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Abstract
Hua, K. 2015. Nanocellulose for Biomedical Applications. Modification, Characterisation and
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In the past decade there has been increasing interest in exploring the use of nanocellulose in
medicine. However, the influence of the physicochemical properties of nanocellulose on the
material´s biocompatibility has not been fully investigated.

In this thesis, thin films of nanocellulose from wood (NFC) and from Cladophora algae (CC)
were modified by the addition of charged groups on their surfaces and the influence of these
modifications on the material´s physicochemical properties and on cell responses in vitro was
studied.

The results indicate that the introduction of charged groups on the surface of NFC and CC
results in films with decreased surface area, smaller average pore size and a more compact
structure compared with the films of unmodified nanocelluloses. Furthermore, the fibres in the
carboxyl-modified CC films were uniquely aggregated and aligned, a state which tended to
become more prevalent with increased surface-group density.

The biocompatibility studies showed that NFC films containing hydroxypropyltrime-
thylammonium (HPTMA) groups presented a more cytocompatible surface than unmodified
NFC and carboxymethylated NFC regarding human dermal fibroblasts. Carboxymethyl groups
resulted in NFC films that promoted inflammation, while HPTMA groups had a passivating
effect in terms of inflammatory response.

On the other hand, both modified CC films behaved as inert materials in terms of
the inflammatory response of monocytes/macrophages and, under pro-inflammatory stimuli,
they suppressed secretion of the pro-inflammatory cytokine TNF-α, with the effects of the
carboxylated CC film more pronounced than those of the HPTMA CC material.

Carboxyl CC films showed good cytocompatibility with fibroblasts and osteoblastic cells.
However, it was necessary to reach a threshold value in carboxyl-group density to obtain CC
films with cytocompatibility comparable to that of commercial tissue culture material.

The studies presented here highlight the ability of the nanocellulose films to modulate cell
behaviour and provide a foundation for the design of nanocellulose-based materials that trigger
specific cell responses. The bioactivity of nanocellulose may be optimized by careful tuning of
the surface properties.

The outcomes of this thesis are foreseen to contribute to our fundamental understanding of
the biointerface phenomena between cells and nanocellulose as well as to enable engineering
of bioinert, bioactive, and bioadaptive materials.
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Introduction 

Cellulose is one of the most abundant biopolymers on earth, occurring in 
higher plants, certain types of bacteria, algae, fungi and tunicates [1]. Prop-
erties such as hydrophilicity, mechanical strength, good potential for chemical 
modification and biocompatibility have made cellulose an interesting polymer 
for applications in biotechnology and biomedicine [2].  

In the era of nanotechnology, cellulose has regained attention in the form of 
nanocellulose. This nanomaterial consists of cellulose fibrils or crystallites 
with at least one dimension on a nanoscale. It combines the distinctive cel-
lulose properties with specific nanomaterial characteristics like high specific 
surface area and high aspect ratio [3]. Depending on the source and processing 
method used to obtain the material, nanocellulose properties such as fibre 
dimensions and surface charge can vary greatly [4].  

In recent years, there has been a noticeable increase in nanocellulose re-
search; applications for nanocellulose in composite materials, papers, packing 
materials, electronics, coatings, printing and structuring food have been ex-
plored [5]. Interest in nanocellulose-based biomedical materials has also 
increased, as revealed by the dramatic rise in the number of publications 
during the last 10 years [6]. However, if the use of nanocellulose in the bio-
medical field is to be developed further, there is a need for controlled studies 
of the effects of the nanocellulose properties on the biocompatibility of the 
material [7].   

In this thesis, a detailed study was conducted to investigate the influence of 
surface modifications to nanocellulose on its physicochemical properties and 
on its interactions with biological systems. The work included chemical 
modification and primary characterisation of nanocellulose sourced from 
wood and Cladophora algae. Relevant cell models were selected to investi-
gate the biocompatibility profile of the nanocellulose materials.  

The specific aims of this work are summarised in the next section. This is 
followed by background information on cellulose and nanocellulose, includ-
ing details about the different members of the nanocellulose family and the 
strategies generally employed to chemically modify nanocellulose materials. 
In addition, a short summary of the latest advances in the development of 
nanocellulose-based materials in the biomedical field is presented, finishing 
with the various aspects of biocompatibility and its evaluation. The different 
nanocelluloses studied in this work are briefly presented and a short descrip-
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tion of the methodologies is given. The main findings are summarised and 
concluding remarks and suggestions for future work are presented.   
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Aims of the thesis 

In the past decade, there has been tremendous development in nanocellulose 
research as a result of improvements in processing, energy savings in the 
manufacturing process and increased overall interest in sustainable nano-
materials. 

Properties like surface chemical reactivity, impressive mechanical proper-
ties and biocompatibility have boosted scientific and industrial interest in 
using nanocellulose-based materials in life-science applications. However, 
knowledge about how biological systems respond to changes in the physi-
cochemical and structural properties of nanocellulose is still limited.   

The overall aim of this thesis was to study the effects of altering the surface 
chemistry of nanocellulose on its physicochemical properties and its interac-
tions with biological systems. This in turn will contribute to the development 
of new nanocellulose materials for applications in the biomedical field. 

Nanocelluloses of two different sources were selected: nanofibrillated 
cellulose derived from wood and nanocellulose extracted from Cladophora 
sp. algae.  

The specific aims of the appended papers were as follows: 

 To characterise the physicochemical properties of functionalised 
nanocelluloses, and investigate the influence of the functionalisation 
on the material's cytocompatibility (Paper I) 

 To investigate how the introduction of charged groups onto the 
nanocellulose fibre influences the in vitro inflammatory response of 
monocytes/macrophages (Papers II and III) 

 To prepare and characterise carboxylated Cladophora nanocellulose 
films with different degrees of oxidation and study the response of 
model cells to these films (Paper IV) 
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Background 

Cellulose 
Cellulose is one of the most abundant biopolymers on earth; it has been used 
by humans since ancient times. The ancient Egyptians used papyrus as a 
writing material and for constructing mats, ropes, sandals and baskets. The 
process of paper making as we know it today was developed in ancient China. 
However, the chemical structure of cellulose was described only relatively 
recently by the French chemist Payen in 1838 [2]. 

Although higher plants are the most important sources for the production of 
pulp and paper products, cellulose is also extracted from bacteria, algae, fungi 
and tunicates [8].  

-4)-bound D-glucopyranose 
units with a degree of polymerisation of 10 000 to 15 000, depending on the 
source (Figure 1). Intrachain hydrogen bonds between the hydroxyl groups 
and oxygen atoms of neighbouring ring molecules stabilise the cellulose chain 
and are responsible for the linear structure of the polymer chain [9]. 

 
Figure 1. Chemical structure of cellulose. 

Cellulose presents a complex hierarchical structure: linear cellulose chains 
aggregate to form elementary fibrils and these aggregate into microfibrils 
which in turn form larger macroscopic cellulose fibres which, combined with 
hemicellulose and lignin, form the cell walls of wood and higher plants 
(Figure 2) [9-11]. Extensive hydrogen-bond networks play an important role 
in the organisation of the hierarchical structure, and increase the stiffness of 
the cellulose fibrils [9].  

There are regions in the cellulose fibrils where the cellulose chains are 
arranged in a highly ordered structure (crystalline regions) and regions where 
the chains are disordered (amorphous regions) [9].  

 16 
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Figure 2. Hierarchical structure of cellulose in the cell wall of wood (adapted from 
Isogai et al. [11], according to Moon et al. [9]). 

According to the crystalline form, four cellulose polymorphs (I, II, III and IV) 
have been described [10]. Cellulose I, also called native cellulose, is the 
polymorph found in nature. It is classified as cellulose I
cellulose I -bonding pattern [12]. Cel-

 
main form in higher plants [9]. Cellulose II can be formed from cellulose I by 
mercerisation (aqueous sodium hydroxide treatment) or regeneration (solu-
bilisation and recrystallisation); it is considered the most stable crystalline 
form [2, 9]. Cellulose III  and III  can be obtained from cellulose I and 
cellulose II, respectively, by treatment with ammonia [10]. Cellulose IV can 
be produced by modifying cellulose III [10].  

The morphology and crystalline structure of cellulose fibrils varies with the 
source of the cellulose material and the extraction process used; for example, 
wood cellulose fibres have a relatively low crystalline content (43-65%,) 
while the crystallinity of cellulose fibrils extracted from Cladophora sp. algae 
can reach 100% [9, 13].  

Nanocellulose 
Cellulose fibrils or crystallites with at least one dimension on a nanoscale are 
termed nanocellulose [3]. Nanocellulose not only possesses the properties of 
cellulose, such as mechanical strength, good potential for chemical modifi-
cation and biocompatibility, but it also has nanoscale characteristics like a 
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high specific surface area, and mechanical, rheological and optical properties 
that can be tailored [1, 3, 14]. With the development of nanotechnology and 
the increasing concerns about resource sustainability, nanocellulose has been 
attracting attention, and is emerging as a promising material for a wide range 
of applications, e.g. in tissue engineering [15-17], electronic devices [18-20], 
food packaging [21-23] and medical devices [24-27].  

Nanocellulose materials can be broadly classified according to their source 
and dimensions: nanofibrillated cellulose (NFC), cellulose nanocrystals 
(CNC), bacterial cellulose (BC) and algae cellulose (AC) (Figure 3). 

Nanofibrillated cellulose 
NFC, also known as microfibrillated cellulose or cellulose nanofibrils, is 
mainly obtained from wood via mechanochemical or mechanoenzymatic 
treatment of wood pulp. In 1983, Turbak et al. [28] and Herrick et al. [29] 
were first to extract NFC from wood pulp. They used a high shear mechanical 
homogenisation technique but the high energy consumption of this process 
impeded the successful commercialisation of NFC in the 1980s. Subsequent 
developments have resulted in various methods of pre-treating the fibre, 
which have reduced the energy consumption by up to 98% [8]. Pre-treatments 
can be divided in two broad categories: (i) mild acid or enzymatic hydrolysis 
and (ii) introduction of electrostatic repulsion between the fibres. The latter is 
commonly achieved by chemically modifying the fibrils to produce anionic 
surface charges, e.g. carboxymethylation or 
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation [10].   

NFC consists of both individual and aggregated nanofibrils. The elemen-
tary fibril is 3-5 nm in diameter and is about 500-1000 nm long, while the 
aggregates are in the range of 20-50 nm in diameter [9, 10]. NFC contains 
both amorphous and crystalline regions. 

