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1 

1. Introduction 

Cellulose is the most abundant biopolymer on earth, sustainably available in 
vast quantities from various sources.1 Natural plant materials with a high cellu-
lose content, such as wood and cotton, are important raw materials for common 
products including paper and board, construction materials, and textiles. In 
plant cell walls, cellulose exists as a network of nanofibrils organized in a matrix 
of other biopolymers, such as hemicelluloses and lignin.2 The cellulose nano-
fibrils, a form of nanocellulose, can be separated from plant biomass using dif-
ferent chemical and mechanical treatments.3 Nanocellulose is a promising new 
material, especially due to its remarkable mechanical properties, with a poten-
tial to replace oil-based plastics in some applications, or enable completely new 
products. 

In addition to pristine plant sources such as wood, a remarkable amount of 
cellulose is present in agricultural residues and food industry side streams. For 
example, sugar cane industry in South America and Asia produces bagasse, a 
fibrous byproduct with a high cellulose content. The amount of cellulose in this 
side stream is ca. 30 million tons per year. As another example, rice straw grown 
annually in China also contains ca. 30 million tons of cellulose.4 For compari-
son, the global production of plastics is approximately 300 million tons per 
year,5 or, the wood in all Finnish forests contains ca. 500 million tons of cellu-
lose.6 

Since the first commercial nanocellulose factory started in 2014, a dozen other 
companies have either started or announced their plans to start the production 
of nanocellulose.7 In the marketing material of these companies, the most fre-
quently mentioned applications for nanocellulose include: strengthening paper, 
board, or nonwovens; reinforcing polymer composites; modifying the rheology 
or stabilizing emulsions in cosmetics, food, or paints; and, forming a barrier 
layer in packaging. In the majority of these applications, nanocellulose will be 
used as an additive to improve a physical property. 

This thesis aims to broaden the application field of nanocellulose by studying 
different dry material forms where nanocellulose is the major constituent. One 
important goal is to improve the applicability of such nanocellulose products in 
wet conditions, normally challenging for cellulose, which is inherently very hy-
drophilic. Here, two approaches are explored: first, chemically hydrophobizing 
the surface of the material, and second, cross-linking the material, i.e., adding 
permanent chemical bonds that are not affected by water. 
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The multidisciplinary articles in this thesis study the applications of nanocel-
lulose at the intersection with fields including superhydrophobic wetting, aero-
gels, and stem cell biology. These topics, which will be introduced in the follow-
ing chapters, have been strongly growing in popularity during the last decade, 
as illustrated in Figure 1. Nanocellulose and superhydrophobicity are relatively 
new “hot” topics in the scientific record, the rapid growth in publication num-
bers starting around years 2005 and 2003, respectively. At present, more than 
800 articles on nanocellulose are published annually, and more than 1000 arti-
cles on superhydrophobicity. Mesenchymal stem cells have a longer history than 
nanocellulose and superhydrophobicity but the trend in publication numbers 
during the last two decades looks very similar, with the number of annual pub-
lications now larger than 5000. On the other hand, aerogels, also first intro-
duced decades before nanocellulose, have gained popularity at a slower pace, 
now annually producing more than 600 publications. Still, also the publication 
numbers on aerogels have increased much faster than the global scientific out-
put in total. 

 
Figure 1. Number of scientific papers published annually on nanocellulose, mesenchymal stem 
cells, superhydrophobic wetting, or aerogels.1 Note the different scale for mesenchymal stem 
cells and the total number of scientific publications. 

Instead of trying to review the vast amount of research published on nanocel-
lulose, superhydrophobic wetting, aerogels, and mesenchymal stem cells during 
the last two decades, the next introductory chapters will only focus to topics es-
sential to discuss the publications in this thesis. Recent reviews are cited where 
appropriate to point the reader to more complete information on each topic.  

                                                        
1 The data was extracted from the Scopus database searching for titles, abstracts, or 
keywords containing one of the following search terms: a) nanocellulose*, "nano-
fibrilla* cellulose", "microfibrilla* cellulose", "cellulose nanofib*", "cellulose nanocrys-
tal*", b) superhydrophobic*, c) “mesenchymal stem cell*”, “multipotent mesenchymal 
stromal cell*”, and d) “aerogel*”. 
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This thesis is structured as follows. Chapter 1 will give an introduction to var-
ious types of nanocellulose, focusing on nanofibrillated cellulose, i.e., the type 
used in Publications I, II, and III. Chapter 1 will introduce the common termi-
nology and models used to describe superhydrophobic wetting, and Chapter 4 
will give a brief introduction to mesenchymal stem cells. Finally, Chapters 5 and 
6 will summarize the experimental methods and the most central findings in 
Publications I, II, and III. 

 



4 

2. Nanocellulose 

Cellulose is biologically produced by plants, some bacteria, and some marine 
animals. In plant cell walls, cellulose is found in a network of nanofibrils orga-
nized in a matrix of other biopolymers: hemicellulose and either lignin or pec-
tin.8 Figure 2 illustrates how cellulose is organized in plant tissue, to be dis-
cussed in more detail below. 

 
Figure 2. Organization of cellulose in plants (sugar beet as an example). © 2016 Betulium Ltd. 
Electron micrographs in the illustration reprinted from 9 with permission from Elsevier. 

The next paragraphs give a literature review on nanocellulose. First, the bio-
logical origin of cellulose is discussed, followed by approaches to produce nano-
cellulose from plant biomass. This presentation focuses on nanofibrillated cel-
lulose, i.e., the nanocellulose type used in Publications I, II, and III. Finally, ap-
plications of nanofibrillated cellulose in dry product forms are discussed, pre-
senting the state-of-the-art background for this thesis.  
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2.1 Origin of cellulose 

Plant cells biologically synthesize cellulose using protein complexes embedded 
in the plasma membrane.10 The biosynthesized cellulose molecules arrange hi-
erarchically to form the cell wall, as shown in Figure 2 above. First, 18–24 cel-
lulose polymer chains crystallize into nanofibrils consisting of crystalline seg-
ments separated by disordered regions.2 The individual nanofibrils, commonly 
referred to as microfibrils or elementary fibrils, have a diameter of ca. 3 na-
nometers, and their length can exceed 2 μm.11 The elementary fibrils have re-
markable mechanical properties, having a stiffness of ca. 140 GPa and a tensile 
strength of 2–3 GPa.12,13 At the next level of hierarchy, the elementary fibrils 
arrange in fibril bundles and networks. These bundles then arrange together 
with the other biopolymers to form different cell wall layers. 

The composition and structural arrangement of the cell wall depends on the 
function of the cell. The primary cell wall, synthesized during cell growth, com-
prises of cellulose microfibrils (15–40%) with a relatively small crystallinity, ar-
ranged in a network structure with hemicellulose (20–30%) and pectin (30–
50%).14 In the primary cell wall, the microfibrils are bundled together from a 
part of their length, coming into and out of contact, forming a network of bun-
dles.15 The microfibril bundle network is arranged in one or more lamellar layers 
with more or less disperse orientations, as shown in Figure 3. Tissues that store, 
for example, starch in potatoes, or sugar in sugar cane only have a primary cell 
wall.  

 
Figure 3. Primary cell wall in onion. Adapted from 15. © 2015 John Wiley & Sons Ltd. 

In contrast, the majority of biomass in woody plant tissues is located in the 
secondary cell wall, which is formed inside the primary cell wall after the cell 
has stopped growing. The function of the secondary cell wall is to provide me-
chanical rigidity to the plant. This layer comprises of cellulose (35–50%), hem-
icellulose (25–35%), and lignin (10–25%). The elementary cellulose fibrils in 
the secondary cell wall are more crystalline than in the primary cell wall and 
arrange in better defined bundles with a diameter of 10–20 nm. The fibril bun-
dles pack side-by-side in the cell wall, helically winding around the cell in a well-
defined orientation. 
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An entirely different type of nanocellulose is produced by bacteria; therefore, 
being referred to as bacterial cellulose (BC) or microbial cellulose (MC).16,17 The 
most commonly studied cellulose-producing bacteria are members of the genus 
Gluconacetobacter. These bacteria produce a biofilm composed of cellulose at 
the interface between air and culture medium. A popular example is nata de 
coco, an Asian food ingredient produced by fermentation of coconut water by 
the cellulose-producing bacteria.  

A pellicle of bacterial cellulose is shown in Figure 4a. Bacterial cellulose is very 
different from plant biomass: after the bacterial cells have been washed away 
with sodium hydroxide solution, bacterial cellulose consists of pure cellulose 
without hemicelluloses or other biopolymers. The cellulose is assembled into 
ribbon-like fibrils with a thickness of 6–10 nm and a width of 30–50 nm.18,19 
Bacterial cellulose has been actively studied for biomedical applications, such 
as wound dressings.17,20 

 
Figure 4. a) Purified bacterial cellulose.21 Photo by Penn State. b) Tunicates (Rhopalaea 
Crassa). The body of the animal is ca. 4 cm in size.22 Photo by Samuel Chow.  

