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ABSTRACT  
The transition to a more biobased society introduces both new
opportunities and new challenges as we replace nonrenewable materials
with renewable alternatives. One important challenge will be to control
microbial growth on materials, both to protect the materials from
biological degradation and to prevent the spread of infections and toxins
that can cause illness.
In this thesis, both existing and new types of cellulose-based materials
were treated with environmentally friendly alternatives to usual biocides
to prevent microbial growth and remove bacteria from water. Two types of
antimicrobial systems were studied, and the antimicrobial effects were
evaluated for bacteria and fungi using both model organisms and wild-type
cultures.
The first antimicrobial approach employed was a nonleaching and
contact-active layer-by-layer adsorption of polyelectrolytes to provide the
cellulose fibers with a cationic surface charge, which attracts and captures
bacteria onto the fiber surface. The study showed that paper filters with
pores much larger than bacteria could remove more than 99.9 % of E. coli
from water when used in filtration mode. The polyelectrolyte-modified
materials showed a good antibacterial effect but did not prevent fungal
growth.
The second approach was to utilize biobased compounds with
antimicrobial properties, which were applied to cellulose fiber foam
materials. Chitosan and extractives from birch bark were selected as
biobased options for antimicrobial agents. Two types of cellulose fiber
foam materials were developed and evaluated for their antimicrobial
properties.
This thesis shows the importance of understanding both the application
and the targeted microorganism when selecting an environmentally
friendly antimicrobial system for treating biobased materials. It highlights
that a good understanding of both material science and microbiology is
important when designing new antimicrobial materials.
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SAMMANFATTNING  
Satsningen på ett mer biobaserat samhälle, där vi ersätter icke-förnybara
material med förnyelsebara alternativ, är en pusselbit för en mer hållbar
framtid samtidigt som den medför nya utmaningar. En viktig uppgift är att
minska och kontrollera mikrobiell tillväxt, både för att skydda material
från biologisk nedbrytning men också för att förhindra spridning av
infektioner och toxiner.
Cellulosabaserade material har här behandlats med miljövänliga
alternativ till traditionella biocider för att förhindra mikrobiell tillväxt och
för ta bort bakterier från vatten. Två typer av antimikrobiella system har
använts varefter den antimikrobiella effekten mot både mögel och
bakterier utvärderats, med hjälp av både modellorganismer och
mikrobiella odlingar från naturen.
Den första typen av antimikrobiell metod som använts baseras på en
kontakt-aktivt teknik. Cellulosafibrer har modifierats genom lager-pålager polyelektrolytadsorption för att skapa en positiv ytladdning som kan
attrahera och binda bakterier till fiberytan. Studien visar att modifierade
pappersfilter, med porer som är mycket större än bakterier, kan filtrera
bort mer än 99,9 % av E. coli från kontaminerat vatten. De polyelektrolytmodifierade cellulosamaterialen påvisade goda antibakteriella egenskaper
men förhindrade inte tillväxt av mögel.
Den andra metoden som undersökts var att tillsätta biobaserade ämnen
med antimikrobiella egenskaper till cellulosabaserade fiberskum. Kitosan
och extraktivämnen från björkbark valdes ut som miljövänliga alternativ
till vanliga biocider. Två typer av cellulosabaserade fiberskum har tagits
fram och utvärderats för deras antimikrobiella egenskaper.
Avhandlingen visar hur viktigt det är att veta hur materialet är tänkt att
användas och vilken typ av mikroorganism som skall undvikas när man
väljer antimikrobiell behandling av biobaserade material. God förståelse
för både materialvetenskap och mikrobiologi är nödvändig när nya
biobaserade material med antimikrobiella egenskaper skall designas.
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BACKGROUND  
Biodegradability and nontoxicity are often highlighted in society as great
advantages of biobased materials, but these features also provide
challenges. The term biodegradable implies that microorganisms can and
will degrade the material under the right conditions, making biobased
materials susceptible to different kinds of microbiological growth. Both
bacteria and fungi flourishes in moist environments, and the concerns of
microbial growth in our surroundings will likely become an even more
pressing issue if the global surface temperature continues to increase, as
an increased temperature generally promotes microbial growth.1
The  return  to  a  biobased  society  

Humans have used wood for thousands of years as raw material for
building homes, as fuel and for creating tools. However, there was a shift
in preferred materials for both our everyday consumable products as well
as for construction materials when synthetic plastics entered the market
after World War II.
Today, biobased materials are again showing a strong rise with the
increasing awareness of the environmental impact of using fossil-based
plastics. The European commission adopted the first comprehensive
plastic strategy in 2018 and is now proposing to ban single-use plastic
products such as plastic straws and cutleries,2 encouraging an even faster
return to a biobased society in which increasing amounts of our everyday
products made from nonrenewable materials are replaced with biobased
options. Great effort is also being focused into replacing conventional
construction materials with more biobased alternatives when creating
sustainable new buildings, often with the intention of creating a healthy,
nontoxic indoor environment.3 Today, we mainly use materials with a large
carbon footprint for construction, such as mineral wool, steel and concrete.
These materials could in the future once again be replaced with renewable
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options, which will require allow control and prevent microbial growth on
our materials as we return towards a more biobased society.
Cellulosic  materials  

Wood is a great renewable raw material for producing biobased products,
and its components can be used separately to make many types of refined
materials with different properties. Currently, the most commonly used
material for biobased products is cellulose pulp fiber. Cellulose pulp can be
obtained by pulping of wood, where the wood is disintegrated into cellulose
fibers by removing the complex aromatic lignin structure that glues the
cellulose fibers together.
Wood tissue consists of approximately 40-45 % cellulose, which is a
highly crystalline polysaccharide consisting of repeating glucose units
(Figure 1).4 One characteristic property of cellulose is its ability to absorb
water and retain moisture without being soluble in water. This property is
a great advantage when creating absorbing products such as tampons or
diapers, but it also creates challenges in preventing microbiological
growth. In this thesis, three different categories of cellulose-based
materials, cellulose pulp fibers, paper filters and cellulosic fiber foams,
were treated with antimicrobial components and the antimicrobial effects
was studied.

  
Figure  1.  Chemical  structure  of  cellulose.
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Cellulose pulp can be used for numerous applications and is especially
interesting for light-weight and recyclable materials. It has mainly been
used for making paper, hygiene products and cardboard, but the
development of new materials from cellulose open up a new world of
applications, from health care and diagnostic tools to energy storage.5, 6
An interesting type of material that has many potential applications is
cellulosic fiber foam. Cellulose fiber foam was first developed in the 1960s
to decrease fiber consumption when producing printing paper by adding a
surfactant to the pulp mixture, but it has recently been rediscovered for
creating new low-density fiber foam materials.7, 8 Low-density materials
can be used, e.g., for packaging or insulation of sensitive products. Many
research projects over the last decade have focused on creating low-density
cellulosic materials from cellulose nanofibrils (CNF), which are produced
by disintegrating cellulose pulp fibers into nanosized fibrils, e.g., through
pretreatment and homogenization. From an industrial perspective, it could
be beneficial to produce foam materials directly from cellulose pulp fibers
due to the high energy consumption needed when producing the CNF. A
general issue when producing foam materials concerns how to dry the
foam mixture while still maintaining the porous structure. A common way
to prevent the pores from collapsing at the lab scale is to freeze dry the
foams; however, less energy demanding methods are needed if we want to
produce foam materials that should be used for low cost products such as
packaging and thermal insulation.
Another interesting application that has received publicity in recent
years is the development of cellulose-based filters for water treatment
applications to remove bacteria from water. Paper filters has been
produced for a long time for different uses, such as coffee filters and air
filters in cars, but the pores are often large and do not prevent bacteria
from penetrating the filter. One way to address this issue is to decrease the
pore size or to integrate antibacterial compounds into the filter. Dankovich
et al., for example, incorporated silver nanoparticles into paper filters used
for point-of-use water purification, as silver has a well-known antibacterial
effect.9
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Antimicrobial  materials  