NFC forms gels at very low concentrations in water; the rheology of the 
gels is one of the key properties allowing NFC to be used in structuring food 
and stabilising dispersions [8]. Thin films of NFC can be prepared by filtering 
the gel suspensions or by dispersion casting [1]. Properties such as high ten-
sile strength, low thermal expansion and the formation of an oxygen barrier 
offer potential for NFC films in food and pharmaceutical packaging, elec-
tronic devices, and printing applications [10, 30-32].  

Cellulose nanocrystals 
Acid hydrolysis of native cellulose removes the amorphous regions of the 
cellulose while preserving the highly crystalline area; this results in rod-like 
CNC. CNC (also known as nanocrystalline cellulose or cellulose whiskers) 
have a relatively high degree of crystallinity (54-88%) and are typically 5-30 
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nm in diameter and 100 nm to 1-2 μm in length, depending on the source [7, 
33].  

As a result of their distinctive properties, such as high specific strength and 
modulus, high surface area and unique optical properties, CNC have many 
useful applications as mechanical reinforcing agents, drug delivery vehicles, 
templates in the synthesis of nanocomposite material and protein immobili-
sation substrates [4, 34-38]. 

Bacterial cellulose 
In contrast to the top-down approaches used to obtain NFC and CNC, BC is 
synthesised from glucose or other carbon sources by various bacteria (e.g. 
Gluconacetobacter xylinus) [39]. Typically, a BC fibril has a diameter of 
20-100 nm and is several microns in length, with different morphologies 
depending on the type of bacteria and the culturing conditions [7, 9]. For 

controlling the conditions of the culture.  
Characteristics such as its extremely hydrophilic surface, high tensile 

strength, and biological affinity make BC a very interesting material for bi-
omedical applications, for example as a wound dressing, antimicrobial mate-
rial, or tissue engineering scaffold [40-45]. BC has also been used in industrial 
applications such as sewage purification and in electrical, magnetic and op-
tical composite materials [46-49].  

Algae cellulose 
A less common but very valuable and distinct category of nanocellulose is the 
AC extracted from green algae such as Cladophora, Micrasterias denticulata, 
Siphonocladales, Valonia and Boergesenia [9, 50]. The nanocellulose ex-
tracted from the cell wall of Cladophora algae consists of 10-30 nm thick 
elementary fibrils with an extraordinarily high degree of crystallinity (ap-
proximate 100%), high specific surface area in the dry state (100 m2g-1 or 
higher), and excellent mechanical and rheological properties [50]. These 
unique properties endow Cladophora nanocellulose (CC) with great potential 
in a wide range of applications, such as reinforcement fibres in construction 
materials, drug carriers, rheology enhancers and energy storage composite 
materials [51-55].  
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Figure 3. Micrographs of several members of the nanocellulose family. a) Trans-
mission electron microscopy (TEM) image of NFC [56], b) TEM image of wood CNC 
[9], c) Scanning electron microscopy (SEM) image of CC [50], d) SEM image of BC 
[57]. Reprinted with permission from the publishers. 

Nanocellulose surface modification 
The physicochemical properties of nanocellulose can be changed by modi-
fying the surface characteristics, which in turn can be exploited to develop 
specific applications [3, 9]. 

Surface modification of the nanofibrils and nanocrystals can be achieved 
either by direct chemical modification or by physical interactions with or 
adsorption of molecules onto the fibrillar or crystalline surface [58]. 

Nanocellulose can be chemically modified by introducing surface charges 
or covalently bound molecules. Surface charges are typically introduced 
during the preparation of nanocellulose, usually as part of the pre-treatment 
phase where, as mentioned above, adding a repulsive charge facilitates the 
fibrillation process. The chemical modifications take advantage of the hy-
droxyl groups on the surface of the cellulose. For example, etherification of 
the hydroxyl groups with epoxypropyltrimethylammonium chloride 
(EPTMAC) results in hydroxypropyltrimethylammonium (HPTMA) groups 
on the nanocellulose fibrils [59]. Monochloroacetic sodium salts convert the 
hydroxyl groups to carboxymethyl groups through acylation [60], while 
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TEMPO-mediated oxidation is typically used to selectively oxidise the cel-
lulose C6 hydroxyls to carboxylates [11, 61].  

The introduction of molecules or macromolecules via covalent bonds, 
adsorption or physical interactions usually takes place later in the manufac-
turing process, with the aim of improving the properties of the nanocellulose 
or achieving new properties [10]. For example, adsorption of surfactants onto 
the nanocellulose surface is used to improve its dispersibility in organic me-
dia, and the addition of hydrophobic molecules has been explored with the 
aim of improving the compatibility of NFC with non-polar polymers [62]. 
Other late-process modifications have been used to endow nanocellulose with 
specific functions for use in biomedical applications. For example, NFC has 
been grafted with octadecyldimethyl(3-trimethoxysilylpropyl)ammonium 
chloride to obtain an antibacterial film [63], and BC membranes with anti-
microbial properties have been obtained through chemical grafting of ami-
noalkyl groups onto the nanofibrillar network [64].   

Nanocellulose in biomedicine 
In recent years there has been increasing interest in the use of nanocellulose in 
the biomedical field. There are several possible reasons for this phenomenon: 
production costs are relatively low compared with other biopolymers, cellu-
lose is widely available, the sources are sustainable and the material has 
outstanding mechanical properties, has a high specific surface area, presents  
broad possibility of chemical modifications, is biocompatible and lacks tox-
icity [6, 7]. 

Of the members of the nanocellulose family, BC has been most widely 
studied in a broad range of biomedical applications, followed by CNC, NFC 
and AC; the latter two are relatively novel materials in the biomedical field.  

The following section summarises some of the latest advances in the de-
velopment of nanocellulose-based biomedical materials for diverse applica-
tions.  

Tissue engineering and cellular culture 
Because its mechanical properties are similar to those of natural tissues and 
because of its potential biocompatibility, nanocellulose is a promising can-
didate material for cell attachment and proliferation [7]. 

BC has been explored for use in tissue engineering because of its low cy-
totoxicity, high porosity and 3D network. Studies performed to date include 
those on its use in the form of membranes [65], hydrogels [66] and composites 
with bioactive compounds [67] or conductive polymers [68]. Surface modi-
fications such as protein coatings [69], plasma treatment [70] and introduction 
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of surface charges [71, 72] have also been explored with the aim of enhancing 
cell attachment. 

Researchers in the field who have studied the effect of orientated CNC 
surfaces on cell growth, have found that these scaffolds can direct cell mor-
phology [17] and cellular organisation [73]. CNC have also been used to 
improve the thermal stability and mechanical properties of some scaffolds 
[74].   

The possibility of using NFC hydrogels as tissue engineering scaffolds has 
been investigated recently. Lou et al. and Bhattacharya et al. explored the use 
of NFC hydrogels as flexible 3D scaffolds on which to culture stem cells [75] 
and hepatic cells [76], respectively. In a different approach, Zander et al. 
prepared a metal cross-linked NFC hydrogel scaffold, modified by the addi-
tion of fibronectin, that supported the growth of fibroblast cells [77]. 

Drug delivery 
Cellulose has a long history of being used as an excipient to control 
drug-release rates and subsequent drug concentrations. Drug-delivery systems 
based on nanocellulose investigated in recent years have shown promising 
results [7]. Drug carriers based on nanocellulose particles, hydrogels and 
membranes have been evaluated with a wide range of drugs and loading 
strategies [53, 78-85]. However, potential interactions between the drugs and 
nanocellulose, the effects on drug stability, and the effects on drug release still 
need to be investigated [86]. 

Medical implants and substitute materials 
The use of BC as a material for replacing damaged blood vessels has shown 
encouraging results in vitro [87-89] and in vivo [90, 91]. The material appears 
to have mechanical properties that resemble those of the blood vessels and 
low thrombogenicity [89]. Further, the biosynthetic procedure can be con-
trolled to obtain BC tubes with specific dimensions and mechanical properties 
[92]. 

BC has also found potential applications in the field of soft tissue re-
placement. For example, a BC/polyacrylamide gel has been described as an 
attractive candidate for ligament replacement because of its similar potential 
for elongation and tensile fracture strength to those of ligaments [26], while 
BC gel has been proposed as a material for meniscus implants [93]. 

The use of NFC in composites has been investigated for ligament or tendon 
substitutes [94, 95] and for the replacement of human nucleus pulposus [96]. 
Studies have shown that the mechanical properties of the NFC nanocomposite 
are comparable to those of natural ligaments and tendons and that the material 
has good biocompatibility in vitro [94, 95].     
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Wound healing dressings 
The application of nanocellulose, especially BC, in the treatment of wounds is 
a popular area of research. BC membranes have many of the properties re-
quired for an ideal wound-care dressing (e.g. high water-holding capacity, 
high elasticity and conformability, and high mechanical strength) [97]. Sev-
eral commercial wound-dressing products based on BC, such as XCell®, 
Bioprocess® and Biofill®, have been launched [6].  

The use of NFC in the treatment of wounds has been suggested [98-100]; 
however, investigations are still at a fundamental stage.  

Antimicrobial materials 
Interest in using nanocellulose for treating or preventing bacterial infections is 
based on the fact that it can provide a porous network beneficial for potential 
transfer of antibiotics and it can also act as a physical barrier [7]. Since 
nanocellulose itself has no antimicrobial properties, antimicrobial agents (e.g. 
silver nanoparticles, lysozyme) need to be incorporated. Another approach is 
to chemically modify the nanocellulose material to obtain the desired anti-
microbial effect. Some examples of investigated nanocellulose-based mate-
rials with antimicrobial activities include: cellulose acetate nanofibre fabrics 
containing an N-halamine antimicrobial agent [101], aminoalkyl-grafted BC 
films [64], CNC nanohybrid materials containing dendritic nanostructured 
silver [102] and amino-modified NFC [103].  

The study of the biocompatibility of nanocellulose becomes mandatory if the 
use of nanocellulose in medical applications such as those described above is 
to be investigated.  

Biocompatibility  
The definition of biocompatibility is “the ability of a material to perform with 
an appropriate host response in a specific application” [104]. Thus, a bio-
compatible material is expected to perform its desired function according to a 
medical therapy without eliciting any undesirable local or systemic effects, 
while generating the most appropriate beneficial biological response [105].  