In addition to plants and bacteria, also marine invertebrate animals called tu-
nicates (Tunicata), or sea squirts, produce cellulose. An example of such an an-
imal is shown in Figure 4b. Tunicate cellulose is highly crystalline, and the ele-
mentary fibrils, having a cross-section of ca. 8 x 20 nm, are larger than in 
plants.12 

2.2 Types of nanocellulose 

Cellulose can be separated from plant biomass using chemical and mechanical 
treatments. Depending on the chemical treatment, nanocellulose with very dif-
ferent physical dimensions and surface chemistry can be obtained. In one ex-
treme, acid hydrolysis produces cellulose nanocrystals (CNC),23,24 i.e., rod-like 
crystalline nanoparticles with a length of 100–300 nm and a diameter of 3–5 
nm. In this process, amorphous sections of the elementary fibrils are entirely 
degraded, leaving only the crystalline segments. A transmission electron micro-
graph of CNC is shown in Figure 5. 

Another approach for producing nanocellulose involves dissolving cellulose, 
often after chemical derivatization, subsequently forming nanostructures by, for 
example, electrospinning, and, finally, chemically converting the product back 
to cellulose. The product is called regenerated cellulose. In this process, the 

(b) (a) 
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crystal structure of cellulose changes from cellulose I to cellulose II, which has 
a smaller stiffness.25 Therefore, it may be preferable to extract the cellulose mi-
crofibrils in the native crystalline state.26 

 
Figure 5. Cellulose nanocrystals. Reproduced from 27 with permission of The Royal Society of 
Chemistry. 

Using a milder chemical pretreatment combined with mechanical fibrillation, 
nanofibrillar cellulose is obtained. This type of nanocellulose is commonly and 
interchangeably called nanofibrillated cellulose (NFC), microfibrillated cellu-
lose (MFC), or cellulose nanofibrils (CNF).3 Depending on the raw material and 
the manufacturing process, nanofibrillated cellulose consists of individual ele-
mentary fibrils with the diameter of ca. 3 nm or bundles of a few such fibrils. 
These bundles typically have a diameter in the range from 5 to 60 nm and a 
length up to a few micrometers.16 Figure 6 shows a nanocellulose type with in-
dividualized fibrils (a) and another one containing also large bundles of fibrils 
(b). 

 
Figure 6. a) Nanofibrillated cellulose with individualized elementary fibrils. Reprinted with 
permission from 28. © 2007 American Chemical Society. b) Nanofibrillated cellulose with bun-
dles of elementary fibrils.29 © 1997 John Wiley & Sons, Inc. 

Clearly, the word microfibrillated does not correctly describe the lateral di-
mension of these nano-sized fibers. This widely used term originates from old 
research on the structure of plant cell wall, where the term cellulose microfibril 

(a) (b) 
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refers either to the 3-nm elementary fibril or a bundle of such fibrils. The termi-
nology was discussed by Ohad and Danon in 1964:30 

In Frey-Wyssling and Müthlethaler's papers the 10 to 20 
mμ microfibrils are composed of elementary fibers (3.5 

mμ). The microfibrils of these authors correspond to what 
we have called in a previous paper (8) "composite fibers," 
and their "elementary fibril" corresponds to what we have 
called a "microfibril." Colvin, in his paper (6), does not dis-
tinguish between these two structural units. He denies the 
existence of "microfibrils" or "elementary fibrils" about 3 

mμ in width. 

The terminological situation only became worse with the dawn of nanocellulo-
sics. Charreau et al. discussed the terminology in 2013:31  

[- - -] since it was first produced authors gave the product 
the current name of microfibrillated cellulose. However, re-
vision of literature shows that microfibrillar cellulose, mi-
crofibrilized cellulose, nanofibrillated cellulose, nanofibril-
lar cellulose, nanoscale fibrillated cellulose, and cellulosic 
fibrillar fines, have also been used to describe the web-like 

structure formed by cellulose microfibrils of high aspect ra-
tio extracted from cell wall.  [- - -]  More general terms have 
also been used by some authors to refer to MFC, including 
microfibril, microfibril aggregates, nanofiber, nanofibril, 

and fibril aggregates. 

Even though the research has aimed for extracting the biological fibrils in their 
original state from biomass, it must be stressed here that NFC/MFC/CNF do 
not directly refer to a structural unit in the plant cell wall but a mixture of frag-
mented biological entities, a product resulting from one of many different man-
ufacturing processes. Considering the variety of raw materials, pre-treatments 
and means of mechanical shearing presented in the literature, it is evident that 
NFC/MFC/CNF in one study may be entirely different from a material with the 
same name in another study; thus, special care must be taken when comparing 
results from different studies.  

At the time of writing this thesis, it seems that the nanocellulose research com-
munity might be slowly converging towards preferring the term cellulose nano-
fibrils over the other names. However, since the majority of Publications I–III 
use nanofibrillated cellulose, this term will be used throughout the following 
chapters for plant materials that have been – with or without pretreatment – 
mechanically disintegrated into elongated particles with a lateral dimension 
smaller than 100 nm. When referring to the elementary 3-nm structural unit of 
the plant cell wall and the structural unit comprising a bundle of such elemen-
tary units, the terms elementary fibril and cellulose microfibril will be used, 
respectively. 
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2.3 Production of nanofibrillated cellulose 

To separate cellulose microfibrils from plant biomass, the non-cellulosic frac-
tion must first be removed. This is typically achieved using standard pulping 
and bleaching processes used in forest industry; thus, the starting point for 
nanocellulose production often is a standard papermaking pulp. For historical 
reasons and practical availability, researchers in different countries and univer-
sities tend to use different raw materials. For example, researchers connected 
to Sweden often use bleached softwood sulfite pulp from a mix of pine and 
spruce, whereas researchers in Japan often use bleached softwood kraft pulp. 
The nanocellulose used in the experiments of this thesis was prepared from 
bleached kraft pulp originating from birch, which is commonly produced in Fin-
land. 

In addition to wood pulp, a multitude of different plant materials have been 
reported for production of nanocellulose, mostly crop residues including rice 
straw,32 bagasse,33 sugar beet,34 potato,35 and citrus peels.36 The different raw 
materials differ, for example, in the arrangement of microfibrils in the cell wall 
and the amount and type of hemicelluloses on the fibrils. Such differences make 
the direct comparison of results from different publications challenging. 

Bleached pulp fibers can be mechanically disintegrated without further chem-
ical modification to produce a type of nanofibrillated cellulose called native cel-
lulose nanofibrils. Nanofibrillation is easier if the pulp is never dried, since in 
the pulping process, lignin and a part of carbohydrates are removed in a soluble 
form, leaving behind voids in the structure and interfaces plasticized by water. 
Drying would result in collapse of these voids and hornification, i.e., formation 
of irreversible hydrogen bonds between the cellulose microfibrils.37 The nano-
fibrillation is also facilitated by the presence of hemicelluloses on the microfibril 
surface, which induce a negative surface charge to the fibril and plasticize the 
fibril–fibril interfaces in presence of water.38,39 The bleached birch kraft pulp 
used in Publications I–III has a hemicellulose content of 27%, whereas softwood 
sulfite dissolving pulp may have a hemicellulose content as low as 4.5%.40,41 

To reduce the energy consumption in nanofibrillation, a pretreatment is often 
applied such as enzymatic hydrolysis,26 carboxymethylation,42 TEMPO-medi-
ated oxidation,43 cationization with quaternary amines,44 carboxymethyl cellu-
lose grafting,45,46 phosphorylation,47 or periodate–chlorite oxidation.48 The 
chemical pretreatments labilize the pulp fibers by introducing charged chemical 
groups to the surface of cellulose microfibrils or elementary fibrils. This leads to 
increased hydration and swelling of the pulp fibers, facilitating the delamination 
of the fibrils by mechanical shearing. The added charge also helps to stabilize 
the delaminated nanofibrils in water dispersion. 

After pretreatment, the pulp is disintegrated using one of various mechanical 
treatments. If the pretreatment leads to a very high surface charge on the cellu-
lose microfibrils or even the elementary fibrils, as is typical for TEMPO-medi-
ated oxidation and periodate–chlorite oxidation, a regular kitchen blender can 
be sufficient to obtain nanofibrillated cellulose.49 Such treatments optimally re-
sult in individualized elementary fibrils with a diameter of ca.3 nm. When the 
pre-treatment does not produce such a high surface charge, higher shear is 
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needed to obtain nanofibrils. The common options include ultra-fine friction 
grinder (Masuko),50 high-pressure homogenizer,35 and microfluidizer.26 The 
nanocellulose used in Publications I–III was nanofibrillated by passing the cel-
lulose dispersion 12–20 times through a microfluidizer. Optimally, this type of 
a process results in individualized cellulose microfibrils with a diameter of 10–
20 nm.50 Without a high surface charge, the microfibrils cannot be fibrillated 
into elementary fibrils. Instead, the microfibrils start to break in the longitudi-
nal direction if very high-energy shearing is applied to microfibril dispersions. 

2.4 Nanofibrillated cellulose hydrogel 

Nanofibrillated cellulose forms a gel when dispersed in water already at a low 
concentration, around 0.1 wt. %. The stiffness of the hydrogel increases with 
increasing nanocellulose concentration, but the gel remains strongly shear-
thinning.26,51 For example, a typical 1-% NFC gel has a viscosity of about 100 
Pa·s at a shear rate of 0.1 1/s.26,52 When the shear rate is increased to 100 1/s, a 
value typical for a kitchen planetary mixer,53 the viscosity of the NFC gel de-
creases to below 1 Pa·s.26,52 Due to these gel properties, NFC has been suggested 
as a rheology modifier in applications ranging from food54 and cosmetics55 to 
oil-drilling fluids.56 

2.5 Dry forms of nanofibrillated cellulose 

Nanofibrillated cellulose hydrogel can be processed further to produce dry ma-
terial forms, such as films,57,58 fibers,59,60 aerogels,61 membranes,62,63or pow-
ders.64 There are many approaches to remove the water in order to obtain dry 
products, which will be discussed next. 