Humans have been trying to prevent, control and kill microbes ever since
the discovery that microorganisms can cause diseases. Microorganisms are
everywhere, on every surface and on our bodies, and it is virtually
impossible to prevent materials from coming into contact with
microorganisms in our everyday life.10 Bacteria grow fast under the right
conditions and can easily spread through direct contact or in the air
through aerosol droplets.11 More than two-thirds of reported cases of food
poisoning are caused by bacteria that produce toxins before or after the
food has been ingested, and more than 650 million people in the world live
without access to safe drinking water, which can cause severe diarrheal
diseases due to fecal bacteria in the water.12, 13 The high percentage of
hospital infections, estimated at 7 % of hospitalized patients in
industrialized countries, is another current threat to public health,
especially with the increasing issues with wound infection by multidrugresistant bacterial strains, e.g., during surgeries, which lead to both human
suffering and large economic losses for society.14, 15 Although many bacteria
can cause different diseases, there are also bacteria that are vital for both
our health and for healthy ecosystems.
Other types of microorganisms than bacteria can also cause harm.
Molds and other types of fungi can, for example, have a huge negative
impact on the indoor environment in buildings and can cause substantial
material damage, especially in humid environments. Sporulating molds
release different molecules to degrade polysaccharides to access the sugars
for fermentation, or to battle bacteria. Many of these released compounds
are toxic and can cause illness and several health issues, giving rise to the
term “sick building syndrome”.16 There are requirements that materials
used for e.g. thermal insulation in buildings should resist mold growth, and
it would be beneficial to create low-density cellulosic materials with
antimicrobial properties using nontoxic methods for this type of
application.17
Biobased materials are often sensitive to microbial growth as the
microorganisms degrade the materials for nutrition, i.e., they are
biodegradable. The materials can, however, be protected through the
addition of antimicrobial agents or by tailoring the material properties to
be unfavorable for the microorganisms. An antimicrobial agent can affect
microbial growth in several ways; a bactericide or fungicide will kill more
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than 99.9 % of the microorganism population, while a bacteriostatic or
fungistatic component will only inhibit the growth of the
microorganisms.18 It can be important to remember that a biocide that
usually kills microbes can have a biostatic effect, depending on the dosage.
The two main techniques for creating antimicrobial materials are either
leaching systems or contact-active systems. Materials that leach biocides
are mostly used today, biocide leaching from the materials will inhibit or
kill the microbes. Commonly used leaching biocides for antimicrobial
materials are metal nanoparticles, metal ions and chlorinated compounds.
Chromated copper arsenate have, for example, been widely used for wood
impregnation to prevent fungal degradation of wood.19 Copper is known to
be an efficient biocide that kills both bacteria and fungi, and copper
compounds are currently used as antimicrobial agents, e.g., in antifouling
paint for boat hulls.20, 21 Another example of an increasingly used biocide
is silver, especially in the form of silver nanoparticles, which are
incorporated in different materials to kill bacteria, e.g., in sport cloths and
wound care products.22 Both copper and silver nanoparticles are known to
be toxic to many water living organisms, and there is an interest from
society to replace traditional biocides with more environmentally friendly
alternatives.23, 24 The efficiency of an antimicrobial agent depends greatly
on the targeted microorganisms. Citric acid (Figure 2) is a biobased
compound that has, for example, been used for a long time as a natural
food preservative because many bacteria cannot survive at a low pH.
Neutrophilic bacteria can generally grow at external pH values between 5.5
and 9 by regulating their internal pH to 7.5 using proton pumps. The
bacteria are dependent on the presence of a proton gradient over the
membrane to drive the production of ATP, which is the energy molecule of
cells, and it is important for bacteria to maintain a neutral cytoplasmic pH
as proteins can undergo denaturation if the cytoplasmic pH becomes too
low. Fungi are generally less sensitive to a low pH, and many can grow
below pH 5.10 Aspergillus niger, a common black sporulating mold, is, for
example, used to produce citric acid industrially and can grow well at pH
values as low as 2.25
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Figure  2.  Chemical  structure  of  the  antimicrobial  agents  used  in  this  thesis:    
a)  cationic  PVAm,  b)  cationic  chitosan,  c)  citric  acid  and  d)  betulin.  
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Another biobased compound with discussed antimicrobial effects is
betulin, a white crystalline pentacyclic triterpene that gives the white color
to the outer bark on birch (Figure 2). Some researchers have suggested that
betulin has both antibacterial and antifungal properties, but the research
results are contradictory. Some studies have shown that betulin has no
antimicrobial effect when tested on bacteria26 and fungi27, while others
claim that both betulin and its derivatives have some antibacterial28 and
antifungal effects.29, 30 The derivative betulinic acid has been researched for
its antitumor activities while still being nontoxic, up to 500 mg/kg in
mice.26
A concern when using leaching antimicrobial materials is that the
effective components will leach into the environment, which can disturb
the ecosystem and select for resistant microorganisms.31, 32 An alternative
to using leaching antimicrobial systems is to utilize a contact-active system,
where the microorganisms become inactivated first upon contact with the
antimicrobial material. One way to create a contact-active antibacterial
material is to provide the surface of the material with a high positive net
charge.33 The surface of the bacterial cell envelope has a negative net
charge, and cationic surfaces can adsorb and kill the bacteria if the cationic
surface charge is sufficiently high.34 Several studies have shown that highly
charged polyelectrolyte functionalized surfaces can rupture the bacterial
cell envelope and thereby kill the bacteria, but the antibacterial mechanism
of cationic polymers is still discussed.33, 35 Kugler et al. suggest that the
antibacterial effect of cationic surfaces is caused by an ion-exchange
process, where the cationic charges on the material surface replace the
cationic counter ions with structural importance in the cell envelope, such
as Ca2+ and Mg2+. The bacteria will first be adsorbed onto the cationic
surface, and the cell envelope will collapse if there is a large enough release
of counterions. Bacterial death has been recorded when the net charge on
the cationic surface is higher than 1-5´1015 charges per cm2.34 Others
suggest that the antibacterial effect is caused by the polyelectrolytes
penetrating the bacterial cell envelope, which would rupture the bacteria.
This would require the polyelectrolytes to range far from the surface as a
bacterial cell envelope surrounding the cytoplasm is approximately 45 nm
thick.33 Most research regarding the biocidal effect of cationic surfaces has
been focused on bacteria, but Ravikumar et al. showed that
polyquarternary amines can inhibit the fungal growth of A. niger as well as
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reduce the number of viable spores on both plastic and wood samples.36
They propose the ion-exchange theory as the most likely explanation for
the antifungal effect of their cationic surfaces.
It is believed that it would be difficult for microorganisms to develop
resistance against cationic polymers since the antibacterial effect is nonstrain-specific and targets several components on the cell envelope.37 Many
studies use inorganic substrates such as silica wafers or plastic materials to
study the antibacterial effect of cationic charges, but some research has
been performed using biobased substrates. Recently, Pena-Gómes et al.
showed that it is possible to remove 99.96 % of Escherichia coli from water
using paper filters functionalized by N-(3-trimethoxy-silylpropyl)
diethylenetriamine through covalent linkage using organic solvents.38
An interesting technique to create cationic surfaces without using any
harsh chemicals or organic solvents is to use layer-by-layer (LbL)
adsorption of polyelectrolytes, which can be performed using a waterbased system at room temperature.39 LbL adsorption is based on the
adsorption of alternated charged polyelectrolytes onto a surface, creating
polyelectrolyte multilayers (Figure 3). Polyvinylamine (PVAm) (Figure 2)
is a water-soluble and highly charged cationic polyelectrolyte that has
successfully been used to create efficient contact-active antibacterial
cellulose materials using LbL adsorption. The combination of PVAm and
polyacrylic acid (PAA) assembled in multilayers on cellulose substrates has
shown very good antibacterial properties.40, 41 Polyelectrolyte adsorption
could be a promising technique for providing biobased products with
antimicrobial properties as it is a fairly easy and environmentally friendly
process.
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Figure  3.  Schematic  illustration  of  layer-by-layer  polyelectrolyte  adsorption.

A cationic polyelectrolyte that is often suggested as a biobased
alternative for antimicrobial applications is chitosan (Figure 2), which is
the deacetylated polysaccharide from chitin. Chitin can be extracted from
shrimp and crab shells, and chitosan have been used as a cationic
flocculant in wastewater treatment.42 The amine group on chitosan has a
pKa of approximately 6.5, which is slightly dependent on the molecular
size, and it is soluble in water under acidic conditions.43 Many researchers
have used chitosan in the search for a biobased antimicrobial polymer and
it is shown that chitosan has good antifungal effects. Allan and Hadwiger
showed that chitosan can inhibit fungal growth at a concentration as low
as 0.01 wt.%, depending on the fungus.44 Other studies have shown that
chitosan can somewhat inhibit bacterial growth, but it is more efficient in
inhibiting gram-positive rather than gram-negative bacteria.45 Wang
showed that at least 1.5 wt.% of chitosan is needed at pH 5.5 to inhibit E.
coli growth in a nutrient broth.46 Some studies have reported that it is
possible to cross-link chitosan with the cellulose in cotton textiles using
citric acid, to obtain a fabric that inhibits bacterial and fungal growth. 47, 48
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AIM  OF  THIS  THESIS  
The aim of this work is to explore the interaction of cellulose-based
materials and antimicrobial treatments to prevent microbial growth and to
remove bacteria from water. The focus was on the combination of material
properties and antimicrobial treatments when designing new materials
from renewable.
The increasing usage of biobased materials requires that we address the
issue of microbial growth and biodegradation of materials. Traditionally,
we have handled this issue by adding toxic substances to the materials to
kill the microbes, but modern criteria demand environmentally friendly
and safe methods that will require new techniques to prevent microbial
growth and microorganism spread. Both contact-active and leaching
antimicrobial systems could be of interest, depending on the application.
In this thesis, the possibility of removing bacteria from water was
studied using contact active materials, as a biobased option for water
purification in terms of the removal of fecal bacteria from contaminated
waters. For other applications, such as thermal insulation and packaging
materials, leaching antimicrobial materials could be a good option. Two
new types of low-density cellulose fiber foam materials were developed in
this thesis and treated with biobased alternatives to conventional
antimicrobial agents.
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MATERIAL  PREPARATION  &  CHARACTERISTICS  
In this thesis, different types of environmentally friendly methods were
evaluated to provide cellulose-based materials with antimicrobial
properties. The first antimicrobial system tested was to absorb
polyelectrolytes onto cellulose fibers to provide fibers with a cationic
surface net charge. Two types of cellulosic materials, cellulose pulp fibers
and paper filters, were modified by LbL adsorption to create biobased
materials that could adsorb and remove bacteria from water.
The second antimicrobial system evaluated was to provide low-density
cellulose fiber foam materials with antimicrobial properties through the
addition of biobased antimicrobial agents. Two new types of cellulose fiber
foam materials were developed and tested in this thesis.