The biological response (cell proliferation, inflammation, remodelling of 
tissues, toxicity) will be greatly influenced by the physicochemical properties 
of the material. Therefore, in order to design biomaterials that elicit appro-
priate biological responses in specific applications, it is essential to under-
stand the effects of the physicochemical properties on the biocompatibility of 
the material and the effects of each individual property on the other properties 
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[106]. Figure 4 lists some of the characteristics of biomaterials that are ex-
pected to influence the biological response [105]. 

Material

Biological 
system

Micro- or nanostructure, morphology

Crystallinity

Macro-, micro- and nano-porosity

Surface chemical composition Surface topography

Surface energy

Surface charge

Leachables, contaminants and their toxicity

 
Figure 4. Some of the properties of biomaterials that could affect the biological 
response.  

Protein adsorption plays a key role in the biological response to biomaterials. 
It has been well established that the biomaterial surface is immediately coated 
with proteins when it comes into contact with biological systems, e.g. after 
material implantation or in an in vitro cell culture. The process of protein 
adsorption onto artificial surfaces has been characterised as involving rapid 
kinetics, monolayer adsorption and competitive adsorption [107]. The type, 
amount and conformation of the adsorbed proteins are influenced by the 
surface properties of the biomaterial (Figure 4); cells then sense the foreign 
surface through the layer of adsorbed proteins rather than sensing the surface 
itself [108]. 

Although nanocellulose is described as biocompatible, this needs to be 
further investigated in order to account for the different types of nanocellulose 
and their use in specific applications. The raw material, the extraction method, 
and the early and late modifications to the material all determine the proper-
ties of the nanocellulose [10], with the potential to greatly affect the bio-
compatible profile.  

Biocompatibility evaluation
A central aspect in the assessment of biocompatibility is to evaluate the cel-
lular response to the biomaterial. This can be done by means of in vitro and in 
vivo assays. In vitro assays are first selected to screen and compare materials 
during the development stage and to provide information on any potential in 
vivo cell and tissue responses. Although in vitro assays give only a simplified 
view of the complex in vivo milieu, they do have advantages such as easy 
operation, repeatability, reproducibility and efficiency [109]. Economic and 
ethical issues are also taken into consideration when choosing in vivo assays at 
later stages.  

In vitro assays for assessing the biological response to biomaterials use cell 
model systems and either direct or indirect methods, depending on the way the 
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cells are exposed to the biomaterial. In an indirect test (also called an elution 
test), cells are exposed to an extract solution of the material. This evaluates the 
toxicity of potential leachables (e.g. degradation products or remaining rea-
gents from material synthesis). In direct tests, cells are in direct contact with 
the material during culture. This approach allows evaluation of the effects of 
properties such as the chemistry, surface topography and porosity of the 
biomaterial on the cell response. In both types of tests, the cell response is 
generally assessed in terms of cell viability, morphology, protein secretion, 
enzyme activity, etc. [109]. The selection of the cell model mainly depends on 
the potential application of the biomaterial and the aim of the assay [109].  
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Materials  

The nanocellulose materials studied in this thesis were NFC and CC.  
The NFC was prepared by enzymatic pre-treatment of bleached sulfite 

softwood pulp and is referred to hereafter as unmodified NFC (u-NFC). NFC 
was also modified by the addition of carboxymethyl or HPTMA groups dur-
ing carboxymethylation and EPTMAC pre-treatments of the wood pulp, 
respectively. For simplicity, carboxymethylated NFC is referred to as anionic 
NFC (a-NFC) and HPTMA-modified NFC as cationic NFC (c-NFC; Figure 5). 
The NFC materials were provided as never-dried hydrogels by Innventia AB 
(Sweden). 

CC was derived from Cladophora sp. green algae using hydrochloric acid 
hydrolysis and was provided as a spray-dried powder by FMC Biopolymers 
(USA). The HPTMA and carboxyl groups were introduced onto the surface of 
unmodified CC (u-CC) by EPTMAC condensation [to form cationic CC 
(c-CC)] and TEMPO-mediated oxidation [to form anionic CC (a-CC)], re-
spectively (Figure 5).  

Thin films of the nanocelluloses were prepared by vacuum filtration of 
nanocellulose water suspensions, followed by air-drying at room temperature 
and 50% relative humidity. These films were used for specific surface area 
analyses, pore size distribution measurements, water-content analyses, scan-
ning electron microscopy (SEM), atomic force microscopy (AFM) and bio-
compatibility studies. 

 
Figure 5. Chemical structures of the nanocellulose materials under study. Adapted 
from Carlsson [110]. 

 26 



Methods 

This section provides an overview of the methodologies employed in this 
thesis. A complete description of the experimental details can be found in the 
materials and methods sections of the appended papers. 

Nanocellulose modification 
Cationisation of NFC and CC 
In order to introduce cationic charges to the nanocelluloses, EPTMAC was 
used to produce HPTMA groups on the fibril surfaces of NFC and CC through 
etherification. In the reaction, the epoxy moiety of EPTMAC was added to 
alkali-activated hydroxyl groups of nanocellulose through nucleophilic addi-
tion (Figure 6). 

 
Figure 6. Reaction scheme for surface modification of nanocellulose with EPTMAC 
(NC = nanocellulose).  

Carboxymethylation of NFC 
Anionic surface-charged NFC was obtained through acylation of the hydroxyl 
groups with monochloroacetic sodium salts. As shown in Figure 7, the hy-
droxyl groups of NFC were activated with alkali, and indiscriminately con-
verted to carboxymethyl groups with monochloroacetic sodium salt. 

 
Figure 7. Reaction scheme for carboxymethylation of NFC.  
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TEMPO-mediated oxidation of CC 
The introduction of anionic charges onto the surface of CC fibrils was carried 
out through TEMPO-mediated oxidation. In this reaction, TEMPO was oxi-
dised to an oxoammonium cation by NaBrO. The C6 hydroxyls of CC were 
selectively oxidised to carboxylates by the oxoammonium cations (Figure 8 
(A)). In Paper IV, an electrochemical approach was used instead of NaBrO to 
regenerate the oxoammonium cation (Figure 8 (B)). CC fibrils containing 
different amounts of carboxyl groups were obtained through electrochemical 
TEMPO-mediated oxidation by controlling the quantity of charge passed 
through the electrolysis setup. Charge quantities corresponding to 20, 90, 250 
and 430 C were used to obtain the different a-CC materials studied in Paper 
IV, herein referred to as a-CC (Q20), a-CC (Q90), a-CC (Q250) and a-CC 
(Q430), respectively.  

 28 



 
Figure 8. TEMPO-mediated oxidation of nanocellulose through the TEM-
PO/NaBr/NaClO system (A), or an electrochemical approach (B). Adapted from 
Carlsson et al. [111] with permission from the publisher.  

Material characterisation 
The nanocellulose materials were thoroughly characterised according to the 

-potential, specific 
surface area, pore size distribution, total pore volume, degree of crystallinity, 
water content and surface topography.  
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Quantification of surface modifications (Papers II, III, IV) 
Conductometric titration was carried out to quantify the number of carboxyl 
groups in u-NFC, u-CC, a-NFC and a-CC samples. For these measurements, 
the carboxyl groups on the nanocellulose fibres were first converted to the 
un-ionised form by addition of HCl to a pH <3, followed by NaOH titration. 
The electrolytic conductivity of the reaction mixture was continuously mon-
itored during the titration process. The conductometric curve for weak acid 
titration is characterised by three distinct phases (Figure 9). In phase 1, the 
conductivity of the mixture decreases when the excess of free H+ ions in the 
medium (from the addition of strong acid, i.e. HCl) is neutralised by NaOH. In 
phase 2, as the volume of added titrant is increased, NaOH is consumed for 
weak acid (i.e. COOH present on the surface of the nanocellulose) titration, 
while the conductivity of the medium remains more or less unchanged, 
forming a plateau. In phase 3, continued addition of NaOH results in a rapid 
increase in conductivity due to excess OH- ions. The carboxyl groups are then 
quantified from the volume of consumed titrant in the plateau region in phase 
2, as shown in Figure 9 [112].  

Strong acid groups Carboxyl groups

Phase 1

Phase 2

Phase 3

 
Figure 9. Conductometric titration curve and illustration of the quantification of 
carboxyl groups.  

The number of HPTMA groups in c-CC was determined by carbon, hydrogen 
and nitrogen (CHN) analysis. The CHN analysis was accomplished by 
combustion, in which the samples were completely oxidised by burning them 
in an enriched atmosphere of oxygen. The combustion products, i.e. carbon 
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dioxide, water and nitric oxide, were collected, and the masses of these 
products were determined. 

The amount of HPTMA groups in c-NFC was determined by elemental 
analysis of total nitrogen using an Antek MultiTek nitrogen, sulphur and 
halides analyzer.  

Since there is normally no nitrogen in unmodified nanocellulose, the per-
centage by weight of nitrogen found in the studied samples was correlated to 
the number of HPTMA groups on c-NFC and c-CC. 

Fourier transform infrared (FTIR) spectroscopy (Paper IV) 
Infrared spectroscopy, based on the absorption by molecules of specific fre-
quencies in the infrared region of the electromagnetic spectrum, provides 
information on specific chemistries and the orientation of chemical structures. 
A typical infrared spectrum shows infrared light absorbance (or transmittance) 
on the vertical axis against frequency or wavelength on the horizontal axis. 
Outstanding signal-to-noise ratios and spectral accuracy can be achieved 
when a Fourier transformation is used to convert the raw data into the actual 
spectrum. In this thesis, FTIR spectroscopy was used predominantly to iden-
tify the carbonyl groups on a-CC, using the characteristic band at around 
1690-1730 cm-1. 

-potential measurements (Papers I and IV) 
-potential is the electric potential between the dispersion medium and 

the stationary layer of fluid surrounding the particle. It reflects the net elec-
-potential of the 

nanocelluloses was measured using dynamic light scattering (DLS). Nano-
cellulose fibres were dispersed in an aqueous solution of NaCl with an electric 

-potential then migrated toward the 
electrode with the opposite charge in the electric field. Since the velocity 
determined by DLS is pro -potential, the 
-potential could be calculated according to the Smoluchowski theory [113].  

Specific surface area and pore size distribution (Papers I and IV) 
The specific surface area and pore size distribution of the nanocellulose films 
were determined based on nitrogen gas sorption analysis. The process of 
nitrogen gas adsorption onto the pore surface of solid materials can be de-
scribed by an adsorption isotherm in which the amount of adsorbed gas is 
taken as the function of relative pressure at a fixed temperature. In this thesis, 
nitrogen gas sorption isotherms were acquired using an ASAP 2020 instru-
ment (Micromeritics, USA). The specific surface area was calculated ac-
cording to the multipoint Brunauer-Emmett-Teller (BET) method [114] from 
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adsorption values in the relative pressure range between 0.05 and 0.30, while 
the pore size distribution was calculated using the Barrett-Joyner-Halenda 
(BJH) method [115], based on the nitrogen gas desorption data.  

