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Abstract
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Nanocellulose is a promising candidate for biomedical applications because of its enhanced
mechanical properties, increased surface area and greater porosity compared to bulk cellulose.

This thesis investigates the functionalization of Cladophora nanocellulose and evaluates the
influence of these modifications on physicochemical properties and biocompatibility of the
material.

An electrochemically assisted TEMPO-mediated oxidation setup produced cellulose
materials with varying degrees of carboxyl groups. This approach allowed control of the charge
applied during the process and adjustment of the carboxylation. Carboxylated nanocellulose
membranes had smaller surface area and total pore volume and a more compact structure than the
membranes of the unmodified material. Moreover, the introduction of carboxyl groups resulted
in membranes with an aligned fiber pattern; the alignment and aggregation of the fibers tended
to increase with higher degrees of oxidation.

Cytocompatibility studies using fibroblasts and osteoblastic cells have shown that the bioinert
Cladophora nanocellulose membranes can be rendered bioactive by the introduction of carboxyl
groups. Nevertheless, at least 260 µmol g-1 carboxyl groups are required to obtain nanocellulose
membranes that promote cell adhesion and spreading comparable to those observed when cells
are cultured on tissue culture material.

In parallel, a periodate oxidation produced 10-20 µm 2,3-dialdehyde cellulose beads with very
smooth and compact surfaces. This material was sulfonated up to 50% of the aldehyde groups,
resulting in charged, porous structures that maintained the spherical shape. The mesoporous
assembly could be tailored by altering the degree of sulfonation, which also produced variations
in surface charge, ζ-potential, specific density, surface area and thermal stability.

Because the physicochemical properties make these sulfonated beads potential candidates
for immunosorption and blood-related applications, they were further characterized regarding
hemocompatibility. In vitro studies showed that both sulfonated beads and unmodified
Cladophora nanocellulose did not present hemolytic activity. The pro-coagulant activity of the
sulfonated beads was significantly lower than that of the unmodified nanocellulose; however,
the material’s modifications did not diminish the activation of the complement system.

The results presented in this thesis show that it is possible to tailor the biocompatibility
of Cladophora nanocellulose by introducing chemical modifications to its structure and by
carefully tuning its physicochemical properties.
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AC algae cellulose 
AFM atomic force microscopy 
AGU anhydroglucose unit 
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DAC 2,3-dialdehyde cellulose 
DMSO dimethylsulfoxide 
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NFC nanofibrillated cellulose 
SEM scanning electron microscopy 
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TAT thrombin-antithrombin 
TCP tissue culture plate 
TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl radical 
TGA thermogravimetric analysis 
TMX Thermanox® 
XRD 
 

X-ray diffraction 
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Introduction 

The advent of nanotechnology uncovered a range of new applications for 
ancient materials as a result of the novel or enhanced properties acquired 
with reduction in the size of the particles. Cellulose, which has been used 
since antiquity, has played an important role in human development and has 
now assimilated unique features on a nanometer scale. 

Nanocellulose is a renewable material obtained from various natural 
sources such as bacteria, algae and wood. It is used in many fields, from 
water purification to energy storage devices. Among possible future 
applications, biomaterials based on nanocellulose have been attracting a 
great deal of attention because of their good mechanical properties, relatively 
low cost of production and extraction, and potential biocompatibility. 

Research on the biomedical application of nanocellulose materials 
encompasses all types of nanocellulose, for instance bacterial cellulose as a 
replacement for blood vessels, nanofibrillated cellulose hydrogels for wound 
healing procedures and cellulose nanocrystals for drug delivery. A less 
studied member of the nanocellulose family which has attracted attention in 
recent years is that obtained from Cladophora green algae. 

Cladophora nanocellulose possesses unique properties when compared to 
other sources of extraction such as high degree of crystallinity, large surface 
area and good mechanical and rheological properties. These features open up 
a novel class of biomaterials that can be applied for drug delivery, tissue 
engineering and blood purification procedures among others. 

To pursue the use of Cladophora nanocellulose in biomedical 
applications, modification of the cellulose materials with specific 
functionalities could be explored in order to achieve the desired biological 
response and tune the biocompatibility for specific applications. 

This thesis explores various functionalizations of Cladophora 
nanocellulose and investigates the influence of these modifications on the 
material’s biocompatibility.     
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Aims of the thesis 

The use of nanocellulose from Cladophora green algae as a biomaterial has 
attracted increased attention due to its unique properties, sustainable 
production and potential biocompatibility. The aim of this work was to study 
two types of Cladophora nanocellulose materials, produced primarily from 
oxidized cellulose via TEMPO and periodate oxidations, in order to advance 
the development of nanocellulose biomaterials. 

Further modifications leading to carboxylated cellulose membranes and 
sulfonated cellulose beads were made and the effects of these modifications 
in modulating the in vitro biological response to the materials were 
investigated, together with the material’s characterization in terms of 
physicochemical properties.   

 
The specific aims of the papers presented in this thesis were: 
 

 To prepare carboxylated cellulose membranes with different degrees 
of oxidation (DOs) via an electrochemical-assisted TEMPO 
oxidation process and to study the response of different cell models 
to these materials. (Paper I) 
 

 To synthesize and characterize sulfonated cellulose beads and 
evaluate their cytocompatibility via an indirect toxicity test. (Paper 
II) 
 

 To investigate the structure and physicochemical properties of 
modified cellulose beads, and to investigate how the different 
modifications influenced the surface properties. (Paper III) 
 

 To evaluate the hemocompatibility of the sulfonated cellulose beads 
by means of an in vitro loop model with whole human blood. (Paper 
IV) 
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1. Background 

1.1. Cellulose 
Cellulose is a linear polysaccharide consisting of β(1-4) glycosidic bound D-
glucopyranose rings, with a 180° rotation between two neighboring rings.1 It 
is the most abundant polymer on Earth, is bio-produced via photosynthesis 
and was first isolated from plant tissues by Anselme Payen in 1838, who 
used a series of ammonia and acid treatments followed by water extraction.2 

Worldwide, the annual fabrication of cellulose is estimated to be around 
1.5·1012 tons, most of which is obtained from higher plants such as bushes 
and trees where it functions as a structural sustenance.3 Although cellulose 
for paper and pulp production is mostly obtained from plant cells, bacteria, 
fungi, algae and tunicates are also sources of extraction.4 

From papyrus in ancient times to mats, ropes, clothing and paper, 
cellulose has been part of human development for thousands of years.1 
Nowadays, research on cellulose includes the very important area of finding 
new approaches for extraction and production that will result in an 
environmentally friendly, renewable, biodegradable material.5,6 

Cellulose is a linear homopolymer with a degree of polymerization in the 
order of 10 000 anhydroglucose units (AGUs) depending on the source.1 The 
repeating unit is named cellobiose as shown in Figure 1. Each cellulose 
chain has two different terminations: the nonreducing end contains a 
hydroxyl moiety and the reducing end has a chemically reducing group.3 

 

 
Figure 1. Chemical structure of cellulose. 
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The AGU comprises a glucose ring with a primary alcohol group at C6 
and two secondary alcohol groups at C2 and C3. These hydroxyl 
functionalities, together with the oxygen atoms along the cellulose chain, 
produce strong intra- and intermolecular hydrogen bonds, and hydrophobic 
interactions that significantly affect the properties of the material, rendering 
it insoluble in most solvents and providing it with good mechanical 
properties and high thermal stability.7,8 

Cellulose has a very hierarchical structure in which the chains are stacked 
parallel to each other in crystalline domains constituting the elementary 
fibrils. These structures are then assembled, along with amorphous regions, 
into larger microfibrils. In higher plants, these microfibrils are embedded in 
lignin and hemicellulose to make up cellulose fibers, as pictured in Figure 
2.9,10 Properties such as width, length, morphology and crystallinity of the 
microfibrils vary depending on the source of extraction. These arrangements 
can be disassembled via various chemical and mechanical processes to give 
rise to nanometric structures (these are discussed in the next section).11 

 

 
Figure 2. Schematic representation of the cellulose hierarchical structure. Modified from 
Lavoine et al.12 

1.2. Nanocellulose 
Cellulose materials containing chains with at least one of their dimensions in 
the nanometer range are classified as belonging to the nanocellulose family. 
This class of materials possesses the properties of bulk cellulose but also has 
properties derived from the nanometer scale such as a high specific surface 
area (SSA).11 

Progress in the field of nanotechnology and concerns about sustainability 
in the last decennia have boosted research into nanocellulose because of its 
renewable nature and biodegradability.4 Various possible applications in 
areas such as energy,13–15 food packaging16–18 and mechanical 
reinforcements19–21 have been thoroughly studied but biomedical 
applications such as tissue engineering,22 medical devices23,24 and 
immunosorption materials25,26 are also being investigated.  
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Nanocellulose can be obtained via top-down approaches such as chemical 
and mechanical modification of pulp from wood and other higher plants or 
bottom-up approaches, with the chain formation achieved via chemical 
polymerization of glucose units by specific types of bacteria.11 In general, 
nanocellulose is classified according to the source and the production 
process as: cellulose nanocrystals (CNCs), bacterial cellulose (BC), 
nanofibrillated cellulose (NFC) and algae cellulose (AC).4 

NFC is generally obtained from wood pulp by a homogenization process. 
The method was first developed by Turbak et al.27 in which a wood fiber 
suspension is passed through a narrow gap under high pressure. Since then, 
various alternative treatments have been developed to achieve fibrillation. In 
general, the process is performed mechanically by applying high shear force, 
which demands high energy consumption.12 Chemical pretreatment of the 
fibers with enzymatic hydrolysis or functionalization by the addition of 
surface charges are generally employed so that the process requires less 
energy.28,29 The final NFC material consists of semicrystalline fibrils ranging 
from 3 to 20 nm in diameter and several micrometers in length. This material 
is widely used as a dispersant in the food and pharmaceutical industries 
because it forms a gel with low concentrations of water.30 NFC films are also 
widely applied in packaging materials because of their high tensile strength 
and the formation of an oxygen barrier.12  