Films of nanofibrillated cellulose, also called nanopapers, are typically pre-
pared by a papermaking-like process or solvent casting.65 In the laboratory scale 
papermaking approach, vacuum filtration is typically used to obtain a gel cake, 
which is then dried under some weight at an elevated temperature.66 A film pre-
pared using this procedure is shown in Figure 7. In the another approach, sol-
vent casting, water is simply evaporated from the gel.67 NFC films are typically 
transparent or translucent, stiff, strong, and brittle. Typical pure NFC films have 
a tensile strength of 200–300 MPa and an elastic modulus of 10–20 GPa.66,68 
The measurement of these parameters is described in detail in Chapter 5.4. 

In addition to being mechanically strong, dry NFC films constitute a good bar-
rier against oxygen permeation, thus being actively studied for applications such 
as food packaging.69,70 Another interesting physical property is the very low co-
efficient of thermal expansion of nanofibrillated cellulose. Due to this property, 
and the good thermal stability of cellulose, NFC films have been studied as sub-
strates for flexible electronics where materials need to tolerate processing in 
high temperatures.71,72 Films are also a common model system to characterize 
and compare the performance of different nanocellulose materials. 
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Figure 7. NFC film prepared by vacuum filtration. 

However, the industrial production of NFC films is challenging. Since NFC 
forms a gel already at a low concentration, the starting material is typically di-
lute, below 2 wt. %, and a very large amount of water needs to be removed. 
Draining the water from the hydrogel in a filtration process is very slow, as is 
also evaporating the water in a solvent casting process. 

Another approach for removing the water is to exchange the solvent for an 
organic solvent, and to evaporate the solvent. Such a process has been applied 
for wet gel cakes from a papermaking process, resulting in nanoporous mem-
branes.73 Such membranes have been demonstrated, for example, for filter ap-
plications.63 Also, NFC hydrogel has been extruded to acetone or ethanol to pro-
duce fibers.59,74 A biomedical application in surgery for such nanocellulose 
threads is demonstrated in Publication II. 

Instead of evaporating, the solvent can also be removed by supercritical drying 
or freeze-drying. These processes avoid the formation of capillary forces that 
cause the collapsing of the gel structure, and thus, porous materials with a low 
density have been prepared, called aerogels.75,76 According to a common defini-
tion, aerogels are materials in which the typical pore structure and network are 
largely maintained when the pore liquid of a gel is replaced by air.77 Aerogels 
typically have extremely low bulk densities in the range of 0.004–0.500 g/cm³ 
and open, connected pores, by definition, in the nanometer scale. The structure 
results in an extremely large specific surface area and material properties such 
as a very small thermal conductivity and speed of sound.77,78 Due to their high 
specific surface area, aerogels are attractive for applications including superca-
pacitors or catalyst supports in chemistry. An NFC aerogel is shown in Figure 
8a. Publication III presents a simple method to produce such aerogels. 



Nanocellulose 

12 

 
Figure 8. a) NFC aerogel (3 mm thick) prepared by freeze-drying. Reproduced from 75 with 
permission of The Royal Society of Chemistry.  b) NFC microparticles prepared by spray-drying. 
Scale bar 10 μm. 

Also spray-drying has been used for drying NFC. In this process, nanofibril-
lated cellulose dispersion is sprayed into a hot air flow, resulting in microparti-
cles with a diameter of 5–10 μm, shown in Figure 8b. NFC microparticles been 
studied for pharmaceutical applications including tableting and sustained drug 
release.79,80 In Publication I, such microparticles are utilized to prepare a su-
perhydrophobic coating. 

2.6 Nanofibrillated cellulose in nanocomposite materials 

Nanofibrillated cellulose has also been used in combination with numerous 
other materials to form composites.65,81–83 NFC has beneficial properties to serve 
as a reinforcing phase in nanocomposites: the high strength and stiffness of the 
nanofibrils, relatively small density, and high aspect ratio. Adding NFC already 
at a level of a few percent has been shown to increase the strength and stiffness 
of polymers.84,85  

Generally, the main challenge in NFC-reinforced polymer nanocomposites is 
to disperse the nanocellulose in the polymer matrix without aggregation. Since 
most common technical polymers are hydrophobic and only soluble in nonpolar 
organic solvents, cellulose inherently does not mix well with these polymers. 
Also, if the adhesion between nanocellulose and the matrix polymer is weak, 
stress transfer and thus the reinforcing effect is reduced. Therefore, various 
chemical modifications have been demonstrated to compatibilize NFC with 
nonpolar solvents and polymers. Examples of such modifications include silyla-
tion,86 acetylation,87 and surface grafting of polymers.88 Furthermore, the mul-
titude of cellulose surface modifications developed for paper and textile indus-
tries is also applicable to nanocelluloses. 

 



13 

3. Wetting 

Phenomena at surfaces – more generally, at interfaces – are common and im-
portant both in science and in everyday life. Wetting is a surface process where 
an area of solid–air interface is replaced with a solid–water interface. Wettabil-
ity of a surface is commonly characterized by observing the shape of a water 
droplet on the surface. This enables, for example, measuring changes in surface 
chemistry.  This chapter will discuss the theoretical basis of this simple meas-
urement, with the focus on describing superhydrophobicity, i.e., extreme non-
wettability. 

3.1 Surface tension 

Atoms or molecules at an interface are generally in an energetically unfavorable 
position, since they lack a number of the mutual attractive interactions in com-
parison to similar molecules in the bulk. This can be understood by a thought 
experiment: if one takes a bulk of matter and cuts it in half separating the two 
halves, intermolecular bonds need to be broken in order to create new surface. 
At the newly created interface, these bonds are replaced with interactions with 
molecules of a second phase. Generally, the interaction between molecules in 
the same phase is more attractive than the interaction between one molecule in 
one phase and another molecule in a second phase, i.e., cohesion is stronger 
than adhesion.  

Thus, the presence of an interface gives rise to interface energy, also referred 
to as surface energy. As a result of this free energy, a system of two immiscible 
fluids will tend to minimize the area of the interface. From another point of view, 
the surface energy [J/m²] can be also expressed as [N/m], i.e., force per length. 
This force arises from the net molecular attraction experienced by the molecules 
at the interface, and is called surface tension, this expression specifically refer-
ring to the interface between a liquid and air. For example, the surface tension 
of water is approximately 70 mN/m. 
 

3.2 Theoretical models for wetting 

Wetting is a phenomenon with three phases involved; most typically, water, air, 
and a solid surface. The next paragraphs will present a model for surface wetting 
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attributed to Thomas Young,89 with generalizations for rough and heterogene-
ous surfaces by Wenzel, Cassie, and Baxter. Finally, the Young-Laplace equa-
tion, attributed to Carl Friedrich Gauss,90 is briefly discussed. 

3.2.1 Model for ideal surfaces by Young 

Let us first consider the idealized situation shown in Figure 9. A liquid droplet 
is applied to a chemically homogeneous, perfectly smooth solid surface, where 
the droplet can move freely. In thermodynamic equilibrium, the contact angle 

e at the three-phase contact line is given by the Young equation 
 , (1) 

where  and  are the surface energies of solid–vapor and solid–liquid in-
terfaces, respectively, and  is the surface tension of the liquid, i.e., the surface 
energy of the liquid–vapor interface.91 

 

 
Figure 9. Water droplet on a solid substrate. 

The contact angle only depends on the surface properties at the three-phase 
contact line, and is not affected by the droplet size, an external field (such as 
gravity), curvature of the substrate, or presence of defects underneath the drop-
let far away (>100 nm) from the contact line.92 

3.2.2 Generalizations to real surfaces by Wenzel, Cassie, and Baxter 

A simple modification to Equation 1 by Wenzel93 also accounts for the roughness 
of the surface:  

 . (2) 
Here,  is the apparent contact angle, and roughness, , is defined as the ratio 
of the real surface area under the droplet to its projection onto the plane of the 
surface. In reality, however, the assumption of the contact line being able to 
move freely is typically violated on rough surfaces. Nevertheless, from Equation 
2 it can be seen that increasing roughness amplifies the hydrophilicity or hydro-
phobicity of a surface, which is generally true – keeping in mind the considera-
tions below. 

The chemical heterogeneity of the surface can be taken into account by writing  
  (3)  
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where  and  are the area fractions of components with equilibrium contact 
angles  and , respectively. Cassie and Baxter94 originally presented the im-
portant special case of a binary system where the other component is air, mod-
elling a porous solid surface. In this case, the equation for the apparent contact 
angle reduces to  

 . (4) 
It must be stressed that even though the models by Wenzel, Cassie, and Baxter 
give the impression that the entire bottom surface of the droplet is an important 
factor, it is both experimentally and theoretically established that the contact 
angle is only determined by the surface properties in the immediate vicinity of 
the contact line.95 This being said, if the length scale of roughness or chemical 
heterogeneity is small enough compared to the droplet size (i.e., at least three 
orders of magnitude smaller), Equations 2 and 1 give a very good approximation 
of the most stable contact angle of the entire system.96 

3.2.3 Young–Laplace model for droplet shape 

Even though the contact angle at the contact line does not depend on external 
fields, the shape of the entire droplet is affected by gravity, deviating the shape 
from an ideal spherical cap. The shape of an axisymmetric droplet follows the 
Young-Laplace equation: 

 ,  (5) 

where  and  are the principal radii of curvature at a given point,  is the 
hydrostatic pressure at a vertical distance  from the apex, and  is the radius 
of curvature at the apex. The last term,  

 , (6) 

is referred to as the Laplace pressure, resulting from the curved interface with a 
surface tension. The Young-Laplace equation (5) does not have an analytical so-
lution, but different numerical approaches have been developed.97–99 

In a contact angle measurement, it is difficult to directly observe the contact 
angle at the contact line with enough accuracy, especially at high contact angles. 
Thus, the shape of the entire droplet – or, a large portion of the droplet – is 
analyzed by numerically fitting a Young–Laplace curve to the droplet edge. 
Then, the contact angle is calculated from the intersection of this curve and the 
surface plane. 