Water content measurements (Paper I) 
Thermogravimetric analysis was performed to determine the water content of 
the nanocelluloses. In this analysis, the weight change was monitored when 
the sample was heated from room temperature to 800oC. The weight was 
recorded as a function of increasing temperature, which allowed the amounts 
of components in the sample to be quantified. The water content was deter-
mined as corresponding to the total weight loss of materials at 100oC. 

Degree of crystallinity measurements (Papers I and IV) 
X-ray diffraction (XRD) analysis was used to determine the degree of crys-
tallinity of the nanocelluloses. Considering that the cellulose contains crys-
talline regions, characteristic diffraction patterns with the interfering X-rays 
may occur within the crystal lattice. When the phase shift 2dsi ltiple 
of the wavelength, the waves interfere constructively, according to the Bragg 
Equation: 

 

where n denotes an integer,  is the wavelength of the X-ray, d is the lattice 
plane distance, and  is the angle between the incident X-ray beam and the 
crystal lattice plane. 

The crystallinity index (CrI) was calculated according to Segal et al.[116]. 
 

 

where I22° is the overall intensity of the peak at 2  = 22° and I18° is the intensity 
of the baseline at 2  = 18°. 

Surface topography analysis (Papers I and IV) 
The surface topography of the nanocellulose films was studied using SEM and 
AFM. In SEM, an electron beam scans the surface of the samples and the 
resultant signals from backscattered and secondary electrons can be detected. 
The signal intensity is a function of the sample’s topography and composition, 
and this can be used to produce an image replicating the topography of the 
sample surface.  
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In AFM, a tip mounted on a flexible cantilever arm scans the surface of a 
sample. Attraction and repulsion, as a result of Van der Waals and electro-
static forces between the tip and the sample, result in movements of the can-
tilever arm when scanning. These movements are then transformed to changes 
in the position of the laser reflection on a spatially resolved photosensitive 
detector and this is used to produce a surface topography image. 

Biocompatibility studies 
Cell models 
In this thesis, three cell models, i.e. human dermal fibroblasts (hDF), the 
THP-1 human monocytic cell line and the Saos-2 human osteoblastic cell line 
were used in biocompatibility studies of the nanocellulose films. In Paper I, 
hDF cells were used for the initial screening of the biocompatibility profile of 
the nanocellulose materials. In Papers II and III, the THP-1 cell line was 
used to study the responses of monocytes/macrophages, key players in the 
host reaction to biomaterials. Finally, in Paper IV, hDF and Saos-2 cells were 
used to study the responses of anchorage-dependent cells to changes in the 
surface charge density of a-CC.  

Human dermal fibroblasts 
Derived from primitive mesenchyme, fibroblasts are the most common cells 
in the connective tissue of animals. They are responsible for maintaining the 
structural integrity of the connective tissue by secreting the components of the 
extracellular matrix (ECM) and they play a critical role in wound healing. 
Human dermal fibroblast cells are widely used in evaluations of the bio-
compatibility of biomaterials [117-121].  

Human monocytic cell line 
The mononuclear-phagocyte system, which consists of monocytes and mac-
rophages, plays a key role in the foreign-body reaction to biomaterials. 
Monocytes are derived from haematopoietic stem cells in the bone marrow; 
they migrate into the body tissues via the blood stream. Under stimulation (e.g. 
injury or contact with foreign materials), monocytes can differentiate into 
macrophages, which contribute to the immune reaction through antigen 
presentation, phagocytosis and production of cytokines and growth factors 
[122]. Monocyte-derived macrophages can be polarised into two activation 
states, M1 macrophages and M2 macrophages [123]. M1 macrophages, re-
ferred to as classically activated macrophages, respond to patho-
gen-associated molecular patterns or to Th1 cytokines [124]. They produce 
high levels of pro-inflammatory cytokines, such as interleukin (IL)-6, IL-8, 
IL-12, IL-1 -
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as reactive nitrogen/oxygen species and various chemokines [125, 126]. 
Alternatively activated (M2) macrophages are important in processes such as 
suppression or regulation of inflammation, and pro-wound healing through 
expression of anti-inflammatory cytokines such as IL-10 and transforming 
growth factor [123, 127]. 

The THP-1 cell line is a valuable model for studying the biocompatibility 
of biomaterials in vitro with respect to wound healing or the foreign body 
reaction to implant materials [128-132]. Phorbol esters are generally used to 
differentiate THP-1 monocytes into macrophage-like cells, which resemble 
native monocyte-derived macrophages in their morphology, expression of 
membrane antigens and receptors, and secretion of cytokines [132]. 

Human osteoblastic cell line 
Osteoblasts are derived from multipotent mesenchymal stem cells. They are 
responsible for bone matrix formation by expressing several osteo-
blast-associated proteins such as alkaline phosphatase, collagen type I, oste-
ocalcin and bone sialoprotein [133, 134].  

The Saos-2 cell line was isolated from a bone cancer tumour from an 
11-year-old Caucasian girl in 1975. This cell line presents a mature osteoblast 
phenotype and has a similar cytokine and growth-factor-expression profile to 
that of human primary osteoblast cells [135, 136].   

Indirect cytotoxicity test 
Indirect cytotoxicity tests were used to evaluate the toxicity of compounds 
potentially leaching from the studied materials. In general, the test materials 
are extracted with culture medium for 24 h at 37oC and the extracted medium 
is then used to culture cells. Cell viability/proliferation is assessed after 24 h 
and when values are greater than 70% of the negative control, absence of 
cytotoxicity can be claimed [137]. 

The indirect tests described in this thesis were performed basically ac-
cording to the procedure described in the ISO-10993-5 standard [137] with the 
70 % cytotoxicity limit. 

Cell culture on nanocellulose films 
In order to investigate how the surface properties of the nanocellulose films 
influence cell behaviour, the selected cells were seeded onto the surface of the 
nanocellulose films and cultured for 24 h. Cells cultured on Thermanox® 

(TMX), a standard cell culture substrate, served as positive control; while 
cells cultured on TMX in the presence of 5% dimethyl sulfoxide (DMSO) 
were the negative control. Cell responses to the studied materials were eval-
uated in terms of cell viability, number of adherent cells and cell morphology; 
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in addition, for the THP-1 cells, the level of secreted cytokines in the culture 
medium was also measured.  

THP-1 monocytes were treated with phorbol 12-myristate 13 acetate 
(PMA) or left untreated. The PMA treatment differentiated THP-1 monocytes 
into macrophage-like cells resembling native monocyte-derived macrophages 
[132]. Thus, while untreated THP-1 cells were used to study the response of 
monocytes to the nanocellulose films, i.e. how monocytes would behave when 
recruited and encountering the material in an implantation site or wound, 
working with PMA-treated THP-1 cells allowed the response of mature 
macrophages to be studied [138]. The responses of monocytes and macro-
phages under lipopolysaccharide (LPS) stimulation were also investigated 
with the aim of determining whether the nanocellulose films could influence 
the cell response under pro-inflammatory conditions. 

Evaluation methods 
Alamar blue assay 
Alamar blue is a non-toxic metabolic indicator of cell growth. When added to 
cell cultures, the oxidised form of the alamar blue reagent is taken up by the 
cells and is converted to the reduced form by mitochondrial enzyme activity. 
The redox reaction is accompanied by a change in the colour of the dye solu-
tion from indigo blue to fluorescent pink. This change, which can be measured 
by colourimetric or fluorometric reading correlates with the number of met-
abolically active cells [139].  

Alamar blue was used to assess cell viability in the indirect toxicity tests 
and in the direct cell cultures on the CC films. The alamar blue reagent in-
teracted with the NFC films.  

Lactate dehydrogenase (LDH) assay 
LDH is a stable cytosolic enzyme that only passes the cell membrane when 
the membrane is damaged. LDH activity can be used to assess both non-viable 
and viable cells. For non-viable cells, LDH activity is measured in the cell 
culture medium, while the measurement of viable cells requires the cells to be 
lysed to release the LDH enzyme within the cell. The LDH assay measures the 
enzyme activity via the reduction of nicotinamide adenine dinucleotide (NAD) 
to NADH. The reduced form is used in the stoichiometric conversion of a 
tetrazolium dye and the resulting coloured compound is measured spectro-
photometrically.  

The LDH assay was used to assess the number of non-viable cells and 
viable adherent cells in the studies with the NFC materials. A control, in-
cluded to investigate if culture medium that had been in contact with the 
nanocellulose films could interfere with the LDH enzyme activity, revealed 
that the assay could not be used with the CC films.  
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Trypan blue assay 
Trypan blue is a vital dye used to selectively stain dead cells. Viable cells with 
intact plasma membranes do not uptake the dye, but it can enter dead cells 
through the damaged plasma membrane. Thus, when treated with trypan blue, 
dead cells show a distinctive blue colour under light microscopy.  

Trypan blue staining was used to estimate the viability of non-adherent 
cells in the monocyte/macrophage study with CC.  

Enzyme-linked immunosorbent assay (ELISA) 
ELISA is a solid-phase enzyme immunoassay that combines the specificity of 
antibodies and the sensitivity of enzyme assays to detect proteins (or other 
substances that have antigenic properties, like hormones and bacterial anti-
gens). The test compound is captured by the primary antibody, which is im-
mobilised onto the solid phase and detected by the secondary antibody in 
solution. Generally an enzyme is conjugated to the secondary antibody and, 
when the enzyme substrate (chromogen) is added, it is converted by the en-
zyme to a coloured product. Another approach is to use biotinylated detecting 
antibodies followed by enzyme-conjugated streptavidin [140].  

Commercially available ELISA kits were used to determine the concen-
tration of cytokines [TNF- -1 receptor antagonist (IL-1ra)] in the cell 
culture supernatants of THP-1 monocytes/macrophages cultured on the 
nanocellulose films.  
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Results and discussion 

This section summarises and discusses the results from Papers I to IV.  
Paper I systematically characterised the properties of neutral and posi-

tively and negatively charged films of nanocellulose from wood and green 
algae. hDF cells were used to address the correlation between the structure 
and surface chemistry of and biological response to the nanocellulose films. 

Paper II and Paper III further investigated the effects of modification of 
the nanocellulose surface on cell response, using monocytes and macrophages 
because of their central role in the host reaction to biomaterials. 