CNCs, also known as cellulose whiskers, are obtained after acid 
hydrolysis and sonication treatments of cellulose pulp.31,32 This process 
results in a highly crystalline material with a rod-like structure, 3-50 nm in 
diameter and 100-1000 nm in length. CNCs have a broad range of 
applications as a substrate, a template and a reinforcing agent for 
composites; they are used to improve features such as mechanical properties, 
barrier capacity or swelling behavior.33 

BC, a widely investigated biomaterial in fields such as regenerative 
medicine and wound healing, consists of a gelatinous film of indefinite 
length formed by cellulose microfibrils.34,35 Unlike NFC and CNCs, BC is 
obtained in a bottom-up approach in which glucose and other carbon sources 
are used by bacteria such as those in the Gluconacetobacter genus to 
biosynthesize nanocellulose.36 

AC is a less commonly studied class of nanocellulose materials but it has 
recently attracted more attention because of the sustainable methods used for 
extraction and the easy purification process.37 Generally AC is obtained from 
the cell walls of algae such as Cladophora, Valonia and Vaucheria, which 
are harvested from various coastal areas around the globe and then subjected 
to acid hydrolysis.38 AC extracted from Cladophora green algae has a high 
degree of crystallinity (up to 95% according to X-ray diffraction; XRD), a 
large surface area (about 100 m2 g-1) and good mechanical and rheological 
properties.38,39 Derivatives of AC have been investigated for application in 
fields such as energy storage,15,40 adsorbents41,42 and biomaterials.43,44 
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1.3. Nanocellulose modification 
In order to change the properties of cellulose-based materials, 
functionalization of the surfaces is usually employed via covalent bonding or 
physical adsorption.45 

However, because of strong inter- and intramolecular interactions within 
the chains, cellulose is insoluble in most solvents and the modification 
reactions are therefore generally performed in heterogeneous systems. 
Consequently, this decreases the efficiency of the processes compared to 
homogeneous reactions.46 

Another important feature of cellulose modification is hornification, 
which happens upon drying most types of cellulose materials.47–49 This 
phenomenon causes the fibers to agglomerate and form particles which have 
a low surface area and are not redispersible to the original state.50 For this 
reason, cellulose is usually kept in a never-dried state until the end of the 
modifications. Cellulose from Cladophora green algae, however, undergoes 
less hornification, making the material redispersible under high-shear 
homogenization.38 

For nanocellulose, functionalization can also be part of the preparation of 
the fibers. For instance, the pretreatment of wood pulp when producing NFC 
can involve the addition of surface charges that ease the fibrillation 
process.12,30  

After preparing the fibers, other functionalizations can also take place for 
particular purposes such as attachment of specific surface groups,6 addition 
of surface charges51 and formation of composites.18,52 

1.3.1. Oxidation methods 
The primary alcohol at position C6 and the secondary alcohols at positions 
C2 and C3 are usually the first targets for attaching groups on the cellulose 
surface. This is often performed with 2,2,6,6-tetramethylpiperidine-1-
oxyl radical (TEMPO)-mediated oxidation or periodate oxidation.53  

In general, oxidation reactions are a first step for further modifications 
and are also themselves a very important type of functionalization. The 
formation of aldehydes, ketones and carboxylates on the cellulose surface 
results in materials with enhanced properties for applications such as 
adsorption, gelation and complexation.53 These materials can potentially be 
applied in many fields, with attention to their use as biomaterials once these 
features can generate bioactive properties such as anti-oxidant or anti-
bacterial activities.54,55 
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1.3.1.1. TEMPO oxidation 
TEMPO is a weakly oxidizing, water-soluble nitroxyl radical which, if used 
with other co-oxidants such as NaClO, NaClO2 or NaBrO, is converted into 
an oxoammonium cation which is commonly applied for the selective 
oxidation of primary alcohols on cellulose.28,56,57 

The first study of a TEMPO-mediated reaction for the oxidation of 
polysaccharides was performed in 1994 by De Nooy et al.57 where catalytic 
amounts of TEMPO completely oxidized the primary alcohols in glucans 
and derivatives. This study was then followed by Isogai et al.58 who first 
reported TEMPO-mediated oxidation of cellulose. This method selectively 
oxidizes the hydroxyl group at C6 to a carboxyl moiety, passing through an 
aldehyde intermediate as shown in Figure 3.  

 

Figure 3. Scheme of TEMPO-mediated oxidation with TEMPO/NaBr/NaClO system. 

Instead of performing a TEMPO oxidation with a co-oxidant, a system in 
which an electrolysis setup continuously regenerates the oxoammonium 
cations on the surface of the electrodes, further oxidizing the cellulose, can 
be used. In this system, no halogenates are consumed and the route is 
greener. Another advantage of the method is the possibility of controlling the 
DO via the applied charge.59 This procedure is discussed further in the 
results section. 
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1.3.1.2. Periodate oxidation 
Another important technique for the oxidation of cellulose is via the use of 
periodic acid or a periodate salt that reacts with the secondary alcohols at C2 
and C3 forming a 2,3-dialdehyde cellulose (DAC) material without 
significant side reactions,60–62 as presented in Figure 4. 

Figure 4. Periodate oxidation of cellulose. 

This method is based on the Malaprade63 reaction, first published in 1928, 
in which neighboring hydroxyl groups are selectively oxidized to aldehyde 
groups with concomitant cleavage of the associated carbon bond. Studies 
from 1954 by Head et al.64 described the application of this reaction for the 
oxidation of cellobiose. 

The aldehyde groups generated on DAC are great auxiliaries for further 
modification of the cellulose surface, via further oxidation to carboxyl 
groups, by functionalization with groups such as amines51,61,65 and 
sulfonates66 or by grafting with macromolecules such as polymers and 
proteins.53,67 These new derivatives open up a wide range of applications for 
cellulose-based materials, from water purification41,68 to plasma treatments,69 
due to their selective adsorption properties.70 

1.3.2. Cellulose Beads 
Spherical cellulose particles ranging from a few micrometers to several 
millimeters in size are classified as cellulose beads. These materials are 
widely used in industry for drug delivery,71,72 energy storage,13 separation 
and purification processes.41,73,74 

Cellulose beads have been employed in various fields since they were 
first reported in 1951,75 but they are generally prepared via a multi-step 
process involving dissolution, gelation and coagulation that is associated 
with many drawbacks.76  

Importantly, because of inter- and intramolecular interactions, cellulose is 
not soluble in most solvents, requiring the use of toxic reactants such as 
cuprammonium hydroxide and N,N-dimethylacetamide/lithium chloride or 
other aqueous metal solutions to proceed with the dissolution process.8,77,78 
Alternative methods include functionalization in order to increase the 
solubility or the use of alkaline solutions with various additives such as 
urea.79,80 
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A crucial step for the formation of beads is coagulation by the addition of 
a surfactant, with further injection of the dispersion into a non-solvent. 
Parameters such as the size of the droplets injected, the rate of injection and 
the polarity of the medium are determinants for the properties of the formed 
materials. Usually, beads in the millimeter range are achieved with this 
process.81 

Another approach for obtaining cellulose beads was developed by Lindh 
et al.82 This procedure uses a one-pot total periodate oxidation of 
Cladophora nanocellulose in water and avoids the multi-step processes, it is 
environmentally friendly and makes use of less expensive reactants. The 
beads are spontaneously formed during the reaction and they range between 
1 and 20 µm in size, making this method an interesting alternative for 
obtaining cellulose beads. 

The spherical structure makes the beads good candidates for separation 
processes since there is a reduction in backpressure when compared with 
membranes for liquid-separation packed columns. The porosity is another 
property that can be tailored for different applications; for instance, 
mesoporous materials perform well in protein retention and drug delivery 
vehicles while micropores are desired for water purification with heavy 
metals.83–85 

1.4. Nanocellulose as a biomaterial 
The application of nanocellulose in the development of biomaterials was 
expected to reach a $100 billion market by 2017.4 Because of properties such 
as inexpensive extraction compared to that of other polymers, broad 
chemical modifying capacity, good mechanical and rheological properties, 
possible biocompatibility and low levels of toxicity, nanocellulose is suitable 
for application in various fields of biomedicine.4  

As previously stated, drug delivery is an important target for the 
application of cellulose beads and promising results have been reported.72 In 
addition, cellulose hydrogels and membranes based on NFC and CNCs have 
also been evaluated for loading and carrying strategies.71 However, issues 
such as interactions between drug molecules and nanocellulose, and the 
possible destruction of drug activity and structure still need to be 
overcome.86 

Another field in which nanocellulose has potential to be applied is 
medical implants and substitute materials. BC in particular has been widely 
studied for replacement of blood vessels and appears to have low levels of 
thrombogenicity and good biocompatibility.87 Moreover, the bottom-up 
production of BC means it can be assembled with the desired morphology, 
and structural and mechanical properties can be tailored for specific 
applications.34,88 
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Wound healing is another area where BC could be applied because of its 
high mechanical strength, good elasticity and conformability and high water-
holding capacity, which are optimal properties for wound-care dressings.89–91 
Further studies with NFC hydrogels in wound healing have also shown 
promising results because of the potential for tailor-made surface chemistry, 
low levels of toxicity, pH-responsive properties and a high capacity for 
swelling.92–94 Moreover, antimicrobial effects can also be achieved with the 
incorporation of Ag particles in the NFC hydrogel matrix.18,95  