Materials  &  chemicals  
Bleached chemical softwood pulp fibers (SW fibers, denoted cellulose
fibers in Paper I49) were supplied by Essity Hygiene and Health AB (former
SCA AB, Mölndal, Sweden), and bleached kraft pulp was supplied by
Holmen AB (Iggesund, Sweden). Bleached chemo-thermo-mechanical
pulp (CTMP) was provided by Rottneros AB (Söderhamn, Sweden). The
white outer bark of the birch Betula verrucose was collected in the park
next to KTH Royal Institute of Technology (Stockholm, Sweden).
SW fibers were TEMPO-oxidized before the LbL modification to
increase the negative net charges on the fiber by oxidizing the primary
hydroxyl groups on the cellulose chain into carboxyl groups.50, 51 The
TEMPO-oxidation performed was a version of that reported by Saito et al.
51 (see Paper I49 for more details).
Two types of filter paper were LbL-modified and evaluated in this
thesis: water stable Whatman filter paper (filter B), grade 113, with a
reported pore size of 30 µm was obtained from Sigma-Aldrich (Stockholm,
Sweden); commercially available coffee filter paper (filter A) made of
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bleached cellulose was obtained from Klimabolaget AB (Staffanstorp,
Sweden). The coffee filter paper was used to show that the LbL
modification utilized in this thesis could successfully be applied to a variety
of filter papers.
Cationic polyvinylamine Lupamin 9095 was supplied by BASF
(Ludwigshafen, Germany), with a molecular weight of 340 kDa. Anionic
polyacrylic acid with a molecular weight of 240 kDa and deacetylated
chitosan (>75 %) with a molecular weight of 310–375 kDa were obtained
from Sigma-Aldrich (Stockholm, Sweden).

Layer-by-layer-modified  materials  
Layer-by-layer  adsorption  

SW fibers, oxidized SW fibers, coffee filter paper (Filter A) and Whatman
filter paper (Filter B) were modified by adsorption of polyelectrolytes using
the LbL adsorption method (Table 1). The layer-by-layer adsorption used
was a version of the one described by Illergård et al.40 The polyelectrolytes
were adsorbed on 20 g of cellulose material for 10 minutes in dH2O with
0.1 g/L polyelectrolytes and 100 mM NaCl. Two types of LbL modifications
were evaluated: 1 layer of PVAm (1L); 3 layer modification: PVAm-PAAPVAm (3L). The PVAm layers were adsorbed at pH 9.5, and the PAA layers
were adsorbed at pH 3.5. The SW fibers and oxidized fibers were thereafter
freeze-dried, while the filter papers were dried flat at ambient room
temperature (for more details, see Papers I and II).49, 52
Table  1.  Summary  of  LbL  modifications  of  cellulose  materials  used  in  this  thesis.  

Material

1L

3L

SW fiber

X

Oxidized SW fiber

X

Filter A

X

X

Filter B

X

X
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Scanning  electron  microscopy  

Scanning electron microscopy (SEM) was utilized to study the
macrostructure of the cellulose-based filters, before and after the 3L
modification (Figure 4). The cellulose fibers in filter A seemed to be more
compactly pressed than the fibers in filter B, but no obvious difference
could be seen between the unmodified filters and the 3L filters with LbL
modification. The voids between the fibers in filter A ranged from 5090 µm while those in filter B had larger voids between 50-150 µm, showing
that there was enough empty space in both the reference filters and the
LbL-modified filters, through which bacteria, which are approximately 12 µm in length, could potentially penetrate if the filters were used for the
filtration of bacteria-contaminated water.

Figure  4.  SEM  images  of  the  filters,  a)  unmodified  filter  A,  b)  3L  filter  A,  c)  unmodified  filter  B  
and  d)  3L  filter  B.  The  bars  on  the  image  show  the  magnification.  
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Nitrogen  content  

The amount of adsorbed PVAm in the LbL-treated materials was estimated
by measuring the nitrogen content through an Antek analysis. PVAm was
the only nitrogen-containing component added in the LbL modification,
and the increase in nitrogen content correlates to the amount of absorbed
PVAm (for more information, see Papers I49 and II52). The LbL-modified
oxidized SW fibers were expected to have a higher nitrogen content than
the modified SW fibers, as the TEMPO oxidation increases the negative
charge on the fiber and thereby increases the possibility to adsorb more
cationic PVAm.51, 53 However, no difference in nitrogen content was
observed between the modified pulp fibers, taking the large deviations into
account (Figure 5). The unmodified SW fibers and oxidized SW fibers did
not contain any nitrogen, while the unmodified reference filter papers did
contain nitrogen, most likely due to the polymer addition to increase the
wet strength of the filters.53

  
Figure   5.  Nitrogen  content   in   3L-modified  SW  fiber  and   oxidized   SW  fibers.  The  error  bars  
represent  95  %  confidence  intervals.   
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Figure  6.  Nitrogen  content  of  the  modified  filter  papers.  Error  bars  show  95  %  confidence  
intervals.  

Filter A and filter B were modified with two types of LbL: 1L and 3L.
The nitrogen analysis for filter A shows that each added layer of PVAm
increased the nitrogen content with approximately twice as much nitrogen
as the previous layer (Figure 6). Filter B shows that there was no increase
in nitrogen content for the 1L filter, while 3L showed an increased nitrogen
content. The unmodified filter B had a large high nitrogen content, which
was twice as high as filter A, potentially impeding detection of the small
amount of PVAm absorbed in the first layer. However, it has previously
been shown that dissolving pulp fibers with small amounts of adsorbed
PVAm can still provide good antibacterial effects, indicating that the
antibacterial effect is not always dependent on the total amount of cationic
PVAm adsorbed onto the fibers.54 It is interesting that such small amounts
PVAm can provide cellulose materials with very good antibacterial
properties and that the antibacterial effect is not always improved by
increasing the amount of absorbed cationic polyelectrolyte. Illergård et al.
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have shown that a 5 layer PVAm/PAA LbL modification of cellulose fibers
will increase PVAm absorption but does not improve the antibacterial
effect.40 A 5L modification sometimes provides even lower bacteria
removal efficiency compared with the 1L and 3L modification, as
demonstrated for the filter papers in Paper II.52 This phenomenon may be
explained by a decrease in available cationic charges on the cellulose fibers
when more layers of anionic PAA are absorbed in the 5L modification;
however, further research is needed to support this theory.

Low-density  cellulosic  fiber  foam  materials  
Preparation  of  cellulosic  fiber  foams    

Two different types of cellulosic fiber foam (CFF) materials were developed
and treated with different antimicrobial agents (see Table 2). Both fiber
foams contained cellulosic pulp fibers and sodium dodecyl sulfate (SDS) as
foam-forming agents. The first type of fiber foam made of kraft pulp
contained cationic polymers that were added directly into the foam to form
a mixture, while the second type of fiber foam made of CTMP was soaked
in ethanol solutions with different concentrations of birch bark extractives.
The first cellulosic fiber foams were created by mixing kraft pulp fibers
with SDS, an anionic surfactant, and cationic polyelectrolytes. The pH was
set to 3 before mixing the foam, and the fiber foam was formed by pouring
the mixture through a metal mesh mold to remove the excess liquid. The
foams were dried in the mesh mold at room temperature and thereafter
heated at 105°C for 5 min. Two types of cationic polymer, PVAm and
chitosan, were used in four different combinations, and citric acid was
added to some of the cellulosic fiber foams (Table 3).
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Table  2.  Summary  of  cellulosic  fiber  foams  (CFF)  produced  and  tested  in  this  thesis.  All  fiber  
foams  contained  SDS.  Room  temperature  is  denoted  as  RT.  

CFF

Pulp fibers

Drying

Antimicrobial
components

P

Kraft

RT + 5 min, 105°C

PVAm

P-CA

Kraft

RT + 5 min, 105°C

PVAm
Citric acid

Ch-CA

Kraft

RT + 5 min, 105°C

Chitosan
Citric acid

P-Ch-CA

Kraft

RT + 5 min, 105°C

PVAm
Chitosan
Citric acid

E-0 %

CTMP

8 h, 70°C

Ethanol
0 wt.% extractives

E-1 %

CTMP

8 h, 70°C

Ethanol
1 wt. % extractives

E-2 %

CTMP

8 h, 70°C

Ethanol
2 wt.% extractives

E-3 %

CTMP

8 h, 70°C

Ethanol
3 wt.% extractives

All cellulosic fiber foams containing chitosan contained citric acid, as it
was used to lower the pH. A stock solution of chitosan was prepared by
dissolving 10 g/L chitosan in 100 g/L citric acid. The cellulosic fiber foams
were washed in dH2O and thereafter once again dried at room temperature
to evaluate the leaching effect of the materials (see Paper III for more
information about the production and washing processes).55
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Table  3.  Composition  of  the  foam-forming  mixture  for  preparing  the  kraft  pulp  fiber  foams.  

CFF

P

P-CA

Ch-CA

P-Ch-CA

Pulp
[g/L]
NaCl
[g/L]
SDS
[g/L]
PVAm
[g/L]
Chitosan
[g/L]
Citric Acid
[g/L]

30

30

30

30

5.8

5.8

5.8

5.8

3.0

3.0

3.0

3.0

0.1

0.1

-

0.1

-

-

1

1

-

50

50

50

The second type of cellulosic fiber foam was formed by mixing CTMP
fibers with water to a 4 wt. % consistency in a mixture with 1.5 g/L SDS.
The mixture was foamed by stirring for 30 min, and the foam mixture was
transferred to a mold to form the fiber foam mats. The wet foam was dried
in an oven at 70°C for 8 hours to prepare fiber foam materials with a target
density of 20 kg/m3.
Treatment  with  birch  bark  extractives  

Birch bark contains a high fraction of extractives, and some are thought to
have antimicrobial properties to protect trees from infections.56 The white
outer bark of birch was ground up and extracted with ethyl acetate by a 24hour Soxhlet extraction. The solvent was removed by rotor evaporation,
and the remaining extractives were further dried in an oven at 80°C for 24
hours. The extractive yield was 34 wt.%, and the main component of the
extractives was botulin at approximately 60 wt.%. The extractives were
solubilized in ethanol to concentrations of 1 %, 2 %, and 3 %, which were
used for impregnation of the CTMP fiber foam. The materials were soaked
for 20 minutes in the extractive solutions and thereafter dried at 105°C for
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4 hours. The foam materials were denoted E-1 %, E-2 %, and E-3 %,
respectively. A reference sample, denoted E-0 %, was prepared using the
same process but with no added extractives to the ethanol in which the
foam sample was soaked (see Paper IV for more information).57 The CTMP
fiber foams were weighed before and after impregnation to gravimetrically
evaluate the amounts of extractives adsorbed in the material. A blank
reference was created by treating a foam sample using the same process
but without adding any extractives. The amounts of extractives absorbed
onto the CTMP fiber foam materials increased when the concentrations of
extractives in the ethanol solutions used for the treatment were increased
from 1 % to 3 % (Figure 7).