In Paper IV, the a-CC film was used to investigate the effects of surface 
charge density on the cell response and on other physicochemical character-
istics of the material (e.g. specific surface area, pore size, fibre alignment). 

The results for NFC and CC are presented separately. 

Nanofibrillated cellulose 

Characterisation 
The physicochemical properties of NFC with and without surface modifica-
tion (Paper I and Paper II) are summarised in Table 1.  

Table 1. Characterisation of the nanofibrillated cellulose materials. 

 u-NFC a-NFC c-NFC 

Functional groups (mmol g-1) 0.03a 0.53a 1.60b 
Surface area (m2 g-1) 0.1 <0.1 <0.1 
-potential at pH 7 (mV) -7.5 -27 26 

Water content at 100 oC (% w/w/)c 4.6 6.6 4.2 
Degree of crystallinity (%) 36 32 32 
a Carboxyl groups 
b Hydroxypropyltrimethylammonium groups 
c Samples pre-equilibrated at 42-43% relative humidity 

The introduction of carboxymethyl and HPTMA groups on a-NFC and c-NFC, 
respectively, was confirmed by quantification of the surface groups and 
-potential measurements at pH 7. As expected, u-NFC had low carboxyl 
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group content, most probably because of the presence of residual hemicellu-
lose. 

The surface modifications had no effect on the degree of crystallinity. 
However, the introduction of charges onto NFC resulted in non-porous films 
with densely packed fibres, in contrast to the web-fibrous structure observed 
in the u-NFC films (Figure 10). Moreover, the modified NFC films had lower 
specific surface areas than the unmodified film.  

A slight difference in water content was found between the films under 
study; a-NFC had the highest value (6.6% w/w), while u-NFC and c-NFC 
contained 4.6% w/w and 4.2% w/w, respectively.  

 
Figure 10. SEM micrographs of NFC films at ~75 kX magnification. Note the more 
densely packed fibres on the a-NFC and c-NFC films, compared with the web-fibrous 
structure of the u-NFC films. The insets show the corresponding films at ~1.5 kX 
magnification. Reprinted from Paper I with permission from the publisher.  

Biocompatibility studies  
Indirect cytotoxicity tests 
Results of indirect cytotoxicity tests for the potential release of toxic products 
from the NFC films (Papers I and II) showed that the cell viability values for 
both hDF and THP-1 cells were well above the toxicity limit established by 
the ISO standard [137] for extracts of u-, a- and c-NFC. The NFC films were 
therefore classified as non-cytotoxic for these cells, independently of the 
pre-treatment used during NFC production.  

Human dermal fibroblast response to NFC films 
When hDF cells were directly cultured on the surface of the NFC films (Pa-
per I), there was poor cell adhesion on the u-NFC and a-NFC films (Figure 
11). However, there was significantly increased cell adhesion when the cells 
were cultured on the c-NFC film, compared with the other NFC films and 5 % 
DMSO.  
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Figure 11. Adherent hDF cells on the NFC films. Cells cultured on TMX were the 
positive control and cells cultured on TMX in the presence of 5% DMSO were the 
negative control. There were significantly more adherent cells on c-NFC than on the 
negative control (p<0.05). The data represent the mean ± SE for n = 5. Reprinted from 
Paper I with permission from the publisher.  

SEM images confirmed the differences in cell adhesion between the NFC 
films and revealed that adherent cells on c-NFC had typical fibroblast mor-
phology, while cells on u-NFC and a-NFC were mainly round in shape (Fig-
ure 12).  
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Figure 12. SEM micrographs at ~1kX magnification of hDF cells cultured on u-NFC, 
a-NFC and c-NFC films, TMX and TMX in the presence of 5% DMSO for 24 h. 
Reprinted from Paper I with permission from the publisher. 

Thus, the addition of HPTMA groups to NFC resulted in a material with better 
cytocompatibility than that of the unmodified NFC and the carboxyme-
thyl-modified NFC. The effects of surface chemical groups on protein ad-
sorption and as a consequence on cell adhesion have been widely studied 
[141-143]. For fibroblasts in particular, the presence of -COOH and -NH2 
groups has resulted in strong cell adhesion and spreading while -OH groups 
promoted weak interactions between the cells and the surface of the material. 
This is most probably due to the increased adsorption of the adhesive proteins 
vitronectin and fibronectin on the -COOH and -NH2 surfaces [144]. The 
density of OH groups per unit surface also appears to be an important factor 
that affects cell adhesion [145, 146]. Thus, the partial substitution of OH 
groups could have improved cell adhesion. In our study, it was only -NH2 
groups, not -COOH groups, that promoted the adhesion of fibroblast cells to 
NFC. At first we thought that this might be related to a higher density of 
surface chemical groups on c-NFC, i.e. more surface -OH groups were sub-
stituted on c-NFC than on a-NFC. However, when fibroblasts were cultured 
on c-NFC with a similar group density (0.63 mmol g-1) to that on a-NFC, cell 
adhesion and spreading were not significantly different from those observed 
with high group density c-NFC (unpublished results).  

The water content measurements showed that the c-NFC film was slightly 
more hydrophobic than a-NFC. Hydrophobic surfaces are expected to bind 
higher amount of proteins than hydrophilic surfaces, which in turn affects the 
cell response [147]. Thus, it could be hypothesised that the differences in 
hydrophobic character of the modified films contributed to the distinct dif-
ferences in fibroblast response to the films. 
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Monocyte/macrophage response to NFC films   
The study with THP-1 monocytes (Paper II) showed that under LPS free 
condition, there was notable cell adhesion to the NFC films, and poor cell 
adhesion on TMX (Figure 13, (-) LPS).  
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Figure 13. Adherent THP-1 cells on NFC films and TMX with and without the 
addition of LPS, [(+) LPS and (-) LPS, respectively]. Cell adhesion to the NFC films 
was significantly higher than the values found for TMX (p<0.05). The data represent 
the mean ± SE for n = 3. Reprinted from Paper II with permission from the publisher. 

THP-1 monocytes are non-adherent cells that grow in suspension under typ-
ical culture conditions. Thus, the low number of adherent cells found on TMX, 
a standard cell culture material, was not surprising. However, when the cells 
were cultured on NFC films they encountered the required stimuli to become 
adherent. Although there were no significant differences in cell adhesion 
between u-NFC, a-NFC and c-NFC, SEM analysis of the morphology of the 
adherent cells revealed distinct patterns for the different materials (Figure 14, 
left panels). Cells on a-NFC formed clusters and had many short filopodia, 
while mainly single, rounded cells were observed on c-NFC. The cells on 
u-NFC appeared either singly or in small clusters and had few, short filopodia.  

 41 



 
Figure 14. SEM micrographs of THP-1 monocytes cultured for 24 h on u-NFC, 
a-NFC, c-NFC or TMX in the presence (right panels) and absence (left panels) of LPS. 
Reprinted from Paper II with permission from the publisher.  
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Evaluation of the levels of the pro-inflammatory cytokine TNF-
pro-inflammatory effect for both the a-NFC and u-NFC films, since cells 
cultured on these materials secreted significantly higher levels of TNF-
cells cultured on TMX, which serves as a blank for cytokine production by 
monocytes/macrophages [148]. The level of TNF-
on c-NFC was comparable to the values found for TMX (Figure 15a, (-) LPS). 
LDH activity was low in the cell culture supernatants of the NFC films, con-
firming that the measured levels of cytokines were not a consequence of 
passive release due to disruption of the cell membrane. 

The activation states revealed by the cytokine levels correlated well with 
the cell morphology of the adherent cells; they were highly activated on 
a-NFC, mildly activated on u-NFC and not activated on c-NFC.  

In terms of secretion of the anti-inflammatory cytokine IL-1ra, the results 
showed that cells cultured on c-NFC behaved similarly to those cultured on 
TMX, while a-NFC and u-NFC induced higher levels than the control (Figure 
15b, (-) LPS). IL-1ra has a modulatory effect on the function of 
pro-inflammarory cytokines, including TNF- e production of IL-1ra is 
up-regulated by such cytokines [149]. Therefore, the elevated IL-1ra levels 
observed for a-NFC and u-NFC were most probably a way of limiting the 
inflammatory response promoted by the materials, rather than a direct effect 
of the films on the secretion of the cytokine.  

 
Figure 15. The levels of (a) TNF- -1ra secreted by THP-1 monocytes 
cultured on u-NFC, a-NFC, c-NFC and TMX in the presence and absence of LPS in 
culture medium. * denotes a statistically significant difference from the control TMX 
(p<0.05). The data represent the mean ± SE for n = 3. Reprinted from Paper II with 
permission from the publisher.  

Cell adhesion to the materials was not affected by the presence of LPS (Figure 
13). However, the levels of TNF-
materials when the cells were stimulated with LPS. The a-NFC film induced 
secretion of the highest level of TNF- -NFC and TMX, while 
c-NFC induced the lowest level (Figure 15a, (+) LPS). The mild response of 
THP-1 cells to the pro-inflammatory stimulus when they were cultured on 
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c-NFC was also reflected in the morphology of the adherent cells (Figure 14, 
right panels). It can be speculated that the cationic surface of the film partially 
binds and neutralises the anionic LPS, moderating the secretion of TNF-
similar way to that of the cationic decapeptide polymyxin B [150].  

IL-1ra levels were also significantly higher in the presence of LPS for all 
studied materials (Figure 15b). LPS stimulates monocytes/macrophages to 
produce IL-1ra [151], which explains the higher values observed for 
TMX/LPS than for the unstimulated condition, while the levels observed for 
a-NFC and u-NFC were most probably a response to the pro-inflammatory 
effect of the materials. 

The study with THP-1 macrophages showed that there were no significant 
differences among the NFC types in terms of cell adhesion (unpublished 
results). The cells adhered in great numbers to all the studied materials (Figure 
16a).  

Figure 16. THP-1 macrophages cultured on NFC films and TMX for 24 h: (a) ad-
herent cells, (b) and (c) TNF- -1ra levels, respectively, secreted by THP-1 
macrophages. (-) LPS and (+) LPS indicate absence and presence, respectively, of 
LPS in the culture medium. * denotes a statistically significant difference versus the 
control TMX (p<0.05). The data represent the mean ± SE for n = 3.   