Various studies have also focused on using nanocellulose surfaces as 
substrates for cellular culture because of the similarity in mechanical 
properties with natural tissues and the potential biocompatibility.67,96–98 Cell 
attachment and proliferation were reported in gels, composites, fibers, 
sponges and membranes containing BC, CNCs or NFC. Kuzmenko et al.99 
produced nanofibrous electrospun cellulose mats modified with carbon 
nanotubes, this material was highly conductive and showed to be a good 
support for growth and differentiation of neuroblastoma cells. In another 
study, NFC hydrogels stimulated the cellular differentiation of human 
hepatic cell lines and induced formation of cell spheroids.100  

Nanocellulose structures are also good templates for immobilization and 
recognition of enzymes and proteins.26,70,95 The negative charge in NFC and 
CNCs can be used for electrostatic adsorption; and chemical binding with 
hydroxyl or carbonyl groups in cellulose derivatives can also immobilize 
proteins.101 These structures can then be applied in food technology, 
biosensor engineering and blood purification procedures.102,103  

The ability to bind macromolecules onto the surface of nanocellulose as 
fibers, membranes or beads also promotes the application of these materials 
in matrices for selective adsorption of biological compounds. Studies 
regarding immunosorption and extracorporeal blood treatment showed good 
results for retention of auto-antibodies, DNA and viruses.26,44,104,105 

1.5. Biocompatibility 
In order to employ nanocellulose materials for biomedical applications, the 
interactions between these materials and biological systems need to be 
assessed. By definition, biocompatibility is “the ability of a biomaterial to 
perform its desired function with respect to a medical therapy, without 
eliciting any undesirable local or systemic effects in the recipient or 
beneficiary of that therapy, but generating the most appropriate beneficial 
cellular or tissue response in that specific situation, and optimizing the 
clinically relevant performance of that therapy”.106 This translates to a 
biomaterial being considered biocompatible when cell survival and 
functionality are not affected by the material’s presence, while performing 
the function that it was designed to fulfil.  
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Depending on the application, a biomaterial could be required to be 
bioinert, bioactive or bioadaptive. Bioinert materials undergo minimum 
interaction with tissues and cells, without promoting a foreign body 
response; bioactive materials interact with the surrounding biological 
systems, e.g. by promoting a specific cell response; and a bioadaptive 
material responds and adapts to specific stimuli and environments.107  

It is generally accepted that when a biomaterial enters into contact with a 
biological system, its surface is rapidly covered by an adsorbate composed 
of ions, water and proteins. The composition of this protein layer, and the 
amounts and conformations of the individual proteins deposited are mainly 
affected by the physicochemical properties of the biomaterial. Cells and 
tissues interact with this coated surface rather than with the pure material 
itself, and therefore the properties of the material that govern the adsorption 
of these molecules onto the surface will greatly influence the 
biocompatibility.108  

Once bound to the surface, a few proteins will keep their activity but 
most will undergo conformational changes that can trigger different 
biological responses, leading to reactions such as thrombosis or an 
inflammatory response. Consequently, in order to design biomaterials that 
generate the desired effect and biological response, it is necessary to 
understand and tailor physicochemical properties such as macro- and 
nanostructure, crystallinity, porosity, chemical composition, surface charge 
and topography.96,109,110  

Even though cellulose is a well-known biomaterial that is often regarded 
as biocompatible, a few issues need to be considered for applying its 
nanometric counterpart. Firstly, the biocompatibility of any material depends 
on the application for which it is intended; for instance biocompatibility 
requirements are not the same for a material used for wound healing as those 
for application as blood vessels. Secondly, because of their size, 
nanomaterials per se have properties that greatly differ from their bulk 
equivalents, and the nanometric architecture allows them to interact with cell 
membranes and tissues in a different way than seen with their bulk 
counterparts.111 Thirdly, the physicochemical properties and therefore the 
way the different nanocellulose materials interact with biological systems 
may also vary with the different types of nanocellulose and the differing 
extraction and preparation processes.112,113  
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1.5.1. Cell studies  
The first screening for biocompatibility usually involves studying the 
toxicity of the material on living cells and the interactions between the 
material and the cells. Guidelines from the International Organization for 
Standardization (ISO) contain in vitro and in vivo assays for cell studies.114 

The cells can be exposed directly or indirectly to the materials depending 
on their application and the aim of the study.115 A direct test where the cells 
are cultured in direct contact with the material allows evaluation of the 
effects of properties such as surface topography, charge and porosity on the 
cells viability and morphology. In contrast, exposing cells to an extract of 
the material in a so-called indirect test permits assessment of the toxicity of 
possible leachables such as byproducts from the synthesis process and 
residual reactants.116 

The initial stages in the development of biomaterials usually involve in 
vitro assays with selected cell lines so as to evaluate and compare materials 
regarding cell response. Although results from an in vitro assay do not 
translate directly to in vivo environments because of lower sensitivity and 
complexity compared to living organisms, these in vitro tests are cheaper, 
easier to operate, highly reproducible, efficient, and associated with fewer 
ethical concerns than in vivo studies.114 

1.5.2. Hemocompatibility 
Since most materials will potentially encounter blood when applied to the 
body, it is also important to assess hemocompatibility during development of 
a biomaterial, for example by investigating if blood components get 
inappropriately activated or if blood cells are lysed upon contact.117,118 

Blood is a complex fluid containing red blood cells (erythrocytes), white 
blood cells (leukocytes), platelets (thrombocytes) and a protein rich plasma 
fraction. It circulates throughout the whole body and has many specific 
functions, including nutrient supply and immune response.119 Therefore, due 
to the interactions between blood and all tissues and organs, in addition to its 
specific functions, evaluation of hemocompatibility is a fundamental step 
when assessing the host response to biomaterials.120,121 

Erythrocytes are responsible for providing oxygen to the tissues and 
organs; consequently, lysis of these cells can cause serious damage to the 
functioning of the organism. For this reason, evaluation of hemolytic activity 
in the presence of a biomaterial is an essential part of hemocompatibility 
studies.118,122 

The contact of any foreign body such as a biomaterial with blood causes 
activation of the complement system, which is the part of the innate immune 
system responsible for defending the organism against foreign substances. 
The complement system is composed of more than 30 soluble plasma 
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proteins activated in a cascade involving the release of inflammatory 
mediators that culminates in the formation of the membrane attack complex 
(MAC) responsible for lysing foreign cells. This cascade of reactions can be 
initiated by three different pathways, as presented in Figure 5.123,124  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. The complement system cascade. 

Regardless of the activation pathway, the complement system cascade 
involves the cleavage of C3 into C3a and C3b, which is the central event in 
the cascade, and ends with the formation of MAC or the soluble sC5b-9 
complex in the absence of a foreign cell membrane. The evaluation of total 
complement activation is usually undertaken using C3a plasma levels. C5a, 
an anaphylatoxin generated in the terminal activation pathway, rapidly binds 
to its receptor and therefore has limited use in the evaluation of terminal 
complement activation. However, levels of the soluble sC5b-9 complex are 
usually used to indirectly assess C5a levels and terminal complement 
activation.125–127 It has been suggested that the artificial surface on a 
biomaterial preferentially binds immunoglobulin G and C3 plasma proteins, 
altering their conformations and thereby triggering the mechanisms in the 
classical and alternative pathways, respectively.126 
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A parallel effect to the interaction between a foreign material and blood is 
the activation of the hemostatic system. This process depends on interactions 
between the coagulation cascade, thrombocytes, the blood vasculature and 
the fibrinolytic system.128,129 

The blood coagulation cascade is a series of proteolytic reactions 
involving various proteins that occur in either of two pathways, as presented 
in Figure 6. The intrinsic pathway is initiated by contact activation of factor 
XII by surface-mediated reactions and the extrinsic pathway is triggered by 
the tissue factor released from damaged cells or expressed on the surfaces of 
monocytes and endothelial cells. Both pathways then converge to the 
common pathway that culminates in the formation of the prothrombinase 
complex that transforms prothrombin into thrombin, which then promotes 
the formation of a fibrin clot from fibrinogen monomers.117,130 

 

 
Figure 6. The blood coagulation cascade. 
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Assessment of activation of the coagulation cascade, ultimately leading to 
the formation of clots, is therefore a very important part of 
hemocompatibility studies; it can be evaluated by the formation of thrombin-
antithrombin (TAT) complex. Thrombin is formed in the later steps of the 
coagulation cascade, and antithrombin is a natural anticoagulant that binds to 
thrombin and controls the coagulation process. Therefore, levels of TAT 
correlate with thrombin generation and hence with pro-coagulant 
activity.130,131 Formation of clots and the activation of the hemostatic system 
are to some extent desired in the application of biomaterials in fields such as 
wound healing but need to be avoided when applying materials directly to 
blood, as in the case of immunosorption devices and extracorporeal blood 
treatments (EBT).132–135 

During blood-related procedures, an anti-coagulant is generally used to 
limit the activation of the coagulation cascade caused by exposure of the 
blood to an artificial material (e.g. hemodialysis membrane, immunosorption 
material). Soluble heparin, which is a sulfonated glycosaminoglycan 
polysaccharide extracted from the internal organs of mammals, is the most 
commonly used anticoagulant with good results in such clinical 
procedures.136–140  

Unfortunately, in the long term heparin causes side effects such as 
thrombocytopenia, hyperkalemia and osteoporosis.141,142 Another 
disadvantage for chronic patients subjected to daily hemodialysis is 
inflammation at the site of the injection, caused by a prolonged 
anticoagulation effect that leads to hemorrhages.143 For these reasons, 
decreased use of heparin in clinical procedures would be beneficial and the 
focus has been on the development of anti-thrombogenic materials. Several 
strategies for obtaining materials with anti-coagulant properties have been 
proposed, e.g. heparin coatings, antifouling agents and heparin-like molecule 
grafting.144–149 Various studies have shown that functionalization of polymers 
including cellulose with sulfonated groups has resulted in marked anti-
coagulative effects.150–153 
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2. Materials and Methods 

2.1. Preparation of the materials 
All the materials studied in this thesis were produced using nanocellulose 
from Cladophora green algae manufactured by FMC Biopolymer, USA.  