3.3 Contact angle hysteresis 

In real systems, the contact line typically is not able to move freely due to many 
factors, including chemical defects or roughness on the surface.100,101 The re-
sistance of contact line movement gives rise to contact angle hysteresis. As a 
result, the apparent contact angle of a sessile droplet can be at a metastable state 
anywhere between the receding contact angle  and the advancing contact 
angle  illustrated in Figure 10. In order to properly characterize most real sur-
faces, it is important to measure both the advancing and receding contact an-
gles. 
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Figure 10. Advancing and receding contact angles. a) When water is added to the droplet, the 
contact line advances with a constant contact angle . b) When water is removed from the drop-
let, the contact line recedes with a constant contact angle . Adapted with permission from 102. 
© 2013 American Chemical Society. 

Only when the contact angle hysteresis  is smaller than a few degrees, 
a single apparent contact angle is a meaningful measure for characterizing the 
surface wetting. Also, if the hysteresis is sufficiently small, droplets will be able 
to slide or roll on a tilted surface. The droplet mobility becomes increasingly 
easy at very large contact angles, since the energy barrier for contact line move-
ment is 

 , (7) 
i.e., proportional to the difference of the cosines of the angles. 

3.4 Superhydrophobicity 

Surfaces with extreme hydrophobicity, i.e., superhydrophobic surfaces,101,103–105 
have interesting properties rising from the strong non-wettability, including 
self-cleaning,106–108 anti-fogging,109,110 anti-icing,111–113 and drag reduction.114,115 
By a common definition, a surface is superhydrophobic if the contact angle be-
tween a water droplet and the surface is larger than 150° and the contact angle 
hysteresis is small, i.e, droplets roll off at small tilt angles.103,104,116,117  

Not that common but indeed a very useful criterion for superhydrophobicity 
is that the receding contact angle is larger than 150°.102,118  This condition guar-
antees that the droplets will roll off readily if the surface is tilted slightly, since 
the resistance to droplet movement is proportional to  Water 
droplet on a superhydrophobic surface is in a state described by the Cassie wet-
ting model, with only top part of the surface roughness in contact with the drop-
let, air pockets remaining below the droplet. 

The most famous example of a superhydrophobic material is the lotus leaf. 
Due to the superhydrophobicity of the surface, water droplets roll off lotus 
leaves, removing dirt particles on their way. This phenomenon is called lotus 
effect and such surfaces self-cleaning.119–121 A more common superhydrophobic 
species in European gardens is the nasturtium (Tropaeolum), shown in Figure 
11a.  

(a) (b) 
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Superhydrophobicity requires a suitable microstructure, typically in combina-
tion with a hydrophobic surface chemistry.122,123 The surface of a lotus leaf, 
shown in Figure 11b, has a hierarchical roughness, i.e., the epidermal cells at 
the surface form nipple-like structures of 5-20 μm, and these papillae are cov-
ered with hydrophobic epicuticular wax tubules that have a diameter of 100–
200 nm. 

Inspired by the plant leaf structures, surfaces with micro- and nanostructures 
of different sizes and shapes have been prepared and studied extensively.117,124 
Through this research, the importance of multiple length scales of roughness to 
superhydrophobic wetting has been well established.95,123,125 The nanostructure 
lowers the kinetic barriers for contact angle movement, and the micron-sized 
roughness introduces air pockets below the droplets making the contact area 
smaller, further improving droplet mobility. 

 
Figure 11. a) Nasturtium plant with superhydrophobic leaves. Photo: public domain. b) Surface 
of a lotus leaf. Reproduced from 125 with permission of The Royal Society of Chemistry. 

Now, 15 years into the rapidly growing research on superhydrophobic sur-
faces, many applications have been proposed. The demonstrated applications 
include anti-icing, anti-corrosion and anti-bacterial coatings, microfluidic de-
vices, x-ray sample holders, microarrays for high-troughput screening, water 
and dirt repellent textiles, oil–water separation, water desalination and purifi-
cation, drug release, optical devices, offset printing, sensors, batteries, and cat-
alysts.126–128 

One of the largest challenges for superhydrophobic materials in applications 
outside the laboratory is the stability and wear resistance of the surface.129 Most 
of the approaches used to create superhydrophobic surfaces result in very fragile 
micro- and nanostructures, and many superhydrophobic surfaces will lose their 
extreme wetting properties if you even touch the surface, and even more if the 

(a) 

b 



Wetting 

18 

surface is scratched or abraded.130 One important feature of biological superhy-
drophobic materials that man-made materials lack is the capability to repair 
damaged structures. The challenge for self-healing superhydrophobic surfaces 
is that after abrasion, both the microstructure and surface chemistry would need 
to be regenerated.131 

3.5 Hydrophobization of nanocellulose 

In Chapter 2.6, it was discussed that in order to mix nanocellulose in hydropho-
bic matrices in composites, the cellulose needs to be surface-modified. In addi-
tion to compatibilizing nanocellulose with hydrophobic substances, such modi-
fications also render the nanocellulose hydrophobic. Hydrophobization can be 
achieved using two strategies; either physically adsorbing or covalently grafting 
molecules to the nanocellulose surface. Generally, the vast number of cellulose 
surface modifications developed for paper and textile industries is also applica-
ble to nanocelluloses; the reader is pointed to recent reviews132,133  for more in-
formation on specific chemical modifications. In addition to the nanocellulose–
polymer composites mentioned above, another very popular target application 
is the manufacturing of hydrophobic but oleophilic nanocellulose aerogels for 
absorbing spilled oil from water surface; or, generally, separating water and 
non-polar liquids.41,134–137 

Publication I presents two approaches for preparing superhydrophobic sur-
faces using microparticles of spray-dried nanofibrillated cellulose. The micro-
particle coating creates a hierarchical surface roughness, closely resembling that 
of lotus leaves, due to the microparticles and their surface roughness at a con-
siderably smaller length scale. The main results will be presented in more detail 
in Chapter 6.1. 
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4. Stem cells 

Stem cells are self-renewing cells that can differentiate into different cell types. 
Stem cells can be divided into three main types based on their origin: embryonic 
stem cells, adult stem cells, and induced stem cells. The use of embryonic stem 
cells in clinical treatments is considered ethically controversial; thus, the re-
search aiming for biomedical applications is mainly focused on adult stem cells 
and induced stem cells. 

If stem cells used for a treatment of a person are obtained from that same in-
dividual, the cells are referred to as autologous stem cells. Autologous adult 
stem cells can be extracted from various tissues, including bone marrow, blood, 
or adipose tissue. The stem cells used in Publication II were isolated from ad-
ipose tissue, and are therefore referred to as human adipose stem cells (hASC). 
The hASC are a subclass of mesenchymal stem cells, which will be introduced 
next. 

4.1 Mesenchymal stem cell therapy 

Mesenchymal stem cells (MSC), also often referred to as multipotent mesenchy-
mal stromal cells, are a subpopulation of stromal (connective tissue) cells hav-
ing the ability to differentiate to osteoblasts, adipocytes, and chondroblasts.138 
These three cell types are responsible for biosynthesis of bone, fat, and cartilage 
tissues, respectively. MSC can be isolated from a number of tissues, including 
bone marrow, adipose tissue, or umbilical cord blood. Scientific discussion still 
continues on whether MSC isolated from different sources are similar or differ-
ent, and if all cells in this isolated fraction meet the criteria for stem cells or 
not.139  

Nevertheless, MSC have shown many promising results in laboratory and clin-
ical trials.140,141 In June 2016, there were 498 ongoing or finished clinical trials 
using MSC to treat hundreds of medical conditions.142 Figure 12 illustrates the 
clinical trial activity in different classes of medical conditions. The diseases most 
frequently studied include osteoarthritis (n = 39), graft versus host disease (n = 
30), coronary artery disease (n = 27), diabetes (n = 24), multiple sclerosis (n = 
19), and Crohn disease (n = 17). 
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Figure 12. Clinical trials of MSC classified by disease types, n=498. Each study is only shown in 
one category.† 

In the prospective clinical treatments, the MSC are typically not used for the 
most straightforward application; utilizing their multipotency in regenerating 
different tissue types. Instead, MSC have been found to have two further effects 
in vivo.143 First, MSC secrete dozens of bioactive molecules which help estab-
lishing a favorable local microenvironment, promoting the recovery of damaged 
tissue. Second, MSC have an immunomodulatory effect, i.e., the ability to sup-
press immune response by interacting with immune cells by secreted com-
pounds or physical contact.140,141,144 