The patterns of TNF- -1ra secretion by THP-1 macrophages, in the 
presence and absence of LPS (Figure 16 b and c), were similar to those de-
scribed earlier for THP-1 monocytes. Thus, mature macrophages responded to 
the NFC materials similarly to monocytes, i.e. macrophages were activated 
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toward a pro-inflammatory state by a-NFC, while u-NFC promoted moderate 
activation and c-NFC did not promote significant activation of the cells.  

It can be speculated that the different surface groups on the NFC materials 
were responsible for the observed responses. The mechanisms by which 
chemical groups affect the adhesion and/or activation of mono-
cytes/macrophages are not yet fully understood, although several theories 
have been published [152-154]. Some authors believe that mono-
cytes/macrophages sense the material's surface chemistry and react to it di-
rectly [155], while others suggest that the cells respond to the layer of ad-
sorbed proteins on the material, and that the characteristics of these proteins 
(type, amount and conformation) are determined by the surface chemistry, i.e. 
an indirect effect of the surface groups of the material on cell response [153, 
154, 156]. The presence of HPTMA groups on the NFC films seemed to have 
a passivating effect on monocyte/macrophage activation, although cell adhe-
sion was promoted. As proposed by Young et al., adhesion and activation of 
monocytes on a biomaterial surface may be mediated by different lig-
and-receptor interactions [157]; thus, it could be hypothesised that mono-
cytes/macrophages found a protein layer on c-NFC that promoted interactions 
with the adhesion receptors of the THP-1 cells but did not favour interaction 
with the activation receptors. Similarly, the surface chemistry on a-NFC and 
u-NFC resulted in a different composition and/or conformation of adsorbed 
proteins, which promoted both adhesion and activation of the cells.   

To summarise, the studies with NFC showed that HPTMA-modified NFC 
(c-NFC) films are more cytocompatible with hDF cells than u-NFC and 
carboxymethylated NFC (a-NFC). Further, the changes in the surface charged 
groups influenced the monocyte/macrophage activity: carboxymethyl groups 
resulted in NFC that promoted inflammation, while HPTMA groups had a 
passivating effect in terms of inflammatory response. Regarding physico-
chemical properties, the introduction of charges resulted in nonporous films 
with more densely packed fibres and decreased specific surface area com-
pared to the u-NFC film. 

Cladophora nanocellulose  

Characterisation 
Carboxyl and HPTMA groups were successfully introduced onto the CC 
fibres as determined by conductimetric titration and CHN analysis, respec-
tively. Table 2 shows the surface charged group density and a summary of the 
characterisation results (Papers I and III). The chemical modifications did 
not alter the degree of crystallinity of the materials. However, the introduction 
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of functional groups onto the CC fibres markedly decreased the specific 
surface area and the average pore size compared with the unmodified mate-
rial.  

Table 2. Characterisation of the Cladophora nanocellulose materials.   
 u-CC a-CC c-CC 
Functional groups (mmol g-1) 0.04a 0.45a 0.29b 
Surface area (m2 g-1) 102 77 70 
-potential at pH 7 (mV) -12 -41 31 

Water content at 100 oC (% w/w/)c 1.3 1.7 1.9 
Degree of crystallinity (%) 92 93 94 
Average pore size (nm) 18 9 10 
a Carboxyl groups 
b Hydroxypropyltrimethylammonium groups 
c Samples pre-equilibrated at 42-43% RH 

SEM micrographs of the CC films revealed differences in the nanofibre 
structure between the studied materials. The a-CC fibres were aggregated, 80 
nm in width and co-axially aligned, while the nanofibres in the c-CC and 
u-CC films were 25 nm in diameter and randomly oriented (Figure 17). 

 
Figure 17. SEM micrographs of CC films at ~75 kX magnification. The modified 
films were less porous than the unmodified film. Observe the unique co-axially 
aligned fibril aggregates on the a-CC film surface. The insets show the corresponding 
films at ~1.5 kX magnification. Reprinted from Paper I with permission from the 
publisher. 

Biocompatibility studies 
Indirect toxicity tests 
The results of the indirect cytotoxicity tests (Papers I and III) showed that 
the CC films were not cytotoxic to the hDF and THP-1 monocyte cells, re-
gardless of the chemical treatment to which the materials had been subjected.   

Human dermal fibroblast response to CC films 
In Paper I, the viability of hDF cells cultured on u-CC, a-CC and c-CC films 
was determined by the alamar blue assay (Figure 18). Cell viability on the 
a-CC film was comparable to that on the control TMX. However, cell viability 
was poor when hDF were cultured on the u-CC and c-CC films.  
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Figure 18. Cell viability of adherent hDF cells cultured on CC films. TMX was the 
positive control and cells cultured on TMX in the presence of 5% DMSO were the 
negative control. No statistically significant difference was found between a-CC and 
TMX (p>0.05). The data represent the mean ± SE for n = 5. Reprinted from Paper I 
with permission from the publisher. 

SEM analysis of the morphology of the adherent cells confirmed the good 
biocompatibility of the a-CC film. Cells adhered in great numbers to the a-CC 
films, with typical fibroblast morphology, as was also observed for the control 
TMX, while only a few, round cells were found on the surface of u-CC and 
c-CC films (Figure 19).  
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Figure 19. SEM micrographs at ~1kX magnification of hDF cells culture on u-CC, 
a-CC, c-CC, TMX and TMX in the presence of 5% DMSO for 24 h. Reprinted from 
Paper I with permission from the publisher. 

Thus, a-CC films presented a cytocompatible surface, which promoted hDF 
adhesion and spreading, while u-CC and c-CC films did not provide favour-
able environments for fibroblast growth. The characterisation study showed 
that the chemical modification of u-CC not only altered the surface chemical 
groups and charges but also resulted in materials with different specific sur-
face areas, surface topographies, fibre dimensions and pore size distributions. 
All these properties directly or indirectly influence cell responses [158-162], 
which explains the difficulty in assigning the observed cell response to one 
single parameter. However, some hypotheses can be drawn.  

As mentioned earlier, surfaces modified with -COOH and –NH2 groups 
promoted fibroblast adhesion, most probably because of high adsorption of 
the adhesive proteins vitronectin and fibronectin [144]. However, for CC 
surfaces, only the COOH, but not the NH2, groups promoted fibroblast adhe-
sion and spreading. It has been recognised that the scale and type of ordered 
nanotopography influence cell behaviour, i.e. cell adhesion, proliferation, 
morphology and differentiation [160]. Thus, the unique nanofibril structure of 
the a-CC films might have played an important role in the observed cell re-
sponse. Several authors have studied the effect of the diameter of the nano-
fibres on fibroblast behaviour in particular [163-165], while ordered struc-
tures have been described as a prerequisite for cell viability on anchor-
age-dependent cells [158, 161, 162]. Therefore, it makes sense to believe that 
the aggregation and co-axial alignment of the nanofibres found in the a-CC 
films represented a favourable ordered nanostructure for fibroblast adhesion 
and proliferation.  

In connection with this, the influence of carboxyl group density on the 
nanofibre structure and on cell behaviour was further investigated in Paper 
IV. The overall goal was to try to identify the most important parameter 
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responsible for the cell response. The results are discussed in detail later in 
this section. 

Monocyte/macrophage response to CC films 
In both monocyte and macrophage experiments (Paper III), it was found that 
in the absence of LPS the modified materials promoted cell adhesion, while 
very few cells adhered to the u-CC film (Figure 20, (-) LPS). When cell via-
bility was evaluated in the culture supernatants, it was found that only the 
u-CC films impaired the viability of the THP-1 monocytes and macrophages. 
This was probably due to the presence of impurities, since when u-CC was 
treated with NaOH, the cell viability of THP-1 monocytes was comparable to 
that of the control TMX (unpublished results). 

There was a significant difference between a-CC and c-CC in the number 
of adherent monocytes, but not in the number of macrophages (Figure 20). 
This indicated that THP-1 monocytes were more sensitive than differentiated 
macrophages to the differences between the modified materials, probably 
because THP-1 monocytes need specific stimuli to become adherent [132] 
while macrophages are prone to adhesion.  

 
Figure 20. The number of adherent viable cells when (a) THP-1 monocytes and (b) 
macrophages were cultured on CC films and TMX in the presence (+ LPS) and 
absence (- LPS) of LPS for 24 h. The data represent the mean ± SE for n = 3. Re-
printed from Paper III with permission from the publisher. 

The levels of TNF- -1 
monocytes, were low, irrespective of the type of CC film, and were compa-
rable to those for the control TMX (Figure 21a, (-) LPS). Thus, under un-
stimulated conditions, none of the CC films activated the THP-1 monocytes to 
a pro-inflammatory state.  
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Figure 21. The levels of (a) TNF- -1ra secreted by THP-1 monocytes 
cultured on u-CC, a-CC, c-CC and TMX in the presence and absence of LPS in 
culture medium. * denotes a statistically significant difference from the control TMX 
(p<0.05). The data represent the mean ± SE for n = 3. Reprinted from Paper III with 
permission from the publisher. 

The cell morphology of the adherent cells on the CC materials did not reveal 
signs of activation either, i.e. they were mainly single, rounded cells with 
some degree of membrane ruffling but no filopodia (Figure 22, left panels).   
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Figure 22. SEM micrographs at ~3kX magnification of THP-1 monocytes cultured 
for 24 h on u-CC, a-CC, c-CC and TMX in the presence (right panels) and absence 
(left panels) of LPS. Reprinted from Paper III with permission from the publisher. 
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LPS stimulation did not significantly affect the patterns of cell adhesion or the 
cell viability results. The levels of TNF-
with the CC films than with the control TMX/LPS (Figure 21a, (+) LPS). 
Thus, the modified materials modulated the inflammatory response of the 
THP-1 monocytes in LPS-induced conditions, with the a-CC film showing a 
more marked inhibition of TNF- -CC film. However, 
with respect to the effects of the CC films on the secretion of the an-
ti-inflammatory mediators, it was found that none of the CC materials pro-
moted significant release of IL-1ra, either with or without LPS (Figure 21b).  

Investigation of the inflammatory response of mature macrophages to the 
CC films showed the same pattern as seen for monocytes: CC materials were 
inert without LPS and promoted a significant decrease in the levels of TNF-
in the presence of LPS compared with the control TMX/LPS. Macrophages 
cultured on the CC films did not show an increase in the levels of IL-1ra 
secretion relative to TMX, either with or without LPS. 

A decrease in the levels of pro-inflammatory cytokines together with a 
significant increase in anti-inflammatory mediators indicates macrophage 
polarisation to the M2 type (referred to as alternative or anti-inflammatory 
cells) [166]. The modified CC materials produced a marked reduction in the 
levels of TNF-
secretion of IL-1ra. Therefore, although the CC materials may have an an-
ti-inflammatory effect under the conditions of this study, macrophage re-
polarisation to M2 by the CC materials cannot be claimed. 