Paper I discusses an electrochemically assisted TEMPO-mediated 
oxidation process producing carboxylated membranes, and the study of the 
bioactivity of the membranes. 

Papers II, III and IV discuss a periodate oxidation process forming DAC 
beads which were further sulfonated and reduced. The physicochemical 
properties of the materials were investigated, and cytotoxicity and 
hemocompatibility studies were undertaken. Details of the materials and 
methods used in this thesis are described in the papers at the end of the text. 

2.1.1. TEMPO-carboxylated a-CC membranes 
An electrochemically assisted TEMPO-mediated oxidation reaction was 
performed as developed by Carlsson et al.59 In this process, a free co-oxidant 
setup produced cellulose materials with different amounts of carboxyl groups 
by controlling the charge used for the electrolysis, as represented in Figure 
7. The materials were named a-CC(Q20), a-CC(Q90), a-CC(Q250), and a-
CC(Q430). Membranes were then obtained by dispersing these materials in 
deionized water using high-energy ultrasonic treatment followed by vacuum 
filtration over a nylon filter membrane. (Paper I)  

Figure 7. Scheme of the electrochemically assisted TEMPO-mediated oxidation of 

Cladophora nanocellulose. Adapted from Hua et al.154 with permission from the publisher. 
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2.1.2. Dialdehyde and sulfonated cellulose beads 
Cladophora nanocellulose was converted into DAC beads via a total 
periodate oxidation reaction in aqueous acetate buffer (pH 4.5), as developed 
by Lindh et al.82 The aldehyde groups in the beads were then sulfonated with 
sodium bisulfite in water to produce the materials SDAC12, SDAC25 and 
SDAC50 containing 0.125, 0.25 and 0.5 equivalents of sulfonated groups, 
and subsequently reduced with sodium borohydride in water to convert the 
remaining aldehyde groups into hydroxyl groups to produce the materials 
RSDAC12, RSDAC25 and RSDAC50, as represented in Figure 8. (Papers 
II, III and IV) 

Figure 8. Scheme of the chemical modifications of Cladophora nanocellulose to the produced 

RSDAC beads. Adapted from Rocha et al.155 with permission from the publisher. 

2.2. Characterization methods 

Fourier transform infrared (FTIR) spectroscopy 
The chemical modifications from the hydroxyl moieties in Cladophora 
nanocellulose to carboxyl groups in TEMPO-oxidized membranes and to 
carbonyl groups in DAC beads were observed with FTIR spectra. The 
technique is based on the excitation of vibration and rotation modes in 
different chemical groups which are absorbed in specific frequencies of the 
electromagnetic spectrum and thus provide information about chemical 
structures in the compounds. (Papers I and II) 

N2 adsorption-desorption experiments  
In order to evaluate their porosity and surface area, the materials were 
analyzed in N2 adsorption-desorption experiments. The technique relies on 
exposing the sample to a N2 atmosphere at 77 K, the phase transition 
temperature of N2, and subjecting it to a range of pressure differences. This 
gives rise to variations in volume caused by adsorption and desorption of a 
theoretical monolayer of N2 molecules on the surface of the samples; this is 
then computed and used to generate isotherms. The SSA was then calculated 
using the Brunauer-Emmett-Teller (BET) method156 on the adsorption 
branch of the isotherm and the pore size distribution was calculated using the 
Barrett-Joyner-Halenda (BJH) method157 on the desorption branch of the 
isotherm. (Papers I, II, III and IV) 
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Conductometric titration 
The materials were evaluated regarding the amount of charged groups using 
conductometric titration. The carboxyl groups in the membranes and the 
sulfonated groups in the beads were first converted to the anionic form by 
addition of HCl to dispersions of the samples. The electrolytic conductivity 
was then followed during addition of NaOH to neutralize all the acidic 
groups. Linear fits in the plateau region of the titration curve were used to 
calculate the amount of charged groups. (Papers I, II, III and IV) 

ζ-potential measurements 
The net electrical charge of the particles in aqueous dispersions was 
evaluated using ζ-potential measurements. This technique measures the 
electrophoretic mobility of particles in dispersion that are subjected to an 
electrical field via dynamic light scattering. (Papers I, II, III and IV) 

Scanning electron microscopy (SEM) 
SEM micrographs of the materials were acquired in order to observe their 
surface morphology, structure and shape. The samples were analyzed with 
an SEM instrument in which an electron beam scanned the surface of the 
material and a processor converted the signals from collected secondary and 
backscattered electrons into pixels to acquire images of the sample surface. 
(Papers I, II, III and IV) 

Atomic force microscopy (AFM) 
The surface topography of the membranes was evaluated using AFM. In this 
technique, a probe scans the surface of the samples mounted onto a magnetic 
holder. It moves in accordance with attraction and repulsion forces generated 
by Van der Waals and electrostatic interactions between the sample and the 
probe. These movements are detected and converted into variations in the 
position of a laser reflection, producing topographical images. (Paper I) 

X-ray diffraction (XRD) 
Possible variations in the crystallinity of the a-CC materials with different 
DOs were evaluated with an X-ray diffractometer. The method is based on 
the fact that a material with long range order causes constructive interference 
when scattered with X-rays. The intensity of the scattered rays as a function 
of the angle of scattering is a measure of the distances within the crystal 
lattice of the material. The crystallinity index can then be calculated in 
accordance with Segal et al.158 (Paper I) 
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Raman spectroscopy 
Modifications in the chemical groups and chain conformations between 
Cladophora nanocellulose and the modified beads were analyzed by a 
confocal Raman microscope using a 785 nm beam laser. This is a 
spectroscopic technique based on changes in the frequency of photons in 
monochromatic light upon interaction with a sample. Photons of the laser 
light are absorbed by the sample and then reemitted. The frequency of 
reemitted photons is shifted in comparison with the original monochromatic 
frequency causing the Raman effect. This shift gives information about 
rotational, vibrational and other low frequency transitions in compounds. 
(Paper III) 

Laser diffraction 
The size of the modified beads was analyzed in aqueous dispersions by laser 
diffraction using a Mastersizer instrument. This technique measures the 
angular variation in the intensity of the scattered light when a laser beam 
passes through a dispersion of particles. Large particles scatter light at small 
angles and small particles scatter light at large angles. The size of the 
particles is then calculated from the collected angular scattering, using the 
Mie theory159 of light scattering. The particle size is then reported as a 
volume equivalent sphere diameter. (Papers II, III and IV) 

Gas pycnometry 
The true density of Cladophora nanocellulose and the modified beads was 
measured using a helium pycnometer. This method uses helium gas 
displacement to measure volume. The sample is sealed in a compartment of 
known volume, gas is inserted, and the gas is then expanded into another 
precision internal volume. The difference between the pressures upon filling 
the chamber and discharging it into an empty chamber is equivalent to the 
solid phase volume. (Paper III) 

Thermogravimetric analysis (TGA) 
The thermal profile and decrease in mass of Cladophora nanocellulose and 
the modified beads were analyzed with a TGA instrument under a nitrogen 
atmosphere. Decomposition of the materials was followed as a function of 
temperature, allowing evaluation of the relative amounts of decomposition 
products, the changes in sample composition and the thermal stability of the 
material. The first derivative of the TGA curve was then used to express the 
point at which mass loss was most apparent. (Paper III) 

 
 



 32 

2.3. Cell models 
The response of anchorage-dependent human dermal fibroblasts (hDF) and 
human osteoblastic Saos-2 cells to nanocellulose membranes with different 
degrees of carboxylation was evaluated. (Paper I) 

Leakage of potentially toxic substances from the modified beads was 
investigated by an indirect toxicity test using hDF cells and the THP-1 
human monocyte cell line. (Paper II) 

2.3.1. Cell studies 

Cell response to the cellulose membranes 
Air-dried and sterilized membranes of a-CC(Q20), a-CC(Q90), a-CC(Q250) 
and a-CC(Q430) were used as surfaces onto which hDF or Saos-2 cells were 
directly cultured. The cellular response to the different material surfaces was 
then compared to that of cells cultured on Thermanox® (TMX), a commonly 
used tissue culture material, in the absence and presence of 
dimethylsulfoxide (DMSO) used as positive and negative controls, 
respectively. (Paper I) 

Indirect toxicity test with the cellulose beads 
In order to evaluate leakage of potentially toxic contaminants from the 
modified beads, an indirect toxicity test was performed with THP-1 
monocytes and hDF cells. The experiments were performed in compliance 
with the ISO-10993-5 procedure.160 The materials were extracted in cell 
culture medium and the extract medium was then used for culturing the cells. 
Negative control was the medium extract of tissue culture plate (TCP) and 
positive control was cell culture medium with DMSO. (Paper II) 

2.3.2. Evaluation methods 

SEM 
SEM micrographs of adherent hDF or Saos-2 cells on the surface of the 
cellulose membranes were acquired to evaluate cell number and 
morphology. (Paper I) 

Light microscopy 
Adherent hDF cells were observed under light microscopy to evaluate their 
morphology after the indirect toxicity test with the modified beads. (Paper 
II) 
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AlamarBlue assay 
The number of viable cells in both direct and indirect tests was evaluated via 
an alamarBlue assay.161 The assay makes use of a metabolic indicator of cell 
growth. Cells incorporate the oxidized form of the indicator and transform it 
to the reduced form by mitochondrial enzyme activity. This reaction is 
reflected in a change in the color of the indicator solution from indigo blue 
to fluorescent pink. Thus, the change can be measured with spectrometry, 
correlating with the number of metabolically active cells. (Papers I and II) 

2.4. Hemocompatibility studies 
Interactions between the modified beads and whole human blood were 
evaluated using an in vitro model. The study assessed the effects of the 
materials on coagulation, complement system activation and red blood cell 
integrity. (Paper IV) 

Heparinization 
All the materials in contact with blood, other than the cellulose samples, 
were heparinized in order to avoid unwanted blood activation according to 
the Corline method,162 in which incubations with a polymeric amine and a 
macromolecular heparin conjugate are alternated to obtain a double-coated 
heparin layer. 