Figure   7.  Amounts  of   extractives   absorbed  in  the  CTMP  fiber  foam  materials  impregnated  
with  betulin-rich  extractives  from  birch  bark,  shown  as  wt.%  of  the  fiber  foam.  Error  bars  show  
the  standard  deviation.

  

19

MATERIAL PREPARATION & CHARACTERISTICS

Structural  analysis    

The cellulosic fiber foams made from kraft pulp all had a relatively low
density between 33-66 kg/m3. The density of the foam containing PVAm
was twice as high when citric acid was added to the foam mixture (Table
4). The lowest density was, however, achieved for the foam containing
PVAm, chitosan and citric acid. These density values can be compared to
expanded polystyrene foam, a low-density fossil-based plastic material
that is often used for packaging, with a density that varies between 12-48
kg/m3, depending on the targeted application.58

Table  4.  Density  of  the  kraft  pulp  fiber  foams.  

CFF

Density [kg/m3]

P

35

P-CA

66

Ch-CA

43

P-Ch-CA

33
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The cellulosic fiber foam containing PVAm was flexible and soft, but the
addition of citric acid made the materials more brittle. Polycarboxylic acidtreated paper is known to have an improved wet strength, but it is also
more brittle than papers without the acid treatment.59 The images of the
cross-sections of cellulosic foams show that the P-CA foam was much
denser than the other three foams (Figure 8). The chitosan-containing
foams were less dense than those without chitosan.

Figure  8.  Images  of  cross-sections  of  the  kraft  pulp  cellulosic  fiber  foam  materials  with  added  
polyelectrolytes.  a)  P,  b)  P-CA,  c)  Ch-CA  and  d)  P-Ch-CA.  
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Figure  9.SEM  micrographs  on  a  cross-sections  of  the  kraft  pulp  fiber  foams  a)  P,  b)  P-CA,  c)  
Ch-CA  and  d)  P-Ch-CA.  

The macrostructure of the fiber foams with PVAm and/or chitosan was
imaged using SEM (Figure 9). The micrographs show irregular pores in all
foams with the average distance between the pore walls varying between
160 to 440 µm. The cellulosic fiber foams containing PVAm and citric acid
had the highest density and it also had the smallest average distance
between the pore walls, see Paper III for more information.55
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Nitrogen  content  

The nitrogen content of the fiber foams made of kraft pulp and
polyelectrolytes was measured using Antek, before and after washing of the
foams, to detect whether the foams released nitrogen-containing polymers
during washing (for more information, see Paper III).55 The nitrogen
analysis of the cellulosic fiber foams showed that the foams containing
chitosan had a nitrogen content more than twice as high as the foams
prepared using only PVAm (Figure 10). However, the total amount of
added chitosan to the foams was higher than the added amount of PVAm.
There was no large difference in nitrogen content before and after washing
of the foams, which indicated that no PVAm or chitosan was leached from
these foams during washing. The slightly higher nitrogen content in Ch-CA
after washing might be caused by an uneven distribution of chitosan within
the cellulosic fiber foam, or by the removal of citric acid and NaCl during
washing, which could cause a higher percentage of nitrogen.

  
Figure  10.  Results  of  the  nitrogen  analysis  for  non-washed  and  washed  kraft  pulp  fiber  foams  
with  PVAm  and/or  chitosan  and  citric  acid.  Error  bars  show  95  %  confidence  intervals.  
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Water  absorption  and  stability  in  water    

An efficient water absorption capacity is both an advantage for cellulosebased materials and one of the more problematic features since water
swells the structure, which can reduce the mechanical strength of the
material, in addition to promoting microbial growth. The water absorption
capacity of the kraft pulp fiber foam materials was evaluated by soaking
0.1 g of the fiber foam samples in dH2O and gravimetrically measuring the
amount of water adsorbed after 1 min.
The adsorption test showed that all the cellulosic fiber foams made of
kraft pulp adsorbed 12-18 times their own dry weight of water, compared
to the reference kraft pulp that absorbed 9.5 times its own weight (
Table 5). The increase in water absorption could be explained by the
porous structure of the materials. No great difference in water absorption
was observed between the fiber foam materials.
Table  5.  Water  absorption  capacity  of  the  kraft  pulp  fiber  foam  materials  with  polyelectrolytes,  
showing  the  mean  and  the  95  %  confidence  interval.  

Sample

Water absorption
[g water/ g material]

Kraft pulp

9.5 ± 0.7

P

18.3 ± 3.2

P-CA

12.3 ± 1.9

Ch-CA

15.8 ± 1.6

P-Ch-CA

12.8 ± 3.3

The stability of the kraft pulp fiber foams in water was evaluated by
shaking the materials for 18 hours in dH2O. PVAm and chitosan have both
been reported as alternatives for wet strength additives during
papermaking, as they improve interfiber bonding within the paper. 60-62
Citric acid was also added to the cellulosic foams to improve the waterstability, using a short curing period of 5 min at 150°C after the foams were
dried under ambient conditions.
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The samples containing chitosan and citric acid performed very well in
water; they maintained their shape and did not disintegrate even after
vigorous shaking for 18 hours in water (Figure 11). However, the cellulosic
fiber foams containing PVAm disintegrated in the water, and P-CA
disintegrated completely into fibers. Fourier transform infrared (FTIR)
spectroscopy was used to evaluate the presence of citric acid in the
cellulosic fiber form materials, before and after washing. The presence of
citric acid could be observed for the foams with citric acid, and the FTIR
spectra showed that citric acid was removed after washing (for more
information, see Paper III).55
It can be concluded that it is possible to produce biobased water-stable
fiber foams using cellulose, chitosan and citric acid. Based on the FTIR
analysis, it was not possible to determine if the increased water-stability
was caused by physical crosslinking, due to an increased interaction
between the cellulose fibers, or by chemical cross-linking through esterbond formation, as the spectra were complex to analyze due to the similar
chemical structure of cellulose and chitosan in combination with the amine
groups on both chitosan and PVAm.

Figure  11.  Images  of  the  cellulose  fiber  foams  after  18  hours  of  shaking  in  water.    
a)  P,  b)  P-CA,  c)  Ch-CA  and  d)  P-Ch-CA.  
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Moisture  absorption  

The moisture absorption of the CTMP fiber foams was evaluated by
conditioning the fiber foams at 20°C and 85 % relative humidity for 24, 72
and 120 hours. The moisture absorption was calculated using Eq. 1, where
m1 is the sample mass before conditioning and m2 is the sample mass after
conditioning.
(𝑚6 − 𝑚8 )
𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒	
  𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛	
  [%] = 100
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Eq. 1
𝑚6
The fiber foam moisture absorption rate was slowed down by increasing
the amount of bark extractives absorbed onto the material surface (Figure
12). The moisture uptake by the CTMP fiber foam materials after 24 hours
of conditioning decreased when the hydrophobic bark extractives were
deposited on the material surfaces; more extractives on the foam decreased
the moisture uptake. The reference material absorbed 8 wt.% moisture
after 24 hours, while E-3 %, impregnated with the highest concentration of
extractives, absorbed 4 wt.%. There was, however, no obvious difference
between the reference and extractive impregnated materials when the
conditioning time was increased to 72 and 120 hours.

Figure  12.  Moisture  absorption  of  CTMP  fiber  foam  materials  impregnated  with  birch  bark  
extractives.  Error  bars  show  the  standard  deviation.  
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b

Bacteria  

More than 99 % of all bacteria are estimated to live attached onto surfaces,
often in heterogeneous immobile communities known as a biofilm.
Bacteria can adhere to many types of materials with diverse chemical
properties, and the bacterial adhesion process consists of complex
mechanisms.63 The immobilization of bacteria onto a surface starts by
bacterial attachment to the surface using their flagella, pili and outer
membrane proteins. This process is affected by many conditions, such as
the surface charge, hydrophobicity, surface roughness and material
stiffness.64 The prevention of biofilm formation is a well-researched topic
even though the mechanisms underlying bacterial adhesion are still not
fully understood.65 Most effort has been focused on preventing biofilm
formation by adding metal nanoparticles and other biocides to the
materials to kill the bacteria. Another strategy to prevent bacterial
adhesion is to create nonfouling surfaces, usually by increasing the
hydrophilicity of the material surface, which makes it more difficult for the
bacterial proteins to adhere as water molecules are tightly bound to the
hydrated surface.66 This thesis evaluated techniques to trap bacteria onto
cellulose-based materials through electrostatic interactions, as well as
inhibiting bacterial growth through the addition of environmentally
friendly antimicrobial agents into the cellulose-based materials.
Bacteria are single cellular organisms surrounded by a cell envelope to
protect the inside of the cell; they do not have a nucleolus, and the genome
is freely floating in the cytoplasm.10 They generally grow rapidly at
moderate temperatures from 20-40°C and can quickly propagate in the
presence of moisture and sufficient nutrients.67 Bacteria come in many
different shapes and can both cause lethal diseases and be crucial for our
wellbeing and health.