In summary, under LPS-free conditions, CC films behaved as inert mate-
rials in terms of the inflammatory response of both monocytes and macro-
phages, independently of the chemical modification of the fibres. Since the 
u-CC films affected the viability of the monocytes and macrophages, no 
conclusions can be drawn regarding cytokine secretion by cells cultured on 
this material. When LPS was present in the culture medium, the modified 
films suppressed the induced inflammatory response. Interestingly, the a-CC 
films triggered a more pronounced reduction in the TNF-
c-CC films. Therefore, it is presumed that the carboxyl groups and 80 nm 
aligned fibres in a-CC are properties that more efficiently promote 
down-regulation of the inflammatory response of monocytes and macro-
phages under the LPS stimulus, compared with the positively charged, 
non-aggregated, randomly oriented fibres found in the c-CC material. 

These material properties, i.e. surface charge and surface topography, have 
indeed been described as having a deep impact on monocyte/macrophage 
responses to biomaterial surfaces. For instance, changes in the type of 
nanotopography features (pores, grooves, islands, fibres, etc.) and in the scale 
used (nanometer and micrometer) have been reported to influence the in-
flammatory reaction [167-172]. Thus, the observed response cannot be at-
tributed to one single parameter, but rather to a combination of parameters. 
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Effect of carboxyl-group density on material properties and cell 
response 

Material properties 
The amount of carboxyl groups introduced onto a- -1 

-1, depending on the charge used during the electrolysis (Table 
3). In agreement with this, the FTIR spectra of the different a-CC samples 
showed that the intensity of the peak centred at 1732 cm-1 (which reflects the 
C=O stretching of the carboxyl groups in oxidised CC chains), increasing with 
the amount of charge passed during the electrolysis (Figure 23).  

Table 3. Characterisation of u-CC and a-CC materials under study in Paper IV. 
 
 

Amount of car-
boxyl groups 

-1) 

-potential 
(mV) 

Surface 
area       
(m2 g-1) 

Degree of 
crystallinity 
(%) 

Total pore 
volume     
(cm3 g-1) 

u-CC 32 -16 106.7 92.6 0.441 

Q20 77 -20 71.6 93.9 0.265 

Q90 112 -30 79.6 93.6 0.300 

Q250 259 -36 57.3 94.1 0.212 

Q430 423 -41 64.4 93.9 0.188 

 
Figure 23. FTIR spectra of a-CC materials produced with different electrolysis 
charges. Adapted from Paper IV. 
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The degree of crystallinity was not affected by the surface modifications, as 
has been reported previously [111]. The specific surface area of the a-CC 
films tended to decrease as the degree of oxidation increased. Furthermore, 
the increased degree of oxidation generally occurred in parallel with a de-
creased total pore volume, suggesting a more compact structure for highly 
carboxylated samples. The BJH pore size distribution analysis, derived from 
the desorption branch of the isotherm, indicated that the pore diameter ranged 
between 2 and 30 nm for all the studied samples, with an average pore size of 
around 18 nm, except for the a-CC (Q430) sample, whose mode was shifted to 
approximately 9 nm (Figure 24).  

 
Figure 24. Pore size distribution of u-CC and the a-CC materials. Adapted from 
Paper IV. 

SEM studies showed that there was an increase in the unidirectional fibre 
alignment at higher degrees of oxidation (Figure 25). In particular, u-CC 
produced films with randomly organised fibres, whereas a-CC (Q430) films 
showed a highly aligned surface topography with much more compact ar-
rangement, in agreement with the nitrogen gas adsorption results. AFM im-
ages (Figure 26) verified the compact, aligned pattern found in the SEM study, 
suggesting that fibre aggregation tends to increase as the carboxyl group 
density is increased. A high degree of carboxylation renders the oxidised 
fibrils more hydrophilic and therefore produces stronger capillary forces, 
capable of pulling adjacent fibrils closer to each other during drying. As the 
pulling power of the capillary forces increases, the specific surface area and 
total pore volume of the samples tends to decrease, resulting in more compact 
structures. Surprisingly, one of the consequences of stronger capillary forces 
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was the enhancement of fibril alignment, which could be related to entropic 
effects and receding average distances between adjacent fibrils as well as an 
increasing interfibrillar contact area. 

 

 
Figure 25. SEM images of the different CC films: a) u-CC, b) a-CC (Q20), c) a-CC 
(Q90), d) a-CC (Q250), e) a-CC (Q430). Adapted from Paper IV. 
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Figure 26. Representative AFM images of the unmodified and anionic CC materials: 
a) u-CC, b) a-CC (Q20), c) a-CC (Q90), d) a-CC (Q250), e) a-CC (Q430). Adapted 
from Paper IV. 

Cell responses 
Figure 27a shows that hDF cells had poor viability when cultured on u-CC. 
However, cell viability improved significantly when carboxyl groups were 
introduced onto the nanocellulose fibrils, with values that were statistically 
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significantly higher than those for the negative control for all the studied a-CC 
films. The a-CC (Q430) film had the best cell viability, comparable to the 
values for the positive control, followed by the a-CC (Q250); both were sig-
nificantly better than the a-CC (Q20) and a-CC (Q90) films in this respect.  

 
Figure 27. Cell viability of (a) hDF and (b) Saos-2 cells cultured on u-CC and a-CC 
films of varying carboxyl group density. The positive control was cells cultured on 
TMX and the negative control was cells cultured in the presence of 5% DMSO. * 
denotes a statistically significant difference from the positive control (p<0.05). The 
data represent the mean ± SE for n = 3. Adapted from Paper IV. 

Analysis of SEM micrographs revealed mainly round-shaped cells on the 
u-CC films; however, on the a-CC films, cells showed increased spreading as 
the oxidation degree increased (Figure 28, left panels). Cell spreading was 
moderate on a-CC (Q20) films, more marked on a-CC (90) films, and very 
similar to that on TMX on a-CC (Q250) and a-CC (Q430) films.   
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Figure 28. SEM 
micrographs at ~2kX 
magnification of hDF 
(left panels) and 
Saos-2 cells (right 
panels) cultured for 
24 h on u-CC and 
a-CC films with 
different degrees of 
oxidation. Note the 
increased cell 
spreading as the 
oxidation degree of 
the CC films in-
creases. Adapted 
from Paper IV. 
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The cell adhesion patterns for the Saos-2 cells (Figure 27b and Figure 28, 
right panels) were similar to that described for the fibroblast cells. Thus, the 
cell response studies for both hDF and Saos-2 cells showed that cell adhe-
sion and spreading tended to increase with the degree of oxidation of the 
a-CC materials. When the amount of carboxyl groups was in the order of ≥ 
260 µmol g-1 or a surface charge of ≥ -36 mV, the response of hDF and 
Saos-2 cells to the a-CC films resembled that observed with the control 
TMX. Thus, a threshold value in carboxyl group density is required to obtain 
a-CC films with cytocompatibility comparable to that of the tissue culture 
material TMX.     

The presence of carboxyl groups and their effects on cell response have 
been widely investigated for a broad range of materials and cell types, 
showing both positive and negative effects [144, 173-179]. However, stud-
ies regarding the influence of the chemical group density on cell behaviour 
are limited. COOH density has been found to affect the responses of neurons 
[180], osteoblasts [181] and endothelial cells [182]. Bhattacharyya et al. 
related the positive effect of high COOH density on cell adhesion to an 
increase in the amount of surface adsorbed fibronectin, a key ECM protein 
involved in cell adhesion and proliferation by binding to cell integrins [182]. 
The same reasoning could be applied to our study, i.e. that the greater 
amount of carboxyl groups was translated into higher adsorption of adhesion 
proteins in favourable conformations, which in turn resulted in improved 
cell adhesion and spreading. The positive effect of surface modification of 
CC was further amplified by the increased alignment of fibrils, which may 
additionally contribute to the spreading of the adherent cells.  

In summary, the investigations of CC revealed that the films of modified CC 
had lower specific surface area and smaller average pore sizes than u-CC 
films. Moreover, there were differences in the nanofibre structure between 
the studied materials; films of carboxyl-modified CC (a-CC) presented 
aggregated and co-axially aligned fibres, while non-aggregated and ran-
domly oriented fibres were observed in the films of HPTMA-modified CC 
(c-CC) and unmodified CC (u-CC). The fibre alignment and aggregation on 
the carboxylated CC material tended to increase with increasing surface 
group density. The biocompatibility studies showed that the CC films be-
haved as inert materials in terms of the inflammatory response of both 
monocytes and macrophages, independently of the surface-charge groups 
present on the fibres. When a pro-inflammatory stimulus was introduced (i.e. 
LPS), both modified CC materials were capable of suppressing the in-
flammatory response but the carboxyl-modified film caused a more pro-
nounced reduction in the levels of TNF-α than the HPTMA-modified film. 
The studies with fibroblast cells indicated that only the carboxylated CC 
film presented a cytocompatible profile, which was comparable to that of the 



 60 

tissue culture material TMX. However, a threshold value in carboxyl group 
density is required to obtain CC films with this level of cytocompatibility. 



Conclusions 

In this thesis, the influence of chemical modification of the nanocellulose 
surface on the physicochemical properties of and cell responses to the nano-
cellulose was investigated with the ultimate purpose of developing new 
nanocellulose materials for biomedical applications.  

The introduction of surface charged groups on NFC and CC changed their 
properties: decreased surface area, smaller average pore size, and more 
compact structures were observed with modified nanocellulose films com-
pared with unmodified materials. There were also differences in the nanofibre 
structure between the modified CC materials; HPTMA-modified CC films 
had non-aggregated, randomly oriented fibres, while carboxyl-modified CC 
films had aggregated, co-axially aligned fibres. Interestingly, the fibre 
alignment and aggregation of the carboxylated CC material tended to increase 
with increased surface group density.  

The biocompatibility studies highlighted the ability of the nanocellulose 
films to modulate cell behaviour and have provided a foundation for the 
design of nanocellulose-based materials that trigger specific cell responses. 
The bioactivity of nanocellulose may be optimized by careful tuning of the 
surface properties. In that sense, the following statements can be made:  

 
 The cytocompatibility of NFC films with anchorage-dependent cells 

(e.g. fibroblasts) can be improved by introducing HPTMA groups 
on the nanofibres. 