Blood sampling 
Fresh blood from healthy volunteers was collected in heparinized tubes 
containing soluble heparin to minimize blood activation from handling and 
was used immediately after sampling.  

Loop model 
The experiments were based on the model described by Ekstrand-
Hammarström et al.163 in which heparin-coated loops were filled with 
different concentrations of unmodified Cladophora nanocellulose or 
RSDAC materials with the addition of fresh blood. The loops were 
incubated under vertical rotation for 60 min at 37 ºC. This model allows the 
evaluation of hemocompatibility between blood and powdered materials. 
After the experiments, plasma was collected to analyze markers of blood 
activation. Pictures of the stages of the method are shown in Figure 9. 
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Figure 9. a) Heparin-coated loop with blood, b) closed loops with blood and material during 
incubation, c) collected blood after incubation, d) material taken from the loop after 
incubation with blood, e) plasma-blood biphasic tube after centrifugation. Adapted from 
Rocha et al.164 with permission from the publisher. 

Enzyme-linked immunosorbent assays (ELISAs) for coagulation 
and complement system activation markers 
The formation of TAT, C3a and sC5b-9 complexes was evaluated by 
ELISA. This assay is a highly sensitive technique based on the interaction 
between an antibody and its antigen. The method consists of immobilizing a 
primary antibody on a solid support to capture a substance with antigenic 
properties, which then binds to a secondary antibody used for detection. The 
latter is generally conjugated with a color substrate and detection is 
undertaken with spectrometry.  

Hemolysis 
The hemolytic activity of each material was measured in the plasma samples 
via visible light spectroscopy by reading the optical density at 540 nm, as 
described by Hadnagy et al.118 Blood treated with Triton-X was the positive 
control considered to give 100% hemolysis. 
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3. Results and Discussion 

3.1. TEMPO-carboxylated a-CC membranes 
3.1.1. Synthesis and characterization  
Cladophora nanocellulose was subjected to TEMPO-mediated oxidation 
reactions in an electrochemical setup. This method, developed by Carlsson et 
al.,59 allows for the use of TEMPO radical without co-oxidants in an 
approach where the oxoammonium cations are generated on the surface of 
the electrode used for the electrolysis. Another advantage of this approach is 
the possibility of regulating the charge passing through during the procedure 
and thereby controlling the DO. (Paper I) 

Various charges were chosen and the obtained materials with different 
DOs are shown in Table 1. The amount of carboxyl groups measured via 
conductometric titrations increased progressively throughout the range of 
samples from 32 μmol g-1 for the unmodified Cladophora nanocellulose (u-
CC) to 423 μmol g-1 for a-CC(Q430). This corroborated the FTIR spectra 
results shown in Figure 10 which showed an increase in the band centered at 
1732 cm-1 corresponding to C=O stretching modes in carboxyl groups, 
which implies that successful TEMPO oxidation of u-CC with different DOs 
was achieved. 
 

Table 1. Physicochemical properties of the Cladophora nanocellulose 
materials under study 
 
 

Amount of 
carboxyl 
groups 

(μmol g-1) 

ζ-
potential 

pH 7 
(mV) 

Specific 
surface 

area 
(m2 g-1) 

Total pore 
volume 
(cm3 g-1) 

Degree of 
crystallinity 

(%) 

u-CC 32 -16 106.7 0.441 92.6 
Q20 77 -20 71.6 0.265 93.9 
Q90 112 -30 79.6 0.300 93.6 
Q250 259 -36 57.3 0.212 94.1 
Q430 423 -41 64.4 0.188 93.9 
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Figure 10. FTIR spectra of TEMPO oxidized u-CC materials with different DOs. Note the 
increase in intensity of the peak centered at 1732 cm−1 that corresponds to the C=O stretching 
of the carboxyl groups in oxidized Cladophora nanocellulose chains. Adapted from Hua et 
al.154 with permission from the publisher. 

Results of ζ-potential measurements at pH 7 also showed an increase in 
negative values from -16 to -41 mV for the oxidized materials in aqueous 
dispersion. However, there was no significant effect among the samples in 
the degree of crystallinity obtained by XRD, which varied between 92.6 and 
94.1%, suggesting that formation of carboxyl groups was limited to the 
surfaces of the nanocellulose fibers. 

Regarding the surface area and porosity results obtained by N2 
adsorption-desorption measurements, SSA values obtained with the BET 
method followed a descending trend relative to the DO, from 106.7 m2 g-1 
for u-CC to 64.4 m2 g-1 for a-CC(Q430). The same trend was observed for 
total pore volume acquired with the BJH method, which decreased markedly 
from 0.441 cm3 g-1 for u-CC to 0.188 cm3 g-1 for a-CC(Q430), suggesting a 
more compact surface for highly oxidized samples. 

Membranes prepared with the cellulose materials were then evaluated 
with respect to surface morphology using SEM, as shown in Figure 11. 
Images of membranes based on u-CC presented randomly organized fibers 
and a very porous surface. Remarkably, unidirectional fiber alignment was 
observed at higher DOs, together with an increasingly compact arrangement. 
These results corroborated data obtained from the BET and BJH methods for 
SSA and porosity. 
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The observed phenomena could 
be explained by looking at the 
hydrophilicity of the fibers. The 
increasing surface charges with 
higher degrees of carboxylation 
would have generated more 
hydrophilic fibrils that produced 
stronger capillary forces capable of 
pulling adjacent fibrils closer to 
each other upon drying. 

As the pulling power of the 
capillary forces increased, the SSA 
and total pore volume tended to 
decrease, producing more compact 
structures, as shown by the surface 
measurements in Table 1. The 
fiber alignment was an interesting 
consequence of the capillary forces 
that could have been a result of 
entropic effects and reduced 
average distances between 
adjacent fibers as well as an 
increasing fibrillar contact area. 

A high degree of alignment in 
the orientation of CNC films has 
previously been achieved in 
different studies using mechanical 
force,165 and magnetic166 and 
electric fields.167  

  

Figure 11. SEM micrographs showing the surface the CC
membranes under study. Adapted from Hua et al.154 with
permission from the publisher. 

u-CC 

a-CC(Q20) 

a-CC(Q90) 

a-CC(Q250) 

a-CC(Q430) 
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He et al.168 presented uniaxially 
aligned electrospun all-cellulose 
nanocomposite nanofibers with 
CNC reinforcement where the 
orientation of the fibrils was realized 
through a synergistic effect of 
mechanical drawing forces from a 
rotating collector and the high 
strength electrostatic field during 
electrospinning.  

In contrast, in our method, the 
orientation of the fibrils was 
achieved upon drying the 
membranes as a result of capillary 
forces. High magnification AFM 
images in Figure 12 also suggest 
that fiber aggregation tended to 
increase proportionally with 
carboxyl group density, as observed 
in the increasingly more compact 
and aligned patterns for the a-CC 
materials in contrast with the 
disordered structured u-CC. 
 
 
 
 

 

 
 

 
 

 
  

Figure 12. High magnification AFM images of
the different CC membranes. Adapted from Hua
et al.

155
 with permission from the publisher. 
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3.1.2. Cell response  
Interactions between the surfaces of the membranes and cells were studied 
with a direct test in which hDF and Saos-2 cell lines were cultured on the 
surfaces of the membranes with different degrees of carboxylation. As 
previously discussed, cells feel the protein monolayer adsorbed on the 
surface of biomaterials rather than the material itself. The adsorption of these 
proteins is greatly affected by the physicochemical properties of the material 
and, therefore, variations in the surface charge and chemical environment 
will alter the biological response. 

The characterization studies showed that TEMPO oxidation promoted the 
insertion of –COOH groups, modified properties such as ζ-potential, SSA, 
total pore volume and topography, and also influenced the alignment of the 
fibers. It is accepted that the presence of –COOH groups on the surface 
promotes the adhesion and spreading of fibroblasts, mostly because of 
increased adsorption of proteins such as vitronectin and fibronectin, while 
the presence of –OH groups promotes weak interactions between the cells 
and the surface of the materials.169 The type and scale of ordered topography 
in the nanometer range also influence cell adhesion, proliferation, 
morphology and differentiation. Studies have shown that the diameter of the 
fibers affects the behavior of the fibroblasts and that ordered structures 
highly influence anchorage-dependent cells.170,171 

Figure 13(a) shows the behavior of hDF cells on the surfaces of the 
different cellulose membranes as revealed by SEM. Membranes based on u-
CC promoted poor cell adhesion and the adherent cells were round in shape. 
There was, however, a clear increase in the adhesion and spreading of the 
cells with higher degrees of carboxylation. Cell spreading was moderate for 
a-CC(Q20) membranes, was increased for a-CC(Q90) and was very high for 
a-CC(Q250) and a-CC(Q430) materials, similar to the cells cultured on 
TMX. The images corroborate the results in the Figure 13(b) histogram, 
which showed poor cell viability for cells cultured on u-CC, with improved 
viability for higher degrees of carboxylation. The viabilities of all the cells 
cultured onto a-CC membranes were statistically significantly higher than 
those for cells on u-CC materials. Cell viability was higher on a-CC(Q430) 
membranes, comparable to the positive control, followed by a-CC(Q250) 
materials, which were significantly higher than the a-CC(Q90) and a-
CC(Q20) membranes.  