4.2 Nanocellulose with stem cells in biomaterials research 

Bacterial cellulose was identified as a potential cell culture scaffold for tissue 
engineering in 2005 due to the good match of its mechanical properties with 
cartilage tissue.145 Since then, most of the studies on nanocellulose and stem 
cells have employed bacterial cellulose. 146–156 The wide range of topics includes: 
urinary conduit reconstruction, where urine-derived stem cells infiltrated into 
BC scaffolds and produced multilayered structures;146 an extracellular matrix 
tissue engineering platform, where synovium-derived stem cells proliferated on 
and inside BC sponges;147 a BC scaffold for bone tissue generation, where colla-
gen synthesis was imaged with in situ microscopy techniques;148 skin tissue re-
pair materials using hASC on BC films;149 nerve tissue scaffolds of BC;150,156 BC 
hydrogel scaffolds with MSC for musculoskeletal tissue engineering applica-
tions that were concluded to have potential to facilitate the regeneration of dam-
aged tissues;151  BC scaffolds with hASC that, when implanted in mice, improved 
the recovery of damaged bone;154 and, BC/alginate composite 3-D scaffolds with 
MSC for adipose tissue generation;155   

                                                        
† Data was retrieved 2016/6/6 from Clinicaltrials.gov using the search string "mesen-
chymal stem cells" OR "mesenchymal stromal cells" OR "multi-potent stromal cells". 
94 studies with unknown status were excluded. The overlap between groups was re-
moved: if a study was labeled with multiple disease types, it is shown here only in the 
largest group. 
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More recently, however, some examples have also been reported that use nan-
ofibrillated cellulose. 157–159 NFC hydrogel was, for example, reported to support 
3D growth and differentiation of liver progenitor cells;157 to be able to support 
the pluripotency of human pluripotent stem cells for a remarkable duration of 
26 days;158 and, to enable the generation of organotypic spheroids, i.e., cell as-
semblies that show such structural similarity to the liver organ that such struc-
tures might be in future used as a liver model in drug development.159 

In many cases, bacterial nanocellulose has been chemically modified or the 
surface of the nanofibers has been coated in order to enhance cell adhesion to 
the cellulose scaffold.150,152,156 In contrast, nanofibrillated cellulose from hard-
wood has been reported to support cell adhesion and growth without chemical 
modifications or added coatings. The difference between the two nanocellulose 
types is probably due to the fact that native nanocellulose naturally contains up 
to 25% of hemicelluloses physically bound to the nanofibril surface, inducing a 
slightly negative surface charge.158 In contrast, bacterial cellulose comprises 
only cellulose. 

Publication II presents threads made of nanofibrillated cellulose and their 
use as a support for mesenchymal stem cell culture for surgical applications. The 
stem cells were capable to attach and grow on the nanocellulose threads, even 
without an additional surface coating. The threads supported stem cell growth 
without altering their characteristics or inducing toxicity. The main results will 
be presented in more detail in Chapter 6.2. 
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5. Materials and methods 

This chapter briefly summarizes the materials and experimental methods used 
in this thesis. In addition, three experimental methods are discussed in more 
detail: contact angle measurement, mechanical tensile testing, and rheological 
characterization. Otherwise, the detailed description is presented in Publica-
tions I–III. 

5.1 Functionalized microparticles of nanofibrillated cellulose 

Nanofibrillated cellulose was provided by the UPM Kymmene Corporation, in 
the form of spray-dried microparticles. The NFC was prepared from bleached 
birch pulp directly by mechanical treatment without chemical pretreatments. 
This type of nanocellulose is called native cellulose nanofibrils. 

The spray-dried microparticles were functionalized, i.e., treated chemically 
with (Tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (FOTS) to make 
them hydrophobic. The treatment was performed either before or after coating 
a surface with the particles. The after and before approaches are referred to as 
Approach A and Approach B, respectively. The process is illustrated in Figure 
13. 

 
Figure 13. a) Approach A:  A dispersion of NFC microparticles in ethanol is first sprayed to a 
surface. The surface is subsequently coated via chemical vapor deposition, resulting in a super-
hydrophobic surface. b) Approach B: A toluene dispersion of NFC microparticles is first reacted 
with FOTS to fluorinate the microparticles. Subsequently, the microparticle dispersion is 
washed and finally sprayed to a substrate, resulting in a superhydrophobic surface. Reproduced 
from 64 with permission from The Royal Society of Chemistry. 
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5.2 Measuring the wetting properties 

Wetting of the microparticle coatings was characterized by measuring the con-
tact angles of a water droplet on the surface. A contact angle measuring device 
is illustrated in Figure 14. The setup consists of a camera, a syringe pump, and 
a light that provides an even background illumination to the photographs. 

 
Figure 14. Measurement of advancing and receding contact angle. a) Schematic drawing of a 
contact angle measurement device. b) Measured contact angle with respect to volume in a typi-
cal case of considerable contact angle hysteresis. c) Shape of the droplet at different stages of the 
measurement. The corresponding numbers have been marked on the diagram in panel b. 
Adapted with permission from 102. © 2013 American Chemical Society.  

To determine the advancing and receding contact angles, a small droplet of 
about 1–2 μl is first applied to the surface using the needle connected to the 
syringe pump (1). Subsequently, the needle is lowered so that the tip is near the 
surface at the back edge of the drop. This way, the needle disturbs the shape of 
the droplet in the images as little as possible, and curve fitting to the images can 
be performed successfully. To measure the advancing contact angle, water is 
slowly added to the droplet, and pictures are recorded at a frequency of 1–2 Hz. 
Figure 14 illustrates the process. First, the contact line does not move (2). The 
contact angle increases until the advancing contact angle is reached and the con-
tact line starts to move. At this point (3), the contact angle remains constant and 
the contact line advances. 

After the advancing contact angle has been reached, more water is added, re-
sulting in a droplet with a volume of at least 20 μl. If the contact angle hysteresis 
is large, the droplet needs to be very large in order to ensure that the receding 
contact angle will be reached in the next stage. Next, water is removed. Now, the 
contact line does not move and the apparent contact angle decreases (4). Finally, 

(a) 

(b) 

(c) 
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when the receding contact angle is reached, the contact line starts to recede, and 
the contact angle remains constant (5). At very small volumes, the shape of the 
droplet is distorted by the presence of the needle (6). 

If the needle is not perfectly in the middle of the droplet, one side of the droplet 
may start to advance while the other does not move. Thus, when determining 
the advancing contact angle, the larger of the two contact angles (left and right) 
is chosen, since the side with the larger contact angle will more likely advance. 
Conversely, when determining the receding contact angle, the smaller of the two 
angles is used for calculations. 

5.3 Nanocellulose threads for biomedical applications 

Nanofibrillated cellulose was provided by the UPM Kymmene Corporation, as a 
1.5-wt. % hydrogel, a product called GrowDex™, marketed as a gel matrix for 
three-dimensional cell culture. The NFC was prepared from bleached birch pulp 
directly by mechanical treatment without chemical pretreatments. The process 
to prepare cross-linked NFC threads (NFC-X) is illustrated in Figure 15.  

 
Figure 15. Schematics for the preparation of NFC threads and their cross-linking with glutaral-
dehyde for NFC-X threads. Reprinted from 160 with permission from Elsevier. 

NFC threads were prepared by first extruding the hydrogel of native cellulose 
nanofibrils into an ethanol path, resulting in a gel filament with a diameter of 
ca. 1 mm. The hydrogel was so dilute and, thus, mechanically weak that the man-
ual extrusion procedure reported earlier using TEMPO-oxidized nanocellulose59 
was not successful. Instead, the extrusion was performed using a Fab@Home 
Model 2 experimental 3D printer, where the extrusion parameters could be op-
timized for the NFC. After extrusion to ethanol, the gel was kept immersed for 
15 minutes to exchange water in the gel to ethanol. The filament was then trans-
ferred onto a filter paper and dried in room conditions. This resulted in threads 
with somewhat flattened cross-section shape due to the contact with the sub-
strate. Alternatively, the gel filament was cut to pieces of approximately 15 cm, 
which were fastened from the ends so that the part of the filament (10–12 cm) 
between the supports dried in air without contact to any substrate. The resulting 
threads had a more circular cross-section with a typical diameter of 0.1 mm. The 
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thread cross-section area was estimated by weighing a length of NFC thread and 
using a literature value (1.5 g cm−³) for density to calculate the cross-section.

The NFC threads were chemically cross-linked to improve the wet strength. 
The cross-linking was performed using glutaraldehyde, which forms hemiacetal 
bonds with cellulose, using zinc nitrate as a catalyst. This process was inspired 
by a recipe reported earlier for improving the wet strength of paper.161 NFC 
threads were immersed in the cross-linking solution for an hour, then removed 
from the solution and cured for 30 minutes at 130°C. 

5.4 Measuring the mechanical properties of nanocellulose 
threads 

Mechanical properties of the nanocellulose threads were characterized by ten-
sile testing. In this measurement, the sample is attached from two ends and 
slowly elongated, typically 1 mm/min. At the same time, the force is measured. 
The results are presented in a stress–strain curve. Such a tensile measurement 
is typical for characterization of structural materials in engineering. 

A typical curve for nanofibrillated cellulose is illustrated in Figure 16. Several 
important parameters can be calculated from this curve. Some common words 
such as strength and stiffness have a very narrow and specific meaning in this 
context. 

 
Figure 16. Some definitions of material properties. 

Stiffness of a material is described by the elastic modulus, also often referred to 
as Young’s modulus, which is calculated as the slope of the stress–strain curve 
at an elongation smaller than 1–2%. In this region, the material response is elas-
tic, i.e., if the force is removed, the sample will return to its original shape. Ideal 
elastic deformation is fully reversible. 