 Carboxymethylation of NFC results in films with pro-inflammatory 
properties, while if the aim is to obtain a passive surface in terms of 
inflammatory response, the addition of HPTMA groups to NFC 
should be attempted. 

 The presence of carboxyl and HPTMA groups on CC nanofibres, 
results in films with an inert surface in terms of inflammatory re-
sponse. However, under pro-inflammatory stimulation, both mod-
ified CC films are able to suppress pro-inflammatory cytokine 
production in terms of TNF- - e-
cretion is stronger with the carboxylated CC film than with the 
HPTMA-modified CC material. 

 Carboxylated CC films have good cytocompatibility with fibro-
blasts and osteoblastic cells. However, this compatibility depends 
on the carboxyl group density. The amount of carboxyl groups 
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-1 to obtain a carboxylated CC film with 
cytocompatibility comparable to that of commercial tissue culture 
material. 

Because of the complexity of biological responses to materials and because 
the studied nanocelluloses differed in many of the material parameters known 
to influence these responses, it is difficult to attribute the observed cell re-
sponses to any single nanocellulose parameter.   

Nevertheless, the study of CC materials with different degrees of carbox-
ylation indicated a predominant role for carboxyl group density in dictating 
the biological response. Two parallel mechanisms (enhanced protein adsorp-
tion that favours cell adhesion and spreading, and enhanced alignment of the 
underlying substrate) may explain the observed effect of carboxyl group 
density on cell response. 
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Future perspectives 

The work presented in this thesis gives an initial insight into the possibility of 
modulating the biological response to nanocellulose by tailoring the surface 
properties of the material. Moreover, it increases the possibility of identifying 
nanocellulose materials that would be worthy of further investigation for 
specific biomedical applications. 

The next steps in the translational study of cell response and the chemical and 
structural properties of nanocellulose will be:   

To study the influence of carboxyl group density on the inflammatory 
response. This will allow us to improve our understanding of the main 
mechanism behind the anti-inflammatory effect shown by the carboxylated 
CC films under pro-inflammatory stimuli. The knowledge gained will be 
central to the development of anti-inflammatory nanocellulose-based materi-
als.    

To study the adsorption of ECM proteins on a-CC films. In Paper IV, 
it was found that cell adhesion and spreading tended to increase with the 
degree of oxidation of the a-CC films and it was speculated that the positive 
effect of carboxyl groups on cell adhesion could be caused by enhanced ad-
sorption of ECM proteins like fibronectin. A quantitative study of the ad-
sorption of vitronectin and fibronectin on a-CC films as a function of the 
carboxyl group density is required to verify this theory.  

It is suggested that the following nanocellulose materials or applications 
require further investigation:  

Films of carboxylated CC for the treatment of chronic wounds. Car-
boxylated CC films promote hDF proliferation and are capable of reducing the 
levels of TNF- -inflammatory conditions. These films could be 
used to treat wounds that persist in the inflammation phase by promoting the 
release of low levels of this pro-inflammatory cytokine. The positive response 
of fibroblasts indicates that the films could also be beneficial during the pro-
liferative phase of the wound healing process.  

The study of a-CC performance in an ex vivo wound-healing model is the 
next step for evaluating the potential of a-CC films as wound-dressing mate-
rials. In this type of study, a-CC films would be applied to freshly excised 
human skin under a simulated pro-inflammatory milieu and the biocompati-
bility study would evaluate the epithelialisation process.  
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HPTMA-NFC gels as 3D tissue-engineering scaffolds. The data pre-
sented in Paper I showed that the c-NFC films were favourable for cell ad-
hesion and proliferation. The higher surface area of NFC hydrogels compared 
with the films and the 3D gel structure could further contribute to the positive 
effect observed with the cationic films, indicating that the use of 
HPTMA-NFC gels as 3D scaffolds requires investigation. 
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Sammanfattning på svenska 

Cellulosa är en av de vanligast förekommande biopolymerer som finns på 
jorden och ett material som har varit viktigt för människan och den industri-
ella utvecklingen under lång tid. När avancerad materialteknologi och nano-
teknologi började få genomslagskraft på 1980- till 1990-talet började man 
också utveckla metoder som gjorde det möjligt att i detalj modifiera egen-
skaperna hos cellulosan på nanonivå för att ge den nya egenskaper på vår 
makroskopiska, vardagliga längdskala. Begreppet nanocellulosa infördes för 
att beskriva den fibrillära strukturen hos cellulosan, där fibervidden typiskt 
är mellan någon enstaka till några tiotals nanometer. 

Under de senaste åren har intresset ökat markant för att ändra nanocellu-
losans egenskaper så att den kan användas såväl inom förpackningsindustrin, 
för att ersätta plast, som inom tryckt elektronik. Även inom det biomedi-
cinska området är nanocellulosa ett intressant material för tillämpningar som 
sårvård och dialysmembran vid behandling av njursvikt. Detta intresse visas 
bland annat av att antalet vetenskapliga publikationer som undersöker nano-
cellulosans möjligheter inom just biomedicin har ökat markant under de 
senaste tio åren. För att kunna möjliggöra en säker utveckling av nanocellu-
losa inom dessa områden behöver man först känna till hur materialet beter 
sig i de olika biologiska sammanhang det är tänkt att användas inom - nano-
cellulosan måste vara biokompatibel. Ett biokompatibelt material förväntas 
uppfylla vissa önskvärda funktioner i enlighet med dess medicinska syfte, 
samtidigt som det inte får trigga oönskade biologiska försvarsmekanismer 
eller vara toxiskt. Exempel på önskvärda funktioner är främjande av biolo-
giska aktiviteter så som tillväxt av celler, vävnadsintegrering eller läkning. 

I denna avhandling undersöker jag hur ytfunktionalisering påverkar fysi-
kaliska och kemiska egenskaper hos nanocellulosa och även hur olika cell-
typer svarar på de olika funktionaliseringarna. Det överordnade målet är att 
kunna utveckla nya nanocellulosamaterial för biomedicinska tillämpningar. 
Mitt arbete baserar sig på två huvudtyper av nanocellulosa; nämligen 
nanofibrillerad cellulosa från träd (NFC) och nanocellulosa från grönalgen 
Cladophora (CC), eller Grönslick som den heter på svenska.  

Jag började min studie med att modifiera NFC och CC genom införandet 
av negativt och positivt laddade grupper på nanofibrerna. Sedan skapade jag 
tunna filmer av de modifierade materialen för att studera dess fysikaliska och 
kemiska egenskaper (t ex hur många laddade grupper som finns på fibrerna 
och hur de resulterande fibernätverken ser ut). Till sist studerade jag de mo-
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difierade materialens biokompatibilitet genom att kultivera olika typer av 
celler på ytan av filmerna.  

Jag fann att introduktionen av laddade grupper på ytorna hos båda typer 
av cellulosafibrer ledde till ett slutmaterial som har en mindre ytarea och 
genomsnittlig porstorlek samt en mer kompakt struktur än de 
icke-modifierade nanocellulosamaterialen. Jag såg även att de positivt lad-
dade CC-filmerna (här kallade katjoniska CC-filmer) består av 
icke-aggregerade och slumpmässigt orienterade fiber, medan de negativt 
laddade CC-filmerna (anjoniska CC-filmer) är uppbyggda av aggregerade 
och upplinjerade fibrer. Intressant nog visade det sig också att de anjoniska 
CC-filmernas aggregat och upplinjerade struktur ökar med ökat antal nega-
tivt laddade grupper. 

Biokompatibilitesstudierna påvisar att man kan framkalla olika cellre-
sponser genom att variera kemiska grupper på nanocellulosafibrerna. I fallet 
med NFC pekar resultaten på att hudceller växer bättre på positivt laddade 
NFC (katjoniska NFC) ytor jämfört med icke-modifierad NFC eller negativt 
laddad NFC (anjonisk NFC), vilket betyder att katjoniska NFC-filmer är mer 
biokompatibla än de andra NFC filmerna. Responsen från monocy-
ter/makrofager, celler som är del av kroppens immunförsvar, studerades 
också. Dessa celler triggar normalt inflammation när de kommer i kontakt 
med okända substanser (t ex bakterier eller artificiella ytor). När monocy-
terna kom i kontakt med NFC-filmerna varierade responsen beroende av 
filmernas ytladdning: de anjoniska NFC-filmerna gav upphov till in-
flammation medan de katjoniska NFC-filmerna inte initierade inflammation.  

Biokompatibilitetsstudierna för CC-filmerna visar däremot inte samma 
mönster som för NFC-filmerna. I det här fallet påvisar de anjoniska 
CC-filmerna bättre biokompatibilitet mot hud- och benceller än vad de 
icke-modifierade och katjoniska CC-filmerna gör. Vidare såg jag att de an-
joniska CC-filmernas överlägsna biokompatibilitet beror på mängden nega-
tivt laddade grupper i materialet. Detta leder till slutsatsen att det är viktigt 
att optimera mängden negativt laddade grupper i CC-materialet för att nå en 
biokompatibilitetsnivå jämförbar med kommersialiserade cellodlingsmaterial. 
I studierna med monocyter/makrofager gav ingen av de två typerna av 
funktionalisering upphov till inflammation. Däremot när monocy-
ter/makrofager stimulerades med en inflammationsframkallande molekyl så 
påvisade CC-filmerna en inflammationshämmande effekt genom sänkta 
nivåer av den proinflammatoriska cytokinen TNF- . Jag såg även att de an-
joniska CC-filmerna är bättre på att hämma inflammation än de katjoniska 
CC-materialen.  

I och med att celler och deras respons på material är oerhört invecklad, 
samt på grund av att de studerade nanocellulosaproverna har flera parametrar 
som är olika, så är det svårt att säkerställa att det är en parameter som ensi-
digt har påverkat cellernas reaktion. Trots detta, så tyder mina studier på att 
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de negativt laddade gruppernas täthet, och därmed också materialets totala 
laddning, korrelerar med cellresponsen för anjoniska CC-materialen.  

Sammanfattningsvis identifierar denna avhandling nanocellulosafilmernas 
förmåga att påverka mänskliga cellers beteende och fungerar därför som 
kunskapsbas för fortsatta studier kring hur nanocellulosabaserade material 
ska designas för att utlösa specifika, och önskvärda, cellresponser. Den upp-
nådda kunskapen kan förhoppningsvis även fungera som ett viktigt steg på 
vägen till förståelse om hur interaktionen mellan biologiska system och 
nanomaterial ser ut – en avgörande fråga för framtidens nanoteknologiska 
framgångar. 
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