c
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Bacteria were divided into gram-positive and gram-negative strains,
depending on their cell envelope structure. Both gram-positive and gramnegative bacteria have a negative net surface charge due to the
peptidoglycans, lipopolysaccharides and proteins in the outer layer of their
cell envelope.35, 68, 69 Gram-positive bacteria are surrounded by a thick cell
wall layer of peptidoglycan to provide structural support for the cell
envelope, with an inner cytoplasmic membrane made of a phospholipid
bilayer to serve as a selective barrier.10 The cell envelope of gram-negative
bacteria is much more complex; it consists of a thinner cell wall layer of
peptidoglycan for structural support, a cytoplasmic phospholipid bilayer
membrane facing the inside of the cell and a thick bilayer of
lipopolysaccharides as an outer bacterial membrane. The
lipopolysaccharides, also called endotoxins, on the outer layer of gramnegative bacteria can be toxic to both animals and humans.10
Preparation  of  bacterial  suspensions  

The bacteria removal efficiency, growth inhibition and filtration efficiency
were tested using Escherichia coli ATCC 11775, and the number of viable
bacteria was determined through cultivation as colony forming units
(CFU) per mL. Fluorescent E. coli K-12 (HB101), transformed with a
pGREEN plasmid to express green fluorescent protein was used for
fluorescence microscopy imaging.
Bacterial suspensions was prepared for all bacterial assays by
inoculation and cultivation of the chosen bacteria overnight in a nutrient
broth medium at 37°C with agitation. The pGREEN transformed bacteria
were cultivated together with 100 µg/mL ampicillin to select for
transformed bacteria. The bacteria were purified by centrifugation
(5 000 g, 5 min) and resuspended in ¼-strength Ringer’s solution to avoid
osmotic pressure disturbances. The harvested bacteria were washed on
time by a second centrifugation cycle and resuspended in ¼-strength
Ringer’s solution (for more information regarding the bacteria cultivation,
see Papers I, II and III).49, 52, 55
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Antibacterial  effect  of  LbL-modified  materials  
Cellulose pulp fibers modified with PVAm and PAA through LbL
adsorption have previously shown good antibacterial effects. In this thesis,
LbL-treated cellulose pulp fibers and paper filters were used to investigate
whether they could be used for a biobased water treatment application. The
goal was to remove as much bacteria as possible from water, using both E.
coli as a model bacterium as well as natural water samples with complex
mixtures of microorganisms.
Bacterial  removal  using  LbL  material  in  suspension  

The bacterial reduction efficiency of the LbL-modified materials was
evaluated by incubating the materials in bacterial suspensions, both using
dH2O and in saline ¼-strength Ringer’s solution. The number of viable
bacteria remaining in suspension was evaluated by cultivation in duplicate
on Petrifilm, and the number of CFU was calculated using the ImageJ
image-analysis tool.70 The bacterial removal efficiency was calculated using
Eq. 2, where Ci is the initial bacterial concentration, and Cafter is the
bacterial concentration after incubation (CFU/mL, see Papers I and II for
more information).49, 52
𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙	
  𝑅𝑒𝑚𝑜𝑣𝑎𝑙	
  [%] = 100 − 100 ×

CDEFGH	
  
CI

Eq. 2

The 3L LbL-modified materials removed 99.87 - 99.98 % of E. coli after
four hours of incubation with the material in suspension, and the highest
bacterial removal efficiency of 99.98 % was noted for the SW fibers in dH2O
and oxidized SW fibers in the ¼-Ringer’s solution (Figure 13). All 3Lmodified materials were compared with unmodified material as control
reference samples, which showed no efficient bacterial reduction when
used in suspension.
The reduction test performed in dH2O provided a slightly higher
bacterial reduction for all materials except oxidized SW fibers, compared
to the reduction test performed in ¼-strength Ringer’s solution. This
finding might represent an effect of an increased osmotic pressure inside
the bacteria when using dH2O, as the ion concentration is higher inside the
cell than in the water. Previous studies of the bacteria-adsorbing effect of
LbL-treated pulp fibers have mainly been conducted using ¼-strength
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Ringer’s solution to provide a more beneficial environment for the
bacteria. It is still unclear how ion strength affects bacterial adhesion, with
some reports showing that an increased ionic strength increased bacterial
adhesion and some showing that a decrease in bacterial adhesion.71-73 Ions
in water will interact with the charged polyelectrolytes, but bacterial
adhesion on surfaces is a complex topic and is affected by many different
parameters, e.g., the bacterial strain, salt concentration, and pH, among
others. Illergård et al. reported no difference in bacterial removal when
using LbL-treated cellulose fibers in different salt concentrations.50

  
Figure  13.  The  percentage  of  removed  bacteria  from  solution  after  4  hours  of  incubation  
with  3L-modified  materials  in  dH2O  and  ¼-strength  Ringer’s  solution.  The  initial  bacterial  
concentration  was  106  CFU/mL.  Error  bars  show  the  standard  deviation.  
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Treatment time is an important parameter when purifying water, and
contact time dependence was evaluated by incubating E. coli with 3Lmodified materials. Water samples were collected with 1-hour increments
over a four-hour period and cultivating the water on Petrifilm. The test
showed that all modified materials decreased the concentration of viable
bacteria after only one hour of contact time (Figure 14). Filter A required a
longer time to reach the same bacterial removal as the SW and oxidized SW
fibers. The SW and oxidized SW fibers were freely dispersed in the water,
which endowed them with a larger surface area available for bacterial
adsorption compared with the fixed fibers in filter paper. The results from
the time dependence test are promising for possible water treatment
applications, as rapid decontamination of drinking water is beneficial in,
for example, emergency situations.

  
Figure   14.   The   results   from   the   time-dependence   test   showing   the   percentage   of   bacteria  
remaining  in  solution  in  hourly  increments  after  4  hours  of  incubation  with  3L  materials.  The  
initial  concentration  of  bacteria  was  106  CFU/mL,  and  the  error  bars  represent  the  standard  
deviation.  
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The concentration of pathogenic bacteria in water sources can vary
drastically depending on whether the water has been contaminated, e.g.,
with fecal material from humans and animals. The LbL material removal
efficiency dependence on the bacterial load was evaluated using different
initial bacterial concentrations (104, 105, 106 and 107 CFU/mL) while
maintain a constant water volume of 10 mL. The bacterial concentrations
used in this test were very high, even compared to heavily contaminated
water samples in warm countries. Dankovich et al. reported concentrations
of 8 ´ 103 CFU/mL total coliform bacteria and 4 ´ 103 CFU/mL E. coli in
heavily contaminated water in the Limpopo region in South Africa.74 The
high bacterial concentrations were selected to show the potential of the
materials when used for water treatment applications.

  104                                 105                                106                                107  
Initial  Bacterial  Concentration  (CFU/mL)  

Figure  15.  Results  from  the  concentration  test  showing  the  number  of  remaining  bacteria  in  
suspension  and  the  percentage  of  removed  bacteria  after  4  hours  of  incubation  with  1  wt./wt.  
%  of  3L-oxidized  SW  fibers.  The  initial  bacterial  load  ranged  from  104   -107  CFU/mL,  and  the  
error  bars  represent  the  standard  deviation.  
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The concentration-dependence test showed that the number of bacteria
remaining in the water increased significantly when the initial bacterial
concentration was increased from 106 CFU/mL to 107 CFU/mL (Figure 15).
However, the bacterial removal efficiency, shown as a percentage in Figure
15, also increased when the initial bacterial concentration was increased.
This phenomenon has been previously shown by Lichter et al. when using
multilayers of polyallylamine and PAA on aminoalkylsilane-coated glass,
and by Illergård et al. using multilayers of PVAm and PAA on cellulose.50,
75 The number of bacteria remaining in suspension was increased
approximately six times when the initial bacterial concentration was
increased from 105 to 107 CFU/mL, while the increase in applied bacterial
load was increased 100 times. This cause of this phenomenon remains
unclear.
A material-water ratio-dependence test was performed to evaluate how
much material was needed to remove bacteria when the bacteria-adsorbing
material was dispersed in the water. The volume of the bacterial
suspension was varied from 10-100 mL while maintaining the bacterial
concentration and amount of 3L oxidized fibers (see Paper I for more
information).49 The bacterial removal decreased when the volume of water
was increased and the amount of LbL-treated material remained constant
(Figure 16). These results showed that it was possible to use a 0.2 wt./wt.
% material-water ratio and still obtain a bacterial reduction efficiency
greater than 99.9 % after four hours of incubation. The bacterial removal
efficiency was slightly lower when using the higher initial bacterial
concentration for the 1 wt./wt. % material-water ratio, but the difference
in bacterial reduction for the different ratios was quite small compared
with the initial bacterial concentration.
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Figure  16.  Result  of  the  material-water  ratio-dependence  test  showing  the  percentage  of  
removed  bacteria  vs.  the  material-water  ratio  after  4  hours  incubation  with  3L-oxidized  
fibers.  Ci  is  the  initial  bacterial  concentration.  The  error  bars  represent  the  standard  
deviation.  

The LbL-modified material bacterial removal efficiency was tested with
different natural water samples to gain a more authentic lab setup.
Microorganisms from environmental samples are known to be difficult to
cultivate, and it has been shown that only a fraction of the bacteria present
in samples from nature can be cultivated in a laboratory environment.76, 77
The water samples from nature were cultivated at 37°C on Petrifilm, which
may not be ideal conditions for all bacterial species in the samples (see
Papers I and II for more information).49, 52
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Water samples from Nybroviken (Stockholm, Sweden), the Mississippi
river (New Orleans, USA) and a Swedish forest ditch, all with relatively
high bacterial concentrations, were used in a bacteria reduction test with
the cellulose materials suspended in water. The highest removal efficiency
of 97 % was observed for the water sample from the Mississippi river
treated with 3L-modified SW fibers (Table 6). The bacterial reduction in
the water sample from Nybroviken was greater than 90 % using both the
3L SW fibers and the 3L-oxidized fibers, while the bacterial reduction was
only 68 % after four hours of incubation with the 3L-modified filter A. No
noticeable bacterial reduction was observed for the turbid ditch water
sample treated with the 3L-modified materials, potentially because of the
large number of particles in the ditch water sample, which may have
interfered with bacterial adsorption, e.g., bacteria can be protected inside
the particle and the particles may shield the cationic charges on the
cellulose fibers.
Table  6.  Bacterial  reduction  for  natural  water  samples  after  four  hours  of  incubation  with  3L-
modified   materials   in   suspension.   The   values   for   the   reduction   of   E.   coli   in   dH2O   and   ¼-
strength  Ringer’s  solution  are  included  for  comparison.  