Cell response studies were also performed with Saos-2 cells and both 
SEM images and cell viability histogram in Figure 14 show the same trend 
as observed for hDF cells.  
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For both cell models, a threshold value of 

260 µmol g-1 was observed. This was the 
lowest amount of carboxylation required to 
allow cell viability, adhesion and spreading 
similar to that of the tissue culture material. 
Although the effect of carboxyl functionalities 
on cell behavior has been previously studied 
for various biomaterials and cell models, the 
influence of group density has been less 
explored.  

Bhattacharyya et al.172 associated the 
positive effect of high –COOH density on cell 
adhesion to an increase in the amount of 
surface-adsorbed fibronectin, an extracellular 
matrix protein which is crucial for cell 
adhesion and proliferation and acts by binding 
to cell integrins.  

The same explanation could be applied to 
our study, where the higher density of 
carboxyl moieties could have promoted a 
higher adsorption capacity for adhesion of 
proteins with favorable conformations, 
causing enhancement of cell adhesion and 
spreading.  
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Figure 13. a) SEM micrographs at ~2000x magnification
of hDF cells cultured on different surfaces. b) Cell
viability histogram. * represents a statically significant
difference from the positive control (p < 0.05). Adapted
from Hua et al.154 with permission from the publisher. 
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The surface topography would also be 
affected by changing the carboxyl group 
content, and this has previously been 
recognized as an important parameter affecting 
cell behavior.  

We suggest that the positive effect on cell 
response by carboxylation of the membranes 
was improved by the increased alignment of the 
fibrils, which may also have improved the 
spreading of the adherent cells. Consequently, 
by tailoring the surface group density we have 
shown that bioinert u-CC membranes can 
potentially be converted into bioactive 
materials.  

u-CC a-CC Q20 a-CC Q90 a-CC Q250 a-CC Q430 TMX 5% DMSO
0

2000

4000

6000

8000

10000

12000

14000

*

*
*

V
ia

bl
e 

ad
he

re
nt

 c
el

ls
 (

a.
u.

)

*

Figure 14. a) SEM micrographs at ~2000x magnification 
of Saos-2 cells cultured on different surfaces. b) Cell 
viability histogram. * represents a statically significant
difference from the positive control (p < 0.05). Adapted 
from Hua et al.154 with permission from the publisher. 
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3.2. Dialdehyde and sulfonated cellulose beads 
3.2.1. Synthesis and characterization 
Cladophora nanocellulose was also subjected to a periodate oxidation 
reaction following the method developed by Lindh et al.82 Through this 
procedure, total oxidation of the hydroxyl groups at C2 and C3 was achieved 
in a one-pot aqueous reaction with 95% conversion to DAC. The process 
was followed by FTIR spectroscopy, as shown in Figure 15. (Papers II, III 
and IV) 

The bands in the spectra centered at 1732 and 880 cm-1 correspond to the 
stretching modes of carbonyl and hemiacetal groups, respectively,60 
indicative of the formation of the dialdehyde groups in up to 240 h. 

 
 

 
Figure 15. Periodate oxidation reaction followed by FTIR spectroscopy. Adapted from Rocha 
et al.155 with permission from the publisher. 
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Formation of beads took place spontaneously, concomitantly with the 
oxidation, after 240 h of reaction. The DAC bead sizes ranged between 10 
and 20 µm in diameter and they had a smooth surface, as shown in the SEM 
images in Figure 16. The reduced stiffness of the fibers as a result of the 
glucose ring opening, the formation of inter- and intrafibrillar hemiacetal 
cross-links and the changes in fiber dimensions are all plausible factors that 
could have contributed to the observed transition from highly porous packed 
fibers to nonporous beads.82 

 

Figure 16. SEM micrographs of the different materials. 
 

The DAC beads were then sulfonated, following the method proposed by 
Zhang et al.,173 with 0.125, 0.25 and 0.50 equivalents of bisulfite to produce 
highly porous materials named SDAC12, SDAC25 and SDAC50, 
respectively.  
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The porous SDAC beads were produced with the ultimate aim of a 
potential application as hemocompatible immunosorbents with anticoagulant 
properties by introducing heparin-like moieties with the sulfonated groups. 
Additionally, the abundance of aldehyde groups produced by the high DO 
could be explored to immobilize antibodies for tailored removal of specific 
toxins and to bind sensitive biological substrates. Therefore, the degree of 
sulfonation with 0.50 equivalents was chosen as the maximum degree of 
substitution in order to preserve the other half of the aldehyde groups for 
future coupling reactions. 

Having in mind the biocompatibility studies and the known reactivity of 
aldehyde groups towards proteins, the remaining aldehyde groups in the 
sulfonated beads were then reduced to hydroxyl groups, a step that preserved 
the spherical shape. This morphology could be beneficial for flow 
applications, e.g. separation columns, where the spheres reduce the 
backpressure and permit relatively high flow rates at moderate pressures. 
The materials were named RSDAC12, RSDAC25 and RSDAC50. 

The SEM images in Figure 16 show the structures of the materials after 
the described modifications. There was a noted increase in the porosity of 
SDAC samples compared with DAC samples, which could be a result of the 
sulfonation reaction producing surface charges and promoting repulsion 
between the cellulose chains. An increase in porosity could also be 
associated with higher degree of sulfonation. 

Raman spectroscopy was performed with the modified materials as 
shown in Figure 17. The region between 1200 and 800 cm-1 contains 
information about the characteristic groups in cellulose materials and also 
includes vibrations associated with the sulfonate groups. 

The bands centered at 1152, 1123 and 1095 cm-1 are found in spectra of 
cellulose type I polymorphs; these have previously been reported for 
cellulose obtained from Cladophora green algae.174 The band at 1095 cm-1 

has been assigned to the C–O stretching mode along the cellulose backbone 
and therefore it did not shift for the analyzed materials.175,176 

The successful sulfonation of the DAC beads was verified by the bands at 
1066 and 825 cm-1, which were derived from the stretching modes of 
O=S=O groups and C–O–S groups, respectively. It is important to note that 
both bands shifted to higher values with rising degrees of sulfonation, which 
has also been previously reported.177 
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Figure 17. Raman spectra of the cellulose materials. The bands at 1152, 1123 and 1095 cm-1 
are characteristic of Cladophora nanocellulose. The bands at 1066 and 825 cm-1 arise from 
the sulfonate groups. 

 

A complete physicochemical characterization of the studied cellulose 
beads was performed; the results are summarized in Table 2. (Paper III) 
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Variations in charge were evaluated with conductometric titration, which 
also revealed a 48% degree of sulfonation for SDAC50, comparable with the 
aim of 50%. Furthermore, a clear increase in the surface charge relative to 
the number of charged groups measured by conductometric titration was 
observed for higher degrees of sulfonation. The number of carboxyl groups 
between 30 and 40 μmol g−1 were measured for Cladophora nanocellulose 
and DAC, increasing to 148, 240 and 490 μmol g−1 of sulfonate groups for 
SDAC12, SDAC25 and SDAC50, respectively. As expected, the reduction 
of the aldehyde groups did not significantly alter the charge of the materials. 

The measurements obtained with N2 adsorption-desorption analysis 
indicated that the surface area decreased 10-fold with periodate oxidation to 
create the compact surface observed in the SEM images and provide denser 
beads, as measured by pycnometry, compared to the unmodified 
nanocellulose. A direct proportionality with the degree of sulfonation was 
also observed, with a drastic increase in surface area for SDAC materials. 
The reduction step did not significantly affect the surface area of the 
materials. The high values for surface area are beneficial if the sulfonated 
beads are to be used as an immunosorbent, since a large contact area 
between the sorption material and the adsorbate is advantageous.74,178 

Figure 18 shows the pore size distribution for the materials. The pores in 
the SDAC50 and RSDAC50 samples, which ranged from 20 to 60 nm in 
size, were larger than those in the unmodified Cladophora nanocellulose (8 
to 20 nm). There was a clear increase in pore size with increased degree of 
sulfonation and also compared to DAC; most of the pores in DAC were in 
the range of 1 to 8 nm. These results set the modified beads in the 
mesoporous range, creating the possibility of application in protein retention 
systems based on size exclusion. Moreover, it might be possible to tailor the 
porosity of the beads to selectively adsorb biomolecules of specific 
sizes.133,179  
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Figure 18. Pore size distribution for the cellulose materials. The inset shows the increase in 
pore size with higher degrees of sulfonation. 

