growth after a 2-hour incubation. The result is presented as relative growth,
where the turbidity values have been normalised to the negative-reference sample. For some of the
multilayer samples, the bacterial growth was below the detection limit of the spectrophotometer.

reference, probably since the bacteria could utilise the cotton as nutrients. Antibacterial
treatment of these fabrics is well documented [e.g. Andresen et al. 2007, Gottenbos et al.
2002], but the effectiveness has also been questioned [Murray et al., 1988].

When analysing the growth curve for the negative control, Fabric1, PVAm–3 and PVAm-
C8–3, the effect of an early growth inhibition becomes even more prominent (Figure 3.8).
After an additional 3 hours the difference from the reference was less, around 80% for the
most efficient surface treatment (results not shown).

These sampling-time dependent results were not unexpected. The contact-active mecha-
nism of the surfaces requires the bacteria to come in direct contact with the surface. Once
adhered, physical forces retain the cells on the surface, and hence only a monolayer of bac-
teria can be handled. This capacity limit is well documented in the literature. As described
earlier, Murata et al. [2007] reported a limit of 108 CFU/cm2, which is very close to the the-
oretical maximum limit. However, the maximum load is based on the assumption that the
bacteria are optimally stacked. In reality the maximum load can be considerably smaller.
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Figure 3.7. E. coli growth for the same surfaces tested after 8 hours. A higher relative growth is
observed, compared to the result after 2 hours. This is most likely due to the fact that the number of
bacteria has exceeded the capacity limit of the surfaces, and thereby the surfaces have been saturated.

Huang et al. [2008] reported a maximum level of 105 bacteria/cm2, which seems to be in
agreement with this study.

Another limiting factor is the distance between the bacteria and the treated surface. In this
case the driving force for bacterial adhesion is the release of counterions upon adhering to
the charged surface. The bacteria close to the surface will logically be the first to adhere.
Provided the bacteria are subjected only to Brownian motion, i.e., with use of an immotile
strain and no external stirring, there will be a depletion of cells close to the surface. Other
bacteria must diffuse over this distance to the surface. Since bacteria are in these circum-
stances large (0.74 – 4 µm, as reported by Maillard [2002]), the number of bacteria - surface
encounters will be low. With stirring, the number of possible encounters increases, even
though the probability of all bacteria adhering to the surface can be considered to be rather
low. Therefore, bacterial growth in the suspension is not unanticipated. To circumvent this
problem, either (i) the tested volume could be reduced to a minimum, or (ii) the samples
could be tested in salt solution, where no growth will take place. The first alternative,
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Figure 3.8. E. coli growth for the tested surfaces measured during 8 hours

increasing the surface-to-volume ratio, is interesting but comes with practical problems
because in this context fairly large volumes (200 µL) are needed for the analysis. Further-
more, the surfaces must always be kept moist, as drying kills the bacteria. As the multilay-
ers with PVAm/PAA render the surfaces mildly hydrophobic, the wetting of the surface
requires a larger volume to overcome the surface tension of the water. Even so, this will
be an interesting future experiment. The second approach, using dormant bacteria, is also
an appealing approach. However, there are some factors that should be considered when
comparing the results of this approach to the results of the experiments with accessible
nutrients. The results for the multilayers thus far suggest that the effect seen is a result of
an increasing surface potential, which then is also dependent on the bacterial-surface po-
tential. However, the growth stage of bacteria has been shown to influence the cell charge,
and it has been shown that bacteria in dividing stages are more susceptible to antibacte-
rial surfaces [Kugler et al., 2005]. Moreover, in future applications it is likely that nutrients
will be accessible for the bacteria. Hence using salt solutions would be a complementary
experiment.
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3.2.2 Viability testing

So far we have seen that the bacterial growth in the surrounding media is influenced by the
use of multilayers with PVAm/PAA. To image the surfaces after the incubation, the sur-
faces were stained with fluorescent dyes that made it possible to discriminate membrane-
damaged bacteria from bacteria with intact membranes. This method is used in many
studies of antibacterial surfaces [e.g. Murata et al. 2007], since the antibacterial surfaces
are thought to work by disrupting the bacterial cell envelope. Here the multilayers with
PVAm and PVAm-C8 were analysed, as they gave the most growth-inhibiting effects after
8 hours of incubation. Epifluorescence is a technique that allows the study of bacteria on
non-transparent surfaces, as the excitatory light is passed from above and not through the
test sample as in conventional microscopy. However, in this study it was difficult to image
the reference fabrics. The woven surface of Fabric1 made it difficult to compare to the mul-
tilayered samples, and Fabric2 was impossible to compare due both to the structure of the
fabric and to nonspecific binding of the fluorescence stain to cotton.