Water sample

Ditch

Total
bacteria
[CFU/mL]
8´103

SW
fibers
[%]

Oxidized
fibers
[%]

Filter A
[%]

<60

< 60

< 60

Mississippi

1.5´105

97

95 %

94

Nybroviken

2´104

92

90 %

68

E. coli in
dH2O

1´106

>99.9

>99.9

>99.9

E. coli in
¼-Ringers

1´106

>99.9

>99.9

>99.9
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Water  filtration  tests  using  LbL  filters  

Recommendations by the World Health Organization suggest that an
efficient household water treatment method should remove more than
99.99 % of E. coli from water with a bacterial concentration higher than
103 CFU/mL.78 The best results from the bacterial removal test using the
3L materials in suspension almost reached the WHO recommendation
when treating suspensions of pure E. coli (Figure 13). However, the LbLmodified materials were far less efficient in removing bacteria from turbid
water samples from nature (Table 6). These results suggest that it is
important to also remove the particles from the water to achieve efficient
bacterial adsorption in real water samples from nature. One way to remove
particles from water is by excluding the particles through filtration. Filter
A and filter B were modified by LbL adsorption to evaluate the possibility
of removing both particles and bacteria, which are smaller than the pore
size of the filter, in a controlled flow filtration setup of 1 mL/min.
Cultivations with fewer colonies than 30 CFU were considered to be too
few to count (TFTC), providing a maximum detectable reduction of 97 %
for the natural water samples used in the filtration setup.
The filtration test using complex mixtures of microorganisms from
natural water samples showed that the 3L-treated filters had much greater
bacterial reduction than the unmodified reference filters (Figure 17).The
20 sheets of 3L filter A removed more than 97 % of the bacteria from the
turbid ditch water and 89 % from the Nybroviken water, while 10 sheets of
3L filter B removed more than 97 % from both the ditch water and the
Nybroviken water sample. The unmodified reference filters had a moderate
bacteria-reducing effect when used in filtration mode, as a portion of the
bacteria were retained in the filters and particles in the water hosting
bacteria were removed through size exclusion. Using the LbL-modified
filters in filtration mode improved both the treatment time and
decontamination efficiency compared with using the LbL-modified
cellulose material freely dispersed in natural samples of water (see Paper
II for more information).49
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Figure  17.  Average  bacterial  reduction  using  water  samples  from  nature:  20  sheets  of  filter  A  
were   used,   and   10   sheets   of   filter   B.   The   filtration   of   106    CFU/mL   E.   coli   is   included   for  
comparison.  Error  bars  show  the  standard  deviation.  

The bacterial removal efficiencies of LbL filters A and B were further
evaluated by filtering 10 mL of ¼-strength Ringer’s solution with an E. coli
concentration of 106 CFU/mL, using a controlled flow of 1 mL/min. The
filtered solution was cultivated on Petrifilm to determine the number of
remaining CFU left in the filtrate. Filters with unmodified materials were
used for all tests as the control reference sample.
The bacterial removal efficiency of the 1L and 3L modifications was
much larger than that of the unmodified reference filters (Figure 18). The
1L-modified filters showed a slightly higher bacterial removal efficiency in
the filtration test compared with the 3L-modified filters. This result is
promising for future applications, as a single polyelectrolyte layer is much
more cost effective to produce because it requires fewer process steps than
multilayer adsorption and less polymer.
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Figure   18.   Bacterial   removal   efficiency   by   controlled   flow   filtration,   1   mL/min,   through   five  
sheets   of   filter   paper   with   different   LbL   treatments.   The   error   bars   represent   the   standard  
deviation.  

Next, different numbers of paper sheets in the filters were evaluated,
which showed that bacterial reduction could be greatly improve by
optimizing the design of the filter. The bacterial reduction of the LbLmodified filters increased with an increasing number of sheets used for
filtration (Table 7). Bacterial removal was greater than 99.9 % when
filtering the bacterial suspension through 20 sheets of 3L-modified filter A
or filter B, as well as when using 10 sheets of 1L-modified filter B. The
difference between using filter A and filter B was most obvious when using
5 and 10 sheets of filter paper, probably in part because of the difference in
thickness of the filters. One sheet of filter B had a thickness of 0.39 mm,
and one sheet of filter A had a thickness of 0.12 mm.
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Table  7.  Bacterial  removal  using  different  numbers  of  sheets  of  paper  filter  in  the  filter  holder  
during  filtration  at  a  controlled  flow  rate  of  1  mL/min  and  an  initial  bacteria  concentration  of  
106  CFU/mL.  The  error  values  show  the  standard  deviation.    

Filter type

5 sheets
[%]

10 sheets
[%]

20 sheets
[%]

REF Filter A

38.0 ± 6.6

48.6 ± 0.8

67.0 ± 2.1

1L Filter A

80.9 ± 1.6

92.4 ± 0.5

99.1 ± 0.1

3L Filter A

77.3 ± 0.9

95.0 ± 0.6

99.9 ± 0.0

REF Filter B

50.7 ± 3.2

58.5 ± 5.7

80.2 ± 3.3

1L Filter B

98.3 ± 0.1

99.9 ± 0.0

99.9 ± 0.0

3L Filter B

95.6 ± 0.4

99.7 ± 0.1

99.9 ± 0.0

It is clear that bacterial removal was greatly improved when increasing
the number of sheets through which the water has been filtered.
Fluorescence microscopy was used to visualize the adsorption of the
bacteria on the different sheets in the stacked water filter to show that they
were stuck to the LbL-modified filters. The grayscale micrographs show the
fluorescent E. coli as white dots on the cellulose fibers in the filters, which
are slightly autofluorescent (Figure 19). The micrographs show that the 3Lmodified filter bound to the bacteria and prevented their passage through
the filter while the unmodified reference filter allowed the bacteria to pass
through together with the water and thus would not lead to a sufficient
reduction of the bacterial concentration. The unmodified filter A showed a
small number of bacteria throughout the stacked filter, while the 3Lmodified filter A bound most bacteria in the first few sheets of the stacked
water filter. It was possible to observe a few remaining bacteria on the 9th
sheet in the modified water filter, but no bacteria could be seen on the 15th
sheet.
An interesting observation when capturing the micrographs was that
the E. coli on the modified filters seemed to be attached on the fibers, while
the bacteria on the unmodified reference filters were seen floating around
the fibers. The paper sheets were not rinsed before taking the micrograph,
and therefore it was possible to see bacteria on the micrographs that were
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not adsorbed and fixated on the fibers. The micrographs also showed that
the bacteria were unevenly adsorbed onto the fibers in the first sheet in the
LbL-modified filter. These types of bacteria-adsorbing islands have
previously been shown when using the same type of LbL modification on
CNF films.79

Figure  19.  Fluorescence  micrographs,  presented  in  grayscale,  of  the  1st,  5th,  9th  and  15th  
sheet  in  stacked  water  filters,  made  of  15  sheets  of  filter  A,  after  filtration  of  fluorescent  E.  coli  
in  suspension.  The  left  column  shows  the  unmodified  reference   filter,  and  the  right  column  
shows  the  3L-modified  filter.  
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Biobased filters for water purification may best be suited for point-ofuse purification where it is an advantage to have disposable filters that can
be burned or composted after usage. It would, however, be advantageous
to be able to reuse the filters to reduce the cost per usage. The bacterial
reduction dependence on the number of times the filters were used was
evaluated by reusing the filters for five consecutive free flow filtrations of
10 mL of a 106 CFU/mL E. coli suspension through 20 sheets of 3Lmodified filter A or filter B. The filtrations were performed by free flow
filtration (see Paper II for more information).52

  
Figure  20.  Bacterial  removal  using  five  consecutive  free  flow  filtrations,  through  20  sheets  of  
3L  filter  A  and   20  sheets  of  3L  filter   B.  Error  bars  represent  the  standard   deviation,  please  
note  the  interrupted  scale  on  the  y-axis.  
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The bacterial reduction capacity was greater than 99.9 % for the 2nd to
the 5th filtration, after filtering a total of 20 mL and 50 mL, respectively
(Figure 20). The first filtration showed a slightly reduced bacterial
reduction for both types of filters than for the later subsequent four
filtrations, which could be due to the dry state of the filters for the first
filtration. The polyelectrolytes must be in a wet environment to be fully
charged, and the pores of the filter probably shrink slightly when the
cellulose fiber absorbs water into the cell wall, which will increase the fiber
thickness.80 It was found that the filter can be used several times with the
same bacterial removal efficiency. Further investigations are needed to
determine the adsorption limit of the filters and to evaluate how much
water can be purified using LbL-treated filter papers.
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Antibacterial  effect  of  the  kraft  fiber  foams  
The antibacterial effect of the cellulosic fiber foams made from kraft pulp
was evaluated using both a bacterial reduction test and by evaluating the
growth-inhibitory effect. For the bacterial reduction test, E. coli was
incubated with the fiber foam materials, and the number of viable bacteria
after exposure to the foams was evaluated. The growth inhibition test was
performed by incubating the fiber foams in an E. coli suspension with
nutrition.
Bacterial  reduction  efficiency  

The antibacterial effect of nonwashed and the washed kraft fiber foams
was evaluated by incubating 0.1 g of fiber foam in 10 mL of ¼-strength
Ringer’s solution with 100 mM Tris buffer, pH 7, and 106 CFU/mL E. coli
(see Paper III for more information).55
All the nonwashed fiber foam samples containing citric acid showed a
bacterial reduction of 100 %, i.e., no viable bacteria were detected after
four hours of incubation (Figure 21), which could be explained by the low
pH of the suspensions after incubation with the nonwashed materials, as
E. coli generally require a pH above 5.5 for survival (Table 8).10 However,
the washed cellulosic fiber foams containing chitosan still had a bacterial
reduction of approximately 90 % while keeping the pH of the suspensions
fairly neutral. This result indicated that chitosan provided the fiber foams
with antibacterial properties based on other actions than lowering the pH.
Table  8.  The  pH  of  ¼-strength  R inger’s  solutions  incubated  w ith  kraft  pulp  fiber  foam  materials  
and  Tris  buffer.  A  reference  solution  without  any  added  material  had  a  pH  of  7.0.    