The calculation of elastic modulus form measured data of this shape can be 
implemented as follows. With some conservative smoothing of the data applied, 
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a local slope is calculated for all points below 5% strain. Then, the point of max-
imum slope is identified, as well as the region surrounding this point where the 
slope is at least 85% of the maximum. Finally, a line is fitted to the original 
measured data in this strain interval, and the elastic modulus is given by the 
slope of this line. A set of stress–strain curves is typically presented so that this 
fitted line for each curve crosses the origin. Thus, the strain offset is finally ad-
justed if necessary. 

The highest stress the material can tolerate before breaking is called the ulti-
mate tensile strength, or simply tensile strength. Another measure of strength 
is based on the stress where the material response starts to considerably deviate 
from linear elastic behavior. This stress is called yield stress. Nanofibrillated 
cellulose does not have a well-defined yield point. However, the yield point can 
be estimated by taking the line fitted when calculating the elastic modulus and 
shifting it to the right so that it crosses the horizontal axis at 0.1% or 0.2% strain. 
Then, the intersection of this offset line (not shown in Figure 16) and the stress–
strain curve gives a measure of the yield strength. 

A simple way to characterize toughness of a material is to calculate the area 
below the stress–strain curve. This area, called the modulus of toughness, is 
proportional to the work required to break the material. From another point of 
view, the modulus of toughness describes the capability of the material to dissi-
pate energy in irreversible deformation: breaking of internal bonds in the ma-
terial. It must be noted that this property, even though related to toughness, 
does not sufficiently describe the fracture properties of the material. For exam-
ple, the NFC threads, even though having a high modulus of toughness, will still 
fracture in a brittle manner: when a small crack forms, it will instantly propa-
gate through the material. This is called a catastrophic failure. 

5.5 Nanofibrillated cellulose hydrogels with high solid contents 

NFC was provided by Xylocel Ltd. in a form of a concentrated hydrogel. The 30 
wt. % hydrogel had an appearance of a thick paste. The material source was 
bleached birch pulp, which was nanofibrillated by passing the material 12 times 
through a microfuidizer. After fibrillation, the hydrogel was concentrated by 
pressure filtration to 30 wt. %. The concentrated nanofibrillated cellulose hy-
drogel was diluted to a series of solid contents between 5 and 25 wt. % using 
high-shear laboratory mixer (UltraTurrax). 

5.6 Measuring the rheological properties of hydrogels 

Rheological properties of the hydrogels were measured in dynamical shear with 
a rheometer using a 20 mm diameter plate–plate geometry. In this measure-
ment, illustrated in Figure 17a, the sample is sandwiched between two planar 
metal discs and the upper disc is rotated in an oscillating manner. Smooth steel 
plates were used. Samples with different solid contents were molded into the 
shape of 20-mm discs with a thickness of 1 mm. Dynamic shear frequency 
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sweeps were performed using 0.1% strain. This strain magnitude was verified 
by amplitude sweeps to keep the strain well within the linear viscoelastic region.  

Since the samples had very different consistencies, a single normal force value 
ensuring full contact and avoiding slippage between the sample and the plate 
during the shear measurement could not be used. The situation is illustrated in 
Figure 17b. If a too small normal force is used for a given sample, the measure-
ment will give false results, since the shear is only applied to a part of the sample.  

 
Figure 17. Rheometry. a) In the plate–plate geometry, the sample is sandwiched between two 
planar plates. b) Sample imperfections (the vertical dimension exaggerated): non-parallel top 
and bottom sides or roughness. c) Stress-strain curves at different solid contents. 

In order to ensure full contact and avoid slipping, the force for each shear meas-
urement was set to a level corresponding to 10% strain in compression, calcu-
lated from the modulus measured in separate compression tests using the same 
setup than for the rheological measurements. Representative stress-strain 
curves are shown in Figure 17c. The compressive modulus was determined sim-
ilarly than the elastic modulus in tensile testing (Chapter 5.4), except using here 
a threshold of 70% from the maximum local slope, and manually setting the up-
per strain limit to a point where the second derivative of stress started to fall, 
typically around 10% strain. After contact between the sample and the top plate, 
the data was found to be generally fairly linear up to 10–15% strain; thus, meas-
ured data up to such strain values was typically used for calculations according 
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to the criteria above. The hydrogel samples were not observed to bleed (release 
water) during the compression tests. It must be noted that when compressed, 
NFC may flow from the center to the sides in a not-very-well-defined manner. 
Therefore, the experiment merely serves as tool for choosing a proper normal 
force for the shear measurement, and not that good a quantitative indication of 
material properties. 

5.7 Nanofibrillated cellulose aerogels with high surface area to 
volume ratio 

Samples were molded into the shape of 12-mm discs with a thickness of 1 mm 
on lightweight plastic substrates and frozen overnight in a normal freezer. The 
samples were removed from the freezer and immediately dried overnight in a 
laboratory freeze dryer running at 10−2 mbar. As sample dimensions did not 
change notably during freeze drying, the dry sample volume was considered to 
be equal to that of the initial molded hydrogel. By weighing the sample before 
and immediately after freeze drying, both the solid content of the hydrogel and 
the density of the dry sample were determined. A density of 1.5 g/cm³ was used 
for cellulose in the calculations. 
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6. Results and discussion 

6.1 Functionalized microparticles of nanofibrillated cellulose 

In Publication I, surfaces coated with micron-sized porous particles were 
studied. The particles, prepared by spray-drying of NFC hydrogels, were surface 
modified using a trichlorosilane compound (FOTS) containing a fluorinated al-
kyl chain. Model surfaces were prepared using two approaches, i.e., either func-
tionalizing the microparticles after applying them on a glass substrate (Ap-
proach A), or functionalizing the microparticles in solution already before ap-
plying them to the substrate (Approach B).  

SEM micrographs of the model surfaces are shown in Figure 18. The surface 
roughness has several length scales, corresponding quite closely to the hierar-
chical structure of lotus leaves (Fig. 11b).125 First, the microparticles, having ir-
regular shapes and a broad size distribution of 5–20 μm. They form a roughness 
at this scale, comparable to the papillose cells on a lotus leaf. Furthermore, the 
microparticles and lotus papillae also distribute rather similarly on the surface. 

It can be seen in Figure 18 that the fluorinated microparticles prepared via 
Approach B (Fig. 18b) aggregate less and form a denser and more uniform layer 
than the non-fluorinated microparticles prepared via Approach A (Fig. 18a). As 
a second level of hierarchy, the spray-dried microparticles have micron-scale 
roughness similar to the lotus papillae in Figure 11b. Furthermore, the SEM mi-
crographs indicate internal porosity. Finally, the NFC nanofibers within the mi-
croparticles are aggregated to form sheets in analogy with freeze-dried aero-
gels.75,162 The NFC aggregates at the surface have widths of 10–100 nm, corre-
sponding to the width of the wax tubules on lotus leaves. Unlike the wax tubules, 
however, the NFC aggregates do not stick out from the surface, but rather lie 
parallel to the surface. 
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Figure 18. a) Surface structures of a sample with pure spray-dried NFC leading to microparticles 
by Approach A before chemical vapor deposition. b) A sample with fluorinated NFC microparti-
cles, prepared by Approach B. 

Adding the fluorinated spray-dried NFC microparticles to a surface was found 
to considerably increase the water contact angle and to make the surfaces su-
perhydrophobic, enabling water drops to slide off at small tilt angles. The sur-
face prepared using Approach A (post-modification of the coating), had advanc-
ing and receding contact angles of 169 ± 4° and 152 ± 4°, respectively, as illus-
trated in Figure 19a. The surface prepared by Approach B, which comprises first 
making the particles hydrophobic and subsequently spraying them to a sub-
strate, had advancing and receding contact angles of 163 ± 3° and 155 ± 3°, re-
spectively. Water droplets applied to each of the surfaces in a horizontal position 
were observed to slide off when the surface was tilted by only a few degrees. 
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Figure 19. a) Contact angles of a surface with NFC microparticles prepared via Approach A, 
which involves FOTS coating via chemical vapor deposition at the final step. b) Contact angles of 
a surface with fluorinated microparticles prepared via Approach B, which involves fluorination 
of NFC microparticles in a dispersion before applying on the substrate. Reproduced from 64 with 
permission from The Royal Society of Chemistry.   

Thus, the wetting properties were essentially similar in both approaches, even 
though the glass surface between the microparticles was fluorinated in Ap-
proach A, due to the chemical vapor deposition at the final step, whereas in Ap-
proach B the glass surface was not fluorinated. This indirectly shows that the 
glass surface between the microparticles does not participate in the wetting 
properties, which indicates that the Cassie wetting state is achieved, important 
for superhydrophobic wetting. 

The Cassie state with its thin layer of trapped air (called the plastron) can also 
be directly observed. Total reflection of light can be observed at the air-water 
interface at the surface of a sample immersed in water when viewed from an 
angle larger than the critical angle of total reflection. The plastron at the surface 
of a sample immersed in water is shown in Figure 20a. To make the observation 
of the reflection easier, an orange label was placed at the backside of the glass 
slide. Together with the large contact angles, the observation of the total reflec-
tion implies that the surface is superhydrophobic.  
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Figure 20. a) A sample with NFC microparticles, functionalized via chemical vapor deposition 
of FOTS, immersed in water. When viewed past the critical angle, a total reflection can be ob-
served at the air-water interface at the surface, implying superhydrophobicity. b) A photograph 
demonstrating the transparency of a superhydrophobic sample with the microparticles function-
alized via chemical vapor deposition. c) Liquid marbles, i.e., water drops coated with hydropho-
bic microparticles. Reproduced from 64 with permission from The Royal Society of Chemistry. 