(a) (b) (c)

Figure 3.9. Fluorescence microscopy images of E. coli on surfaces treated with (a) 1, (b) 3 and
(c) 9 layers of PVAm-C8-PAA. For all surfaces, the bacterial viability is high (indicated by the
green stain), although the bacterial densities are dependent on the number of layers used. The same
tendency was observed for B. subtilis.

The microscopy revealed that though a very high bacterial surface density could be
achieved, the viability was still high, as almost all bacteria appeared green (Figure 3.9).
A prominent trend was that the use of multilayers sharply increased the bacterial adhe-
sion, compared to both the negative control and the surfaces with one layer of polymer. A
decrease in bacterial cells in suspension is thereby accompanied by an increase in bacterial
surface adhesion. This is probably due to an increased surface potential, as the multi-
layer technique brings about a charge overcompensation of the substrate. The contact an-
gles (Figure 3.5) for the surfaces built on glass substrate, including the untreated negative
reference, were the same magnitude so any effect of hydrophobicity could be excluded.
However, the surface charge was evidently insufficient for creating a biocidal effect but
was enough to induce an adhesive effect. This itself can be enough to diminish bacterial
growth. Gottenbos et al. [1999] showed an adhesion twice as high for positively charged
surfaces as for negatively charged surfaces using the pathogen Pseudomonas aeruginosa.
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The growth, however, on the positively charged surface was inhibited. It is therefore pos-
sible that the adhered bacteria come from the suspension, rather than from cell division of
the surface-attached bacteria. Moreover, Murata et al. [2007] found that a high degree of
bacterial adhesion had a limit only slightly below the charge threshold 5 ∗ 1015 N+/cm2.
As the charge density drops below 2 ∗ 1015 charges/cm2, adhesion was found to be virtu-
ally absent. Combining the reflectometry data for the third layer with the measured charge
density data for the polymer, we get a theoretical charge density in the range of 1014−1015

N+/cm2. However, a large fraction of these charges is consumed in the multilayer forma-
tion. Even so, it seems that we still are in the right range, although not quite there yet.



4 Conclusions

This thesis has emphasised the importance of knowing both systems involved– the multi-
layer system and the bacterial system. However, this is initial work, and more research is
needed.

The adsorption studies revealed a stepwise adsorption, typical for multilayers, with an
increasing polymer mass for each layer. The layers were flat on the surface, and for hy-
drophobically modified polymers, surface aggregation could occur if the salt concentration
and the degree of hydrophobic substitution were high. This means that we can exclude any
direct influence of the hydrophobic chains for the surface-immobilised polymers, some-
thing that other groups claim to experience. A positive effect due to changing the surface
hydrophobicity and hence facilitating bacterial adhesion should not be ruled out. In the
case of the multilayer system on the tested glass slides, the contact angles were relatively
high for all tested polymers. Therefore the hydrophobicity seems irrelevant in our micro-
bial testing. Instead, we conclude that the effects are a consequence of increased surface
charge. The surface charge of the multilayers seems to influence the microbiological inter-
actions, as an increasing surface cell-density was observed on the multilayered surfaces.
This cannot be the only explanation, though. Multilayers with nine layers were shown to
have lower bacterial activity than three, in spite of evidence of increased polymer mass.
Thus, there must be differences in structure. In this work, AFM imaging has been per-
formed on nine layers, but ultimately this should be done on lower-number layers as well.
Combined with surface-charge measurements, this will provide valuable information.

More investigation of the microbial interactions is also needed. Here a test method where
bacteria have access to nutrients has been applied, as this can be considered to be a "worst-
case scenario" of the real world, rather than the oversimplification that salt solutions offers.
Still, experiments with no nutrients can be helpful in the evaluation. For viability testing
we have applied a method that defines dead bacteria as having damaged membranes.
However, it might also be that the cell division of the bacteria is inhibited by a bacteriostatic
mechanism of the surface. Flow chamber studies will reveal whether this is the case.

It must be emphasised that our aim is to form antibacterial contact-active surfaces rather
than the growth-inhibition described here. Moreover, we want to apply the antibacterial
multilayers to cellulose fibres. This is pioneering work in using multilayers, and still there
is no fully understood mechanism for contact-active surfaces overall. Instead, we must
solve the puzzle piece by piece.
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