CFF
P
P-CA
Ch-CA
P-Ch-CA

pH
nonwashed
7.0
3.6
3.7
3.5

pH
washed
7.0
6.3
6.8
6.7

43

ANTIBACTERIAL EVALUATION

The strong antibacterial effect of the nonwashed P-CA was mainly
ascribed to the leaching of citric acid, as the washed P-CA had the same
bacterial removal efficiency as the nonwashed fiber foam P of
approximately 50 % (Figure 21). The addition of PVAm to the fiber foams
did not provide the materials with the good antibacterial properties that
have been observed when adsorbing PVAm onto cellulose fibers using the
LbL technique. One explanation for this discrepancy could be the binding
of the anionic surfactant to the cationic PVAm, reducing the number of
available cationic charges on the polyelectrolyte in the fiber foam.
The majority of the citric acid in the foams seemed to be removed from
the materials during washing, as supported by the FTIR analysis in Paper
III.55 The reference sample containing kraft pulp and SDS showed a
bacterial reduction of approximately 45 %, while the reference sample
containing pulp and citric acid had a bacterial-reducing effect of 90 %, once
again showing that citric acid in the cellulosic fiber foams provided a good
bacterial-reducing effect. It can be concluded that nonwashed fiber foams
reduce the number of viable bacteria by leaching citric acid, while fiber
foams containing chitosan also have a contact-active antibacterial effect
that persists after the acid is removed during the washing step. This finding
shows that it is possible to produce a water-stable cellulosic fiber foam with
a good antibacterial effect and low density using only biobased polymers.
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Figure   21.   Bacterial   reduction   after   4   hours   of   incubation   with   the   cellulosic   fiber   foam  
materials  and  reference  samples.  Error  bars  show  the  standard  deviation.  
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Bacterial  growth  inhibition  of  kraft  fiber  foams  

The cellulosic fiber foams showed some antibacterial effects when
incubated with E. coli, and the next step was to examine whether the fiber
foams could inhibit bacterial growth in the presence of nutrition. A
bacterial growth inhibition test was performed by adding 1 mL of nutrition
to the bacterial suspensions after the reduction test. The bacterial
suspensions were incubated with the fiber foams overnight at 37°C in a
shaking incubator.
Bacterial growth was recorded as an increase in optical density (OD) at
a wavelength of 620 nm. The optical density is based on the light
absorption in a bacterial suspension and is commonly used to
quantitatively measure bacterial growth in suspensions.81 The lowest OD
detection limit for the spectrophotometer used in this study was
approximately 106 E. coli /mL.
The growth inhibition test showed that the fiber foams containing citric
acid inhibited bacterial growth, as no increase in OD was observed for the
nonwashed samples containing citric acid (Figure 22). This result was
expected as the suspensions had a pH below 4 after incubation with the
fiber foam materials containing citric acid (Table 8). However, the
chitosan-containing foams had a bacterial growth-inhibitory effect even
after the citric acid had been removed during washing, indicating that the
chitosan-containing materials also had a contact-active antibacterial effect
due to the nonleaching chitosan in the cellulosic fiber foams. The OD value
for the nonwashed fiber foam with PVAm increased more than that for the
positive reference, without any added material, but less than for the kraft
pulp reference. This result indicates that the fiber foam with PVAm had no
substantial growth-inhibitory effect on E. coli.
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Figure  22.  Bacterial  growth  test  for  the  cellulosic  fiber  foam  shown  as  an  increase  in  OD  after  
cultivation  with  nutrients  at  37°C  for  19  h.  +  REF  is  the  positive  reference  without  any  added  
material,  and  error  bars  show  the  standard  deviation.  
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ANTIFUNGAL  EVALUATION  
Fungi  
Fungi are eukaryotic organisms that can be unicellular, e.g., yeast, or
multicellular organisms such as molds or mushrooms. The fungal cell
resembles the plant cell, in which the DNA is placed in a nucleus, but the
fungal cell wall is made up of chitin, a polysaccharide constructed from Nacetylglucosamine instead of cellulose. Fungi are relatively resistant to
both low pH and high temperature compared with bacteria, and despite
growing more slowly than bacteria, they can be much more difficult to kill,
especially if they have produced spores.10 Some fungi are pathogenic, e.g.,
Candida, but the main concern with fungi is that they degrade materials
and spoil food, as they play a major role in the breakdown of dead organic
matter in nature.10 Molds are filamentous fungi that cause large economic
issues in terms of food spoilage. They can grow into long multicellular
hyphae and spread through sporulation.36 In this thesis, the antifungal
effect of the tested materials was evaluated using the black sporulating
mold Aspergillus brasiliensis, which is closely related to A. niger, as well
as with using the wild-type culture mixtures from soil.25 Citric acid was
originally extracted from lemons, but today it is industrially produced by
fermentation using A. niger.82 A. niger can grow under acidic conditions
down to pH 2, and the fungi should not be affected by the excess acid in the
cellulose foams.83
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Preparation  of  fungi  

A. brasiliensis (ATCC® 16404™) was cultivated on agar plates with
Sabouraud dextrose (SD) medium for 4 days at 30°C to promote spore
formation, and then 10 mL of 0.1 g/L Tween-80 solution was added to
remove the sporulating fungi from the agar plate. The collected fungi were
mixed with 45 mL sterile dH2O and glass beads to release the spores from
the hyphae. The mixture was filtered through glass wool to remove the
hyphae and the filtrate was collected for the antifungal tests.
Wild-type microorganisms were extracted from forest soil (Stockholm,
Sweden) by beating 5 g of soil with 20 mL of sterile dH2O. The soil mixture
was filtered through glass wool to remove larger particles, and 1 mL of the
mixture was cultivated on SD agar plates at 30°C for 4 days. The
microorganisms were collected from the agar plate by adding 10 mL of 0.1
g/L Tween-80 solution and 45 mL sterile dH2O mixed with glass beads to
release the spores from the hyphae. The solution was filtered through glass
wool to remove the hyphae, and the filtrate was collected for the antifungal
tests.
Sandy forest soil was collected in a mixed forest (Brottby, Vallentuna,
Sweden) and used for the biodegradation tests.
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Fungal  growth  on  LbL-modified  materials    
Fungi are mainly responsible for the degradation of organic matter in
nature, and it is important to test the biodegradability of antimicrobialtreated materials to ascertain if they would still be biodegradable after
treatment. The resistance to wild-type microbial growth on filter B,
unmodified as well as LbL-modified with 1 L and 3L, was tested by placing
cutout circles of the filters, 70 mg and 25 mm in diameter, on top of 40 g
of forest soil, pH 5.9 with a dry content of approximately 50 wt.%. Bleached
kraft pulp and polypropylene plastic pieces were used as reference
samples. The samples were incubated at 98 % relative humidity and 30°C
for four months.
The filter papers, both the reference and the LbL-treated ones, started
to show mold growth after two months, and all filters showed substantial
mold growth after four months on top of forest soil. No great difference
could be observed between the unmodified filter B and the LbL-modified
ones (Figure 23). This test used real soil with a complex mixture of
microorganisms, and each sample would be exposed to different
microorganisms at different ratios. No sign of growth could be observed on
the plastic PP reference. Some growth could be observed on the kraft pulp
reference after four months.
The biodegradation test showed that the LbL modifications, with a good
antibacterial effect, did not prevent fungal growth on cellulose based filters
after an extended period of exposure to molds in forest soil. The
degradation of cellulosic filters seemed to occur slowly, and material
degradation could be observed around the edges of some samples. A more
efficient way to test the biodegradability would be to use compost soil with
more active microorganisms and preferably cover the whole sample with
soil.
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Figure  23.  Biodegradation  test  on  soil  showing  the  unmodified  filter  B  (REF)  as  well  as  the  
LbL-modified  filter  B,  1L  and  3L,  unmodified  kraft  pulp  and  a  plastic,  polypropylene  (PP)  as  
a  reference.  
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Antifungal  properties  of  kraft  fiber  foams    
The antifungal effect of the cellulosic fiber foams was evaluated by
incubating the samples with mold spores in a high humidity chamber.
Samples of the kraft fiber foams with PVAm and/or chitosan were
inoculated with 100 µl 106 spores/mL of A. brasiliensis, and the inoculated
samples were incubated for 28 days at 30°C and 95 % relative humidity to
evaluate the ability of the materials to resist fungal growth under humid
conditions. A sample of birch wood was used as a positive reference. This
type of humidity chamber experiment is used in ASTM standards to
evaluate microbial growth on indoor insulation materials.84
No growth of A. brasiliensis was observed on the kraft fiber foams after
28 days of incubation in the humidity chamber. Black fungal spores were
observed on the positive reference made of wood, but no fungal growth was
detected on the reference pulp sample. The kraft pulp itself did not contain
sufficient nutrients for A. brasiliensis growth without an additional
nutritional source.
The fungal growth test at high humidity showed no growth on the
cellulosic fiber foams in the absence of nutrients, and a growth test in
solution was performed to test the growth-inhibitory effect in a nutritious
environment. Nonwashed specimens of cellulosic fiber foams, 0.1 g, were
incubated with 10 mL of 106 spores/mL of A. brasiliensis and nutrient
broth. The samples were incubated for 23 days at 30°C under agitation. All
materials were tested in duplicate.
No fungal growth or discoloration were observed on either of the
samples containing chitosan, indicating that chitosan had a strong fungal
growth-inhibitory effect, even when nutrients were present (Figure 24).
Heavy fungal growth was observed on the reference kraft pulp and on both
the cellulosic fiber foams containing PVAm and the one with PVAm and
citric acid. All samples with fungal growth turned lightly yellow with black
dots, as colonies of A. brasiliensis are initially yellowish while older
colonies turn dark due to the formation of black spores.85
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The solutions incubated with the fiber foams in the antibacterial test
showed that all nonwashed foams containing citric acid had a pH between
3.5 and 3.7 (Table 8), supporting that the low pH was not causing the
growth-inhibitory effect of the chitosan-containing fiber foams. Sebti et al.
showed that chitosan in films and coatings can inhibit the growth of A.
niger in the presence of nutrients, which corresponds well to results
obtained using the fungal growth test.86 These findings are exciting
because chitosan is a biobased antifungal agent that also provides cellulosic
fiber foams with good water stability and some antibacterial effects,
making the chitosan-containing materials an interesting alternative for
low-density packaging material.