In addition to having superhydrophobic properties, the NFC microparticle coat-
ing is semi-transparent, as shown in Figure 20b. The microparticles are large 
enough to scatter light, but since they do not entirely cover the surface, light is 
transmitted through the coating. Even though no adhesive was utilized for bind-
ing the particles to the model glass surface, coatings prepared by both ap-
proaches were relatively stable upon droplet impacts. The surfaces were found 
to remain hydrophobic enough for water droplets to bounce off the surface with-
out residue after more than 100 impacts of falling droplets to the same spot on 
the surface. 

It was also observed that if a water drop rolls on top of hydrophobic micropar-
ticles prepared by Approach B, the cellulose particles will cover the drop surface 
forming liquid marbles. Figure 20 c shows two liquid marbles on a hydrophilic 
glass surface. In short, liquid marbles are spheres of liquid coated with hydro-
phobic particles. Placed on a solid surface, liquid marbles behave as they had a 
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contact angle of 180°, which enables their manipulation essentially like soft 
solid marbles.163 

6.2 Nanocellulose threads for biomedical applications 

In Publication II, threads of nanofibrillated cellulose were prepared to be used 
as a suture in surgery. The threads were decorated with human adipose mesen-
chymal stem cells (hASC), which have been shown to reduce inflammation and 
promote wound healing.164–166 

The NFC threads were prepared by utilizing a modified Fab@Home Model 2 
3D printer to extrude NFC hydrogel into an ethanol coagulation bath, followed 
by drying in air. The diameter of the resulting threads could be tuned by the 
nozzle chosen and the speed in the extrusion setup. Threads with a diameter of 
0.1 mm and 0.2 mm were typically made. Figure 21a shows a photograph of a 
thread.  

The NFC threads had a tensile strength of 275 MPa, an elastic modulus of 13 
GPa, and a strain at break of 9.5% in the dried state. This result indicates that 
the native NFC used in this study forms particularly ductile structures in com-
parison to the previously reported NFC fibers and films.59,74,167–170 The results of 
tensile tests in dried state are summarized in Table 1, and the corresponding 
stress–strain curves are shown in Figure 21b. 

 
Table 1. Mechanical properties of NFC and NFC-X threads in dry state or soaked in 
water. Reprinted from 160 with permission from Elsevier. 

 TENSILE 
STRENGTH 
(MPa) 

STRAIN AT 
BREAK  
(%) 

ELASTIC 
MODULUS 
(GPa) 

MODULUS OF 
TOUGHNESS  
(MJ m−3) 

NFC DRY 275 ± 25 9.5 ± 1.0 13.1 ± 1.1 17.9 ± 3.2 

NFC WET 2.0 ± 0.6 1.4 ± 0.2 0.20 ± 0.05 0.02 ± 0.01 

NFC-X DRY 227 ± 29 6.6 ± 1.2 13.1 ± 2.0 10.5 ± 2.7 

NFC-X WET 111 ± 20 5.2 ± 1.2 4.0 ± 0.6 3.4 ± 1.3 

 
In the wet hydrated state, relevant for surgical applications, the NFC threads 

have unacceptably low mechanical strength. Thus, in order to improve the wet 
strength of NFC macrofibers, the threads were chemically treated with glutaral-
dehyde, which covalently cross-links NFC nanofibers.161 In the dry state, the me-
chanical properties of these cross-linked NFC threads (NFC-X) were quite sim-
ilar to the non-modified NFC threads, as seen in Figure 21b. The cellulose nan-
ofibrils bind strongly together with a dense network of hydrogen bonds, and the 
additional covalent bonds from the cross-linking by glutaraldehyde made the 
NFC-X threads slightly more brittle without significantly affecting the elastic 
modulus. 
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Figure 21. a) Photograph of a NFC thread. b) Tensile stress-strain curves for NFC and NFC-X 
threads in dry state and soaked in water for 24h. Adapted from 160 with permission from Elsevier. 

In contrast, the cross-linking resulted in a pronounced improvement on the me-
chanical properties in the wet state, where the hydrogen bonding between cel-
lulose nanofibers is disturbed by water. The NFC-X threads soaked in water 
were able to retain up to 40% of the dry-state tensile strength of NFC. Further-
more, the elongation at break of NFC-X decreased only slightly when soaked in 
water.  

To test the affinity of hASC for the threads prepared, the cells were cultured 
over NFC and NFC-X for 7 days. The process is illustrated in Figure 22. The 
results show that hASC were capable to homogeneously attach and grow on the 
cross-linked threads, even without additional coating components, which are 
typically required with other substrates. Cells attached to NFC and NFC-X 
threads are shown in Figure 23. The NFC-X threads supported cell growth with-
out altering the characteristics of the cell or inducing toxicity. 

 
Figure 22. Schematics illustrating the process to decorate NFC and NFC-X threads with hASC. 
Reprinted from 160 with permission from Elsevier. 

(a) (b) 
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Figure 23. Immunocytochemistry shows the attachment of the cells on the thread surface. Es-
pecially on NFC-X, hASC exhibit elongated cytoplasmic intermediate filaments (stained red with 
phalloidin). Nuclei were counterstained in blue with DAPI. Scale bars 50 μm. Reprinted from 160 
with permission from Elsevier. 

6.3 Nanofibrillated cellulose aerogels with high surface area to 
volume ratio 

Publication III explored the properties of NFC hydrogels at uncommonly high 
concentrations up to 20 wt. % and aerogels prepared from gels with such a high 
solid content. NFC hydrogels at these concentrations were prepared by dilution 
from a 30 wt. % aqueous master batch. Figure 24a shows the compressive mod-
uli of the hydrogels. Increasing the solid contents from 5.7 wt. % to 20 wt. % 
results in a large increase of the modulus from 13 kPa to 610 kPa. For compari-
son, the typical 2% hydrogel has the modulus of ca. 1 kPa.26 

The dynamic rheology showed typical elastic behavior, where the storage 
moduli G′ and loss moduli G″ are almost independent of  and G′ >> G″, as 
shown in Figure 24c and d. In more detail, the storage modulus was observed to 
quite steadily increase by 20–30% per decade of increasing frequency through-
out the measured frequency range. The loss modulus first slightly decreased and 
then, after approx. 1 rad/s, increased with increasing frequency. The changes 
with frequency were much smaller than the differences between the samples 
with different solid contents. At the solid content of 5.7 wt. %, the storage mod-
ulus was 9.0 kPa and the loss modulus 1.5 kPa at 1 Hz oscillation, whereas the 
sample with a solid content of 20 wt. % had a storage modulus of 630 kPa and 
a loss modulus of 120 kPa at 1 Hz. These results showed a similar trend than the 
compression measurements shown in Figure 1. In shear measurements, the 
moduli increased almost by two orders of magnitude depending on the solid 
content of the hydrogel, as shown in Figure 24b. 
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Figure 24. a) Hydrogel elastic modulus in compression with respect to cellulose nanofibril con-
centration. b) Storage and loss moduli at 1 Hz as a function of concentration. c) Storage modulus 
in frequency sweeps at 0.1% strain. d) Loss modulus in frequency sweeps at 0.1% strain. 

The cellulose nanofibril hydrogel was freeze-dried to prepare aerogel in a very 
simple process. Samples were molded into 12-mm discs with a thickness of 1 
mm. Before drying in a freeze-drier, the samples were frozen slowly in a freezer, 
letting ice crystals grow inside the structure. Figure 25a shows photographs of 
the freeze-dried samples. Neither collapse of the sample to form a dense sheet 
nor shrinkage of the outer dimensions was observed during the drying process. 
In the photographs, voids left by ice crystals formed inside the samples are 
clearly visible in the samples with smallest solid contents. However, as the solid 
content increases, the voids decrease in size. This is further confirmed by SEM 
images shown in Figure 25b and 26a. It can be seen that the very large voids, 
with a size exceeding 100 μm, can be found in the samples with a solid content 
of 5.6 % and 8.1%. However, such large voids were entirely absent at solid con-
tents above 10 wt. %. 
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Figure 25. Cellulose nanofibril aerogels at different solid contents. a) Photographs of freeze-
dried discs with a diameter of 12 mm. b) SEM images of fractured samples. Scale bars 20 μm. 

In the SEM images, a transition from large directional, elongated pores to more 
spherical micropores with a diameter of a few micrometers can be seen. Figure 
26b shows the wall between the pores at a high magnification. No considerable 
differences in the nanopore sizes in the walls with respect to solid content can 
be seen in the SEM images. 

The pore structure was further characterized by nitrogen absorption in order 
to see how the increasing solid content affects the aggregation of cellulose nan-
ofibrils in the freeze-dried structures. Specific surface areas showed a clear ten-
dency along the sample series. The total surface areas per weight were slightly 
reduced as the consistency increased, as shown in Figure 27a. This may be due 
to larger amount of fibril aggregations as larger concentration of NFC allows for 
more contacts. The samples with a density of 58 and 270 mg/cm³ had specific 
surface areas of 15 and 11 m²/g, respectively. This result corresponds well to 
data in the literature, where NFC aerogels prepared by liquid-nitrogen freeze-
drying had a specific surface area nonlinearly decreasing from 42 to 14 m²/g 
with the solid contents increasing from 7 to 79 mg/cm³.162  
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Figure 26. SEM at higher magnifications. Scale bars 1 μm (a) and 200 nm (b). 