 
Additionally, the thermogravimetric curves presented in Figure 19 show 

an interesting phenomenon associated with the chemical modifications. This 
technique gives information about the stability of materials when they are 
subjected to environments at different temperatures. It has been reported in 
the literature that cellulose has three main stages of mass loss, associated 
with physisorbed water molecules below 100 °C, loss of O atoms around 300 
°C and finally degradation of the polymer backbone.180 

 Figure 19a indicates that DAC beads were much less thermally stable 
than the other samples. The derivative thermogravimetry (DTG) curves in 
Figure 19b clearly shows various endothermic events of mass loss for the 
DAC material, while the sulfonated beads had a single sharp decomposition 
point around 380 °C. This could have been caused by the weaker 
intermolecular bonds in the DAC structure, rendering it a less stable 
material. There was, however, no significant difference in the 
thermogravimetric profiles between the SDAC and RSDAC materials. 
Nevertheless, the sulfonated materials had a lower mass at the end of the 
process than the DAC material, relative to the decomposition of the sulfur 
groups.  
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Figure 19. Thermal behavior of the samples presented by: (a) TGA, (b) DTG. The curves 
corresponding to DAC material show a much less stable material compared to SDAC25, 
SDAC50 and RSDAC50, which have very similar profiles. 
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3.2.2. Indirect cytotoxicity tests 
Cytotoxicity studies were carried out on DAC, SDAC50 and RSDAC50 
materials. Fibroblasts are generally suggested for use as model cells for 
indirect tests, while monocytes were selected considering the proposed 
application of sulfonated beads in blood-related procedures. The results of 
the indirect tests with hDF cells are shown in Figure 20a. Extracts of DAC 
and SDAC materials showed very low levels of cell viability, while cells 
cultured with RSDAC extract exhibited cell viability values above 70% 
toxicity level, which classifies the RSDAC beads as non-cytotoxic. (Paper 
II) 
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Figure 20. Cell viability: cells were cultured for 24 h in extracts of the Cladophora 
nanocellulose modified samples. Data are means ± standard error of the mean. Cell viability 
values above 70% indicate non-cytotoxic effects: a) hDF cells, b) THP-1 cells. Adapted from 
Rocha et al.155 with permission from the publisher. 

 
The light microscopy images of adherent hDF cells presented in Figure 

21 corroborate the cell viability results in Figure 20a, with cells cultured in 
the presence of RSDAC extract showing a similar spreading morphology to 
that of the negative control. In contrast, cells cultured with the DAC and 
SDAC extracts were rounded in shape, indicating toxicity for hDF cells. The 
hypothesis that a change in the ionic strength of the SDAC extract medium 
could explain the poor cell viability results was discarded since no visible 
differences in color change in the phenol red-containing medium extracts 
between SDAC and RSDAC were observed.  

On the other hand, all the extracts promoted low levels of cell viability 
for THP-1 cells, as shown in Figure 20b. Although RSDAC extract 
promoted an increase in cell viability compared to the SDAC extract, the 
values were still statistically significantly different from the negative control 
and below the 70% limit. 
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The poorer viability in this case could 
be a consequence of retention of cell 
culture medium proteins, amino acids and 
growth factors in the structure of the beads 
because of their high surface area and pore 
volume. Lower availability of these 
substances seems to influence proliferation 
of non-adherent THP-1 cells to a greater 
extent than for the anchorage-dependent 
fibroblasts. 

In both scenarios, the results suggest 
the necessity for reducing the remaining 
aldehyde groups so as to control the 
indirect cytotoxicity of the material. 

 
 
 

 
 
 
 
 
 
 
 
 

  

Figure 21. Representative light microscopy 
images of the hDF cells after culture in
extracts. Adapted from Rocha et al.155 with 
permission from the publisher. 
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3.2.3. Hemocompatibility studies 
In order to assess the hemocompatibility of the sulfonated cellulose beads, 
RSDAC50 was selected and an in vitro loop model was used to incubate the 
material (concentration range 0.5–5 mg mL−1) with whole blood. The 
hemolytic activity and levels of TAT, C3a and sC5b-9 were evaluated and 
the results compared with those obtained with the unmodified Cladophora 
nanocellulose. (Paper IV) 

Figure 22 shows the results for generation of TAT complexes, an 
indicator of coagulation activation. Cladophora nanocellulose produced 
elevated levels of TAT, indicating its high thrombogenicity. In contrast, 
these levels decreased more than four-fold for blood incubated with the 
RSDAC beads, suggesting a marked reduction in pro-coagulant activity by 
forming sulfonated cellulose beads.  
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Figure 22. Levels of TAT complexes after whole blood incubation with Cladophora 
nanocellulose (CN) and RSDAC. Data represent means ± standard error of the mean for n = 6. 
Statistically significant differences between sample groups are indicated by * (p < 0.05). All 
CN and RSDAC values were significantly different from those for the initial sample and 
control. Adapted from Rocha et al.164 with permission from the publisher. 

 
Retention control experiments consisting of incubating the materials with 

standard solutions of the activation markers were performed to investigate if 
the different markers were trapped by the materials. For TAT complexes, a 
significant retention of 38% was observed in the nanocellulose sample, but 
there was no significant difference when incubating with RSDAC (Table 3). 
Hence, this indicates that the levels of TAT obtained with RDSAC are not a 
consequence of TAT retention by the sulfonated beads. 
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Table 3. Levels of TAT, C3a and sC5b-9 after standard solution incubations 
with the studied materials 

 
Control 

Cladophora 
nanocellulose 

RSDAC 

TAT (µg L-1) 19.7 ± 2.9 12.1 ± 2.9* 18.2 ± 2.9 

C3a (mg L-1) 0.7 ± 0.1 ND ND 

sC5b-9 (AU mL-1) 7.8 ± 1.1 5.5 ± 1.1* 6.4 ± 1.1* 

*Statistically significant differences between control (before incubation) and samples after 
incubation with the materials (p < 0.05). 

Several studies have shown that sulfate and sulfonate groups can induce 
anticoagulant properties in different types of materials.150,181,182 This 
antithrombogenic activity is believed to take place via interaction with 
fibrinogen and fibrin, binding of coagulation factors or a process resembling 
heparin-like activity.148,151,181 

For the RSDAC beads, the decrease in TAT levels could have been 
caused by the changes in physical properties, e.g. morphology, pore volume 
and pore size, in addition to sulfonation. Although blood-material 
interactions are based on a complex series of reactions, protein adsorption on 
the surface of the material is acknowledged as critically influencing blood 
activation.129,183 From this perspective, it is reasonable to postulate that the 
variations in surface chemistry, morphology and nanoporosity of the 
RSDAC beads compared with the unmodified nanocellulose could have 
promoted different patterns of protein adsorption, including changes in the 
conformation and activity of the coagulation factors, which would have 
affected the pro-coagulant activity.131 

Regarding the increase in surface charge when introducing the sulfonate 
groups and the subsequent potential influence on coagulation activation, 
additional studies including functionalization with different charge moieties, 
e.g. phosphate groups, could elucidate the role of sulfonate groups in the 
reduction of the pro-coagulant activity of Cladophora nanocellulose. 

Activation of the complement system by Cladophora nanocellulose and 
RSDAC was assessed by the formation of C3a and sC5b-9 after incubation 
with whole blood. RSDAC beads promoted a marked reduction in the levels 
of C3a when compared with the unmodified nanocellulose, as presented in 
Figure 23a. In contrast, sC5b-9 levels showed the opposite behavior, i.e., 
levels were higher after incubation with RSDAC than with the unmodified 
material (Figure 23b). 
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Figure 23. Levels of: (a) C3a, and (b) sC5b-9 complexes after whole blood incubation with 
Cladophora nanocellulose (CN) and RSDAC. Data represent means ± standard error of the 
mean for n = 8. Statistically significant differences between sample groups are indicated by * 
(p < 0.05). All CN and RSDAC values were significantly different from those for the initial 
sample and control. Adapted from Rocha et al.164 with permission from the publisher. 

The difference in C3a levels between RSDAC and Cladophora 
nanocellulose could be related to higher retention of the small, positively 
charged C3a molecule to RSDAC than to the unmodified nanocellulose. 
However, the control experiment did not show a retention difference 
between the materials, with C3a being readily retained by both materials 
(Table 3). Another possible explanation for the C3a results is that activation 
of the coagulation cascade might have influenced the interaction of C3a with 
the materials. With strong activation of the coagulation system on the 
nanocellulose, coagulation proteins, platelets and fibrin clots occupy spaces 
on the material and limit the available space for C3a binding. In contrast, 
lower coagulation activation on RSDAC could be expected to decrease the 
coverage of the material with coagulation proteins and platelets, providing 
space for the binding and entrapment of C3a in the large pores of the 
negatively charged RSDAC material. 
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Since sC5b-9 is a large complex, its interactions with the materials are 
expected to be less affected by the available binding sites and differences in 
pore structure between the materials. The control experiment showed some 
retention of the complex in both materials but no significant difference 
between them was detected (Table 3). Thus, the observed levels of sC5b-9 
could be underestimated but most probably adequately represent differences 
between the materials in complement system activation. 

The high levels of complement activation with the unmodified material 
could be a result of –OH groups in the cellulose backbone activating the 
alternative pathway.184,185 The substitution of –OH groups in cellulose 
materials with different functionalities such as sulfates and carboxyl groups 
is known to reduce the complement system response.184 However, one 
reason why a reduction in complement system could not be achieved even 
with the introduction of sulfonate groups is the degree of chemical 
modification.186 Further studies with different degrees of sulfonation could 
elucidate the complement system activation properties of Cladophora 
nanocellulose.  

Finally, hemolytic activity was evaluated in order to observe whether the 
materials disrupted red blood cells. Figure 24 shows that all samples caused 
very low degrees of hemolysis, comparable with that for the negative 
control. The electrostatic repulsion between the materials and the negatively 
charged red blood cells could have prevented cell-material interactions. 
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Figure 24. Hemolytic activity of Cladophora nanocellulose (CN) and RSDAC after 
incubation with whole blood. Results are expressed as percentages of the positive control (1% 
(v/v) Triton-X treated blood). Data represent means ± standard error of the mean for n = 6. 
Adapted from Rocha et al.164 with permission from the publisher. 
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4. Conclusions and perspectives 

The studies of Cladophora nanocellulose derivatives presented in this thesis 
show that functionalization of the nanomaterial greatly affects its 
physicochemical properties and that this can be exploited to tailor the 
material’s biocompatibility towards specific applications.  