Figure  24.  Cellulose  foam  samples  after  23  days  of  incubation  w ith  A.  brasiliensis  and  nutrition  
at  30°C.  a)  Reference  pulp,  b)  P,  c)  P-CA,  d)  Ch-CA  and  e)  P-Ch-CA.  
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Fungal  growth  on  foams  with  bark  extractives  
The CTMP fiber foams, with and without impregnation with birch bark
extractives, were exposed to A. brasiliensis spores and incubated in a high
humidity chamber with a relative humidity of 98 % and 30°C to promote
fungal growth. Growth of A. brasiliensis could be observed on the control
wood specimen after 4 days of incubation, while no fungal growth was
observed on any of the fiber foams impregnated with birch bark
extractives, even after 4 weeks of incubation. There was also no growth on
the reference CTMP fiber foam without birch bark extractives. A.
brasiliensis did not seem to grow on the tested cellulose-based materials
in a humid environment, and the addition of extractives did not act as
sufficient nutrition for the fungi to grow on the CTMP fiber foam.
The fungal resistance of the fiber foams was further tested using wildtype mixtures of microorganisms from soil. CTMP fiber foam samples and
a wood reference were placed in duplicate on minimal medium agar plates
as well as on agar plates prepared with SD nutrition. Each material sample
on the agar plates was inoculated with 0.1 mL of the wild-type
microorganism solution, and the agar plates were incubated for 8 days at
30°C before fungal growth was evaluated (see Paper IV for more
information).57
No fungal growth could be observed on any of the fiber foam samples
after 11 days of incubation with the wild-type microorganism mix on agar
plates prepared with minimal medium only containing important trace
elements. However, wild-type molds grew well on all the CTMP fiber foams
placed on agar plates prepared with nutritious medium. This result
indicated that the fiber foam materials impregnated with birch bark
extractives had no efficient fungicidal effect and did not release compounds
that would inhibit fungal growth when sufficient nutrition was available for
the fungi. The impregnated foam samples were, however, much more
hydrophobic than the untreated samples, which will be important to
consider when choosing material for different applications.
Some biobased materials can resist fungal growth when no nutrition is
present but may start to mold if a sufficient amount of nutrition is added
to the material. Other materials, such as the cellulosic fiber foams prepared
with chitosan, will resist fungal growth, even when nutrients are present.
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CONCLUSION  
The transition to a biobased society introduces new technical challenges,
among which an important one will be to reduce and control microbial
growth, both in terms of protecting the materials from biological
degradation but also of preventing the spread of infections and illness
among humans. Microbiological growth has traditionally been combated
using toxic compounds that have a negative impact on the environment,
but modern demands require the removal of microorganisms through
nontoxic methods.
This thesis show the possibility of providing cellulose-based materials
with antimicrobial properties using environmentally friendly and safe
techniques, as well as how these methods affect microbial growth and
bacterial reduction. The results show that even though a material has a
good antibacterial effect, this does not ensure that it also has an antifungal
effect. Both the application and the targeted microorganisms must be
considered when choosing which antimicrobial agents or approach to use.
One potential application for biobased materials with antimicrobial
properties is to use the materials for disposable water purification
equipment. In this thesis, cellulose pulp fibers and paper filters modified
with cationic PVAm through LbL adsorption were tested as a potentially
environmentally friendly alternative for the removal of bacteria from
water. The bacteria were adsorbed onto the positively charged cellulose
fibers through electrostatic interactions. LbL-modified cellulose fibers
were able to remove more than 99.9 % of E. coli when freely dispersed in
water, but the efficiency was decreased when using real water samples.
Using LbL-modified paper filters in filtration mode provided both a shorter
treatment time and increased bacterial removal for real water samples,
removing more than 97 % of the cultivatable bacteria while maintaining
pores in the filter that were larger than the bacteria. The LbL-modified
filter papers had pores that were much larger than the bacteria, which were
trapped on the cellulose fiber surface. The bacterial removal efficiency
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using LbL-modified cellulose materials in filtration mode must be further
improved to reach a bacterial reduction greater than 99.99 %, as
recommended by WHO for efficient household water treatment devices.78
The PVAm-modified cellulose materials did not prevent fungal growth, and
mold grew well on all LbL-modified filters in the biodegradation test,
indicating that the filters could be biodegradable even after the LbL
treatment. Bacteria-adsorbing cellulose-based filters could therefore be an
interesting alternative for disposable point-of-use water purification
devices in the future.
Another type of cellulosic material that could be useful when replacing
materials from nonrenewable resources is cellulosic fiber foam, which
could, for example, be a good substitute for petroleum-based packaging or
conventional insulation materials. In this thesis, two types of cellulosic
fiber foams were produced and treated with biobased and potentially
antimicrobial agents. The kraft pulp fiber foams were prepared with the
addition of either PVAm, chitosan, or a combination of the two in the foamforming mixture. The fiber foam samples containing chitosan did not
disintegrate in water, even after shaking for several hours, and they
prevented fungal growth both under humid conditions and in nutritious
solution. The addition of chitosan provided the materials with some
bacterial-reducing and growth-inhibitory effects, which remained active at
a fairly neutral pH. All the kraft pulp foams containing citric acid reduced
the number of viable bacteria and prevented bacterial growth by lowering
the pH. The addition of PVAm to the fiber foams did not provide adequate
antimicrobial properties.
Microbes require moisture, nutrition and suitable temperatures to
grow, and the results shown in this thesis demonstrated that it is not always
necessary to use antimicrobial compounds to prevent microbial growth on
biobased materials. Some microorganisms can utilize cellulose as
nutrition, but most need other sources of nutrition for growth. Cellulosic
fiber foams made from CTMP pulp fibers were impregnated with birch
bark extractives to create more hydrophobic foams. The CTMP foam
materials showed no fungal growth under humid conditions, regardless of
the addition of birch bark extracts, while fungal growth was observed when
nutrition was added to the materials. The betulin-rich extractives did not
seem to have a fungicidal effect according to the tests performed in this
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study, but they did cause the treated fiber foam materials to become more
hydrophobic, preventing rapid moisture adsorption.
The results of this thesis show that there are ways to create
environmentally friendly and safe biobased materials that will resist
microbial growth, some of which can even be used to remove microbes,
such as the LbL-modified filters. Both contact-active and leaching
antimicrobial techniques are important to consider when designing new
antimicrobial materials. The use of nontoxic antimicrobial methods will
often lead to a less universal antimicrobial effect, and the preferred
antimicrobial system will depend on both the final product as well as the
type of targeted microorganism. It is of great importance to determine
efficient methods for the targeted microorganisms and the underlying
mechanisms of the antimicrobial components when creating biobased
materials with antimicrobial properties.
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The search for new environmentally friendly and safe antimicrobial
methods has just started, and there are many features to test and evaluate
in the continued development of new biobased products and materials.
Contact-active antimicrobial systems could be a great starting point for
many applications, and it will be exciting to see how these systems are used
for biobased products in the future. It would be interesting to further
investigate how bacteria actually behave on the PVAm-modified surface,
for example, whether they can be removed and regrown. Another question
in the continued improvement of the LbL modification concerns how to
optimize the bacterial adsorption to increase the efficiency of the filter
material: is it possible to create all biobased contact-active materials, e.g.,
is it possible to acquire a sufficiently high surface charge using natural
polymers such as chitosan? Further investigations of the biodegradability
of LbL-modified cellulosic materials are also needed.
Many of the biobased products we use today have some added synthetic
components. It would be interesting to use a biobased surfactant to create
a completely biobased low-density foam material in the future. It would
also be interesting to determine how the water stability of cellulosic fiber
foams can be optimized.
The antifungal tests in this thesis were performed using either A.
brasiliensis or wild-type fungi from soil. It would be interesting to test
more strains of fungi with the fiber foam materials that showed a good
antifungal effect. The antimicrobial effect of the birch bark extractives also
requires further investigation. It would be very beneficial to conduct a
comprehensive study of the potential antimicrobial effect of betulin,
including antibacterial, antifungal and cytotoxic evaluations.
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