The degree of carboxylation of Cladophora nanocellulose can be adjusted 
by controlling the applied charge in an electrochemically assisted TEMPO-
mediated oxidation reaction. The presence of carboxyl groups resulted in 
membranes with decreased surface area and smaller total pore volume 
compared with the unmodified material. In addition, the functionalized 
membranes contained a unique compact, aligned fiber pattern in contrast 
with the porous network of randomly oriented fibers observed in the 
membranes of the pristine nanocellulose. Interestingly, the degree of 
substitution seems to influence these properties, as the decrease in surface 
area and total pore volume and the orientation and aggregation of the fibers 
tended to be augmented with increases in the carboxyl group density. 

The cell studies highlighted that it is possible to transform the bioinert 
Cladophora nanocellulose into a bioactive material by introducing carboxyl 
groups. However, a threshold value in carboxyl group density of ≥260 μmol 
g−1 should be reached to obtain carboxylated Cladophora nanocellulose 
membranes with cytocompatibility comparable to that of tissue culture 
material. 

Sulfonated micrometer-sized porous beads from Cladophora 
nanocellulose were produced via mild, facile reactions, including a first 
oxidation step where dialdehyde cellulose beads were obtained, followed by 
the sulfonation reaction. Besides the change in morphology, other changes in 
the physicochemical properties of Cladophora nanocellulose took place as a 
consequence of the functionalization. There was a marked reduction in the 
SSA of the DAC beads compared with the unmodified material, but the high 
surface area of Cladophora nanocellulose could be recovered by introducing 
the sulfonate groups, with a higher degree of sulfonation leading to a higher 
surface area. The total pore volume of the nanocellulose decreased with the 
oxidation step and slightly increased when the sulfonate groups were 
introduced. In addition, a marked change in pore size distribution was 
observed, showing that this property can be tuned by varying the degree of 
sulfonation of the material.   
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In summary, the high surface area, the high DO, the spherical shape and 
the possibility of tailoring the porosity make sulfonated Cladophora 
nanocellulose beads interesting candidates for the development of 
immunosorbent platforms, including their use in extracorporeal blood 
treatments. In this respect, the hemocompatibility studies showed a 
significant reduction in the pro-coagulant activity of the sulfonated beads 
compared with unmodified nanocellulose; however, the modification did not 
succeed in controlling the complement system activation.  

It cannot be claimed that sulfonation is solely responsible for the 
reduction of pro-coagulant activity and the influence of other properties like 
morphology, surface area and porosity cannot be dismissed.  

This thesis gives a first insight into the blood compatibility of sulfonated 
cellulose beads with interesting results that will pave the way for studies of 
the role of the physicochemical properties of SDAC on its blood 
compatibility. Such studies could include whole blood studies with DAC, 
phosphorylated DAC and different degrees of sulfonated DAC beads in 
addition to the full physiochemical characterization of the materials. In 
addition, other modification strategies need to be explored in order to 
improve the hemocompatibility of the cellulose materials in terms of 
complement system activation.  
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Sammanfattning på svenska  

Nanocellulosamaterial ses som lovande kandidater för biomedicinska 
applikationer tack vare dess förbättrade mekaniska egenskaper tillsammans 
med större ytarea och porositet jämfört med vanlig cellulosa. Förnybara 
extraktionsprocesser och generellt bra biokompatibilitet bidrar också till ett 
ökat intresse för användandet av cellulosa som biomaterial.  

Studierna som presenteras i denna avhandling undersöker olika kemiska 
funktionaliseringar av nanocellulosa från Cladophora. Vidare utvärderas 
påverkan av dessa modifikationer på materialets fysikokemiska egenskaper 
samt dess biokompatibilitet. 

Genom elektrokemisk TEMPO-oxidering producerades cellulosamaterial 
med olika graders karboxylering. Detta tillvägagångssätt ger kontroll över 
tillförd laddning under reaktionen och därmed även över antalet tillförda 
karboxylgrupper. Karboxylerade nanocellulsamembran hade mindre ytarea, 
lägre porvolym och en kompaktare struktur jämfört med membran 
tillverkade av icke-modifierad cellulosa. Vidare resulterade introduktionen 
av karboxylgrupper i membran med ett koordinerat fibermönster, där 
fibrernas enade riktning och aggregering tenderade att förstärkas med högre 
grad av oxidation.  

Cytokompatibilitetstudierna med fibroblaster och osteoblaster visade att 
de bioinerta Cladophora nanocellulsamembranen kunde transformeras till 
bioaktiva genom introduktion av karboxylgrupper. En 
minimumkoncentration av 260 µmol g-1 karboxylgrupper behöver likväl 
tillföras för att erhålla nanocellulsamembran som främjar celladhesion och 
spridning i jämförbar nivå med material specifikt designat för 
cellkultivering.  

Genom periodatoxidering producerades 2,3-dialdehyd cellulosapärlor 
med en diameter på mellan 10–20 µm och som har en väldigt slät och 
kompakt yta. Detta material sulfonerades sedan vilket skapade laddade och 
porösa strukturer med bibehållen svärformation. Den mesoporösa strukturen 
kunde justeras genom olika graders sulfonering, ändringar som också 
påverkade ytladdningen, -potentialen, densiteten, ytarean och 
värmestabiliteten.  

Den mesoporösa strukturen, sfäriska formen, stora ytarean och höga 
graden av oxidation gör de sulfonerade pärlorna till potentiella kandidater 
för immunadsorptions- och blodrelaterade applikationer, varför materialens 
blodkompatibilitet undersöktes vidare. In vitro-studier med mänskligt blod 
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visade att både de sulfonerade pärlorna och den icke-modifierade 
Cladophora nanocellulosan hade väldigt liten påverkan på hemolys. 
Utvärdering av aktivering av komplementkaskaden visade att de sulfonerade 
pärlorna var signifikant mindre prokoagulerande jämfört med icke-
modifierad nanocellulosa. Förändringarna i Cladophora nanocellulosan var 
dock inte tillräckliga för att kontrollera aktivering av det immunologiska 
komplementsystemet i blod i kontakt med materialen.  

Överlag visar resultaten som presenteras i denna avhandling att det är 
möjligt att förbättra biokompatibiliteten av Cladophora nanocellulosa genom 
kemiska modifikationer av strukturen och via försiktig justering av 
materialets fysikokemiska egenskaper.  
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Resumo em português 

Os materiais nanocelulósicos são vistos como candidatos promissores para 
aplicações biomédicas devido às suas propriedades mecânicas distintas, 
assim como à maiores valores de área superficial e porosidade quando 
comparados à celulose convencional. Para além disso, os processos 
sustentáveis de extração da nanocelulose e sua potencial biocompatibilidade 
também contribuem para tornar a nanocelulose um biomaterial muito 
interessante. 

Os estudos apresentados nesta tese investigam diferentes 
funcionalizações da nanocelulose extraída da alga verde Cladophora e 
avaliam a influência dessas modificações nas propriedades físico-químicas e 
na biocompatibilidade do material. 

Nanocelulose com diferentes graus de carboxilação foi sintetizada por 
uma reação de oxidação mediada por TEMPO e assistida 
eletroquimicamente. Esta abordagem livre de cooxidante permitiu controlar 
a carga aplicada durante o processo e por consequência, a quantidade de 
grupos carboxílicos inseridos. Membranas de nanocelulose carboxiladas 
apresentaram uma redução na área superficial, menor volume total de poros 
e  uma estrutura mais compacta quando comparadas às membranas do 
material não modificado. A introdução de grupos carboxílicos resultou 
também em membranas com padrão de fibras alinhado, no qual a orientação 
e a agregação tendem a aumentar proporcionalmente ao aumento do grau de 
oxidação. 

Estudos de compatibilidade celular com fibroblastos e osteoblastos 
revelaram que a nanocelulose bionerte de Cladophora torna-se bioativa pela 
carboxilação. Todavia, é necessário atingir um valor limite de 260 µmol g-1 
de grupos carboxílicos para que promovam a adesão e a proliferação celular 
comparados àqueles em que as células são cultivadas no material de cultura 
de tecidos. 

Paralelamente, uma reação de oxidação com periodato produziu esferas 
de 2,3-dialdeído-celulose com diâmetros entre 10 e 20 µm que apresentam 
superfícies lisas e compactas. Este material foi posteriormente sulfonado 
para substituir até 50% dos grupos aldeídos resultando em estruturas 
carregadas e porosas que mantiveram o formato esférico. O perfil 
mesoporoso pôde ser ajustado alterando o grau de sulfonação, o que também 
induz variações na carga superficial, potencial zeta, densidade específica, 
área superficial e estabilidade térmica. 
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A estrutura mesoporosa, a forma esférica, a vasta área superficial bem 
como o elevado grau de oxidação fazem com que as esferas de celulose 
sulfonadas sejam potenciais candidatos para imunossorção e aplicações 
envolvendo sangue,  por isso estes materiais também foram caracterizados 
em termos de hemocompatibilidade. Estudos in vitro com sangue humano  
mostraram que tanto as esferas sulfonadas como a nanocelulose de 
Cladophora não modificada não alteraram os índices hemolíticos. Durante a 
avaliação da cascata de ativação de coagulação sanguínea, foi observada 
uma redução significativa da atividade pró-coagulante das esferas sulfonadas 
quando comparadas ao material não modificado. No entanto, as mudanças 
introduzidas na nanocelulose de Cladophora não surtiram efeito na ativação 
da cascata do sistema de complemento pelo material. 

Em resumo, os resultados apresentados nesta tese revelam a possibilidade 
de regular a biocompatibilidade da nanocelulose de Cladophora pela 
introdução de modificações químicas bem como pelo ajuste minucioso das 
propriedades físico-químicas do material.  
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