On the other hand, the specific surface area to volume ratio increased as the 
consistency was increased (Figure 27b). The samples with densities of 58 and 
270 mg/cm³ had surface area to volume ratios of 0.9 and 3.0 m²/cm³, respec-
tively. This implies that the increasing amount of nanofibrillar material in a 
given volume contributes more to surface area than what is lost due to aggrega-
tions. The surface area of 3 m²/cm³ is remarkably high in comparison to low-
density aerogels (< 10 mg/cm³) prepared without a solvent exchange, having 
values ranging from 0.03 to 0.3 m²/cm³ in literature.41,135,162,171 

 
Figure 27. a) BET specific surface area. b) Specific surface area per volume. 

 

(a)

(b) 
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7. Conclusions and outlook 

The results presented in this thesis demonstrate new concepts and approaches 
that may be employed to bring new nanocellulose products closer to real appli-
cations. One of the major reasons hindering the use of nanocellulose as the ma-
jor component in products has been the sensitivity of cellulose to moisture. 
Thus, in addition to nanocellulose, water is also an important common factor in 
all the studies presented here. In Publication I, the NFC was surface modified 
to prepare non-wetting coatings comprising hydrophobized NFC microparti-
cles. In Publication II, the NFC was crosslinked to improve the mechanical 
strength in wet conditions, to enable the use of NFC as a stem cell culture sub-
strate in biomedical applications. In Publication III, the rheological proper-
ties of highly concentrated NFC hydrogels were utilized to control the crystalli-
zation of water during freezing. In summary, the main findings discussed in this 
thesis are: 

1. Superhydrophobic surfaces can be obtained using hydrophobized NFC 
microparticles as a coating. The particles can be hydrophobized either 
before or after applying them on the surface. It was observed that at 
many length scales, the morphology of such surfaces with the micro-
particle coatings remarkably resembles that of a lotus leaf, which is fa-
mous for its superhydrophobicity and self-cleaning properties. The 
prepared surfaces had high contact angles larger than 150°, and, fur-
thermore, water drops easily slid off when the surface was tilted 
slightly. 

2. The wet-state mechanical performance of NFC can be greatly im-
proved by crosslinking with glutaraldehyde. The crosslinked NFC 
threads (NFC-X) soaked in water retained up to 40% of the dry-state 
tensile strength of NFC. Whereas non-modified NFC was too weak to 
be handled after seven days under cell culture conditions, the cross-
linked NFC-X was much stronger, and could be pulled through skin 
and manipulated in the surgical hands-on tests performed. Further-
more, NFC-X threads were able to support stem cell growth without 
altering the characteristics of the cells or inducing toxicity to them. 

3. The stiffness of nanocellulose hydrogels can be tuned across several 
orders of magnitude by changing the solid contents of the gel, up to a 
shear modulus larger than 600 kPa. The mechanical properties of the 
hydrogel, in turn, were observed to affect the size of ice crystals formed 
during the slow freezing of the hydrogel, enabling the control over the 
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micropore size when preparing aerogels by freeze-drying. The increase 
in density resulted in a porous material with a very high surface area 
to volume ratio up to 3 m²/cm and a pore size down to a few microm-
eters. 

Publications I and II present proof-of-concept demonstrations of new ap-
proaches to use nanocellulose in new applications such as hydrophobic coatings 
and surgical sutures. On the other hand, Publication III does not demonstrate 
a specific application but presents a new simple method to produce porous 
nanocellulose materials. These results each constitute a major step towards 
translating academic research into real products; however, some challenges still 
remain. 

Concerning the superhydrophobic coatings, the ways to bind the hydro-
phobized NFC microparticles to a surface were not studied; in Publication I, 
a dispersion of particles was simply sprayed to a substrate to create a model 
surface. For a practical coating, some type of an adhesive would need to be used. 
The coating process would need to be optimized so that the hydrophobic parti-
cles form the outermost layer of the coating and are not covered by the adhesive.  

Even though the NFC-X threads in Publication II have a high tensile 
strength, comparable to the strongest human tendons, NFC-X still has a quite 
limited ductility, and after some deformation, the material fractures in a brittle 
manner. To be conveniently used in the surgical suture application in particular, 
some kind of a nanocomposite material would probably be needed in order to 
enable a larger deformation in the material before breaking, and potentially 
even resulting in a ductile fracture. 

The nanocellulose aerogels studied in Publication III would be beneficial in 
applications where a very high surface area per volume is desired. For example, 
such applications include catalyst supports for chemical reactions and elec-
trodes in supercapacitors. It still remains to be demonstrated how the porous 
nanocellulose materials perform when functionalized for each special purpose.  

In conclusion, the results of this thesis demonstrate potential solutions to 
challenges in employing nanocellulose in applications outside the laboratory. 
With some further optimization of processes and material composition, nano-
cellulose may in future be used in coatings, biomedical applications, or as func-
tional microporous supports with a very high active surface area. 
 



41 

References 

1. Klemm, D., Heublein, B., Fink, H. P. & Bohn, A. Cellulose: Fascinating biopoly-
mer and sustainable raw material. Angew. Chemie - Int. Ed. 44, 3358–3393 
(2005). 

2. Cosgrove, D. J. Re-constructing our models of cellulose and primary cell wall 
assembly. Curr. Opin. Plant Biol. 22, 122–131 (2014). 

3. Nechyporchuk, O., Belgacem, M. N. & Bras, J. Production of cellulose nano-
fibrils: A review of recent advances. Ind. Crops Prod. (2016). 
doi:10.1016/j.indcrop.2016.02.016 

4. Chen, X. Economic potential of biomass supply from crop residues in China. 
Appl. Energy 166, 141–149 (2016). 

5. Plastics - the Facts 2015. An analysis of European plastics production, de-
mand and waste data. (PlasticsEurope - the Association of Plastics Manufac-
turers in Europe, 2015). 

6. State of Europe’s Forest 2015. (The Ministerial Conference on the Protection of 
Forests in Europe, 2015). 

7. Miller, J. Cellulose Nanomaterials Production State of the Industry. (TAPPI 
International Nanotechnology Division, 2015). 

8. Gibson, L. J. The hierarchical structure and mechanics of plant materials. J. R. 
Soc. Interface 9, 2749–2766 (2012). 

9. Dinand, E., Chanzy, H. & Vignon, R. M. Suspensions of cellulose microfibrils 
from sugar beet pulp. Food Hydrocoll. 13, 275–283 (1999). 

10. Cosgrove, D. J. Growth of the plant cell wall. Nat. Rev. Mol. Cell Biol. 6, 850–
861 (2005). 

11. Isogai, A. Wood nanocelluloses: Fundamentals and applications as new bio-
based nanomaterials. Journal of Wood Science 59, 449–459 (2013). 

12. Iwamoto, S., Kai, W., Isogai, A. & Iwata, T. Elastic modulus of single cellulose 
microfibrils from tunicate measured by atomic force microscopy. Biomacro-
molecules 10, 2571–6 (2009). 

13. Saito, T., Kuramae, R., Wohlert, J., Berglund, L. A. & Isogai, A. An Ultrastrong 
Nanofibrillar Biomaterial: The Strength of Single Cellulose Nanofibrils Re-
vealed via Sonication-Induced Fragmentation. Biomacromolecules 14, 248–
253 (2013). 

14. Cosgrove, D. J. & Jarvis, M. C. Comparative structure and biomechanics of 
plant primary and secondary cell walls. Front. Plant Sci. 3, 1–7 (2012). 

15. Zhang, T., Zheng, Y. & Cosgrove, D. J. Spatial organization of cellulose microfi-
brils and matrix polysaccharides in primary plant cell walls as imaged by multi-
channel atomic force microscopy. Plant J. 85, 179–192 (2016). 

16. Klemm, D., Kramer, F., Moritz, S., Lindström, T., Ankerfors, M., et al. Nanocel-
luloses: A New Family of Nature-Based Materials. Angew. Chemie Int. Ed. 50, 
5438–5466 (2011). 

17. Petersen, N. & Gatenholm, P. Bacterial cellulose-based materials and medical 
devices: current state and perspectives. Appl. Microbiol. Biotechnol. 91, 1277–
1286 (2011). 

18. Tokoh, C., Takabe, K., Fujita, M. & Saiki, H. Cellulose Synthesized by Acetobac-
ter Xylinum in the Presence of Acetyl Glucomannan. Cellulose 5, 249–261 
(1998). 



References 

42 

19. Moon, R. J., Martini, A., Nairn, J., Simonsen, J. & Youngblood, J. Cellulose na-
nomaterials review: structure, properties and nanocomposites. Chemical So-
ciety reviews 40, (2011). 

20. Czaja, W. K., Young, D. J., Kawecki, M. & Brown, R. M. The Future Prospects of 
Microbial Cellulose in Biomedical Applications. Biomacromolecules 8, 1–12 
(2007). 

21. Penn State. Biofuel Lab PSU-102. Flickr (2013). Available at: 
https://flic.kr/p/edPcfa.  

22. Chow, S. Rhopalaea crassa, Fluorescent-colored sea squirts. Wikimedia Com-
mons, the free media repository (2006). Available at: https://commons.wiki-
media.org/wiki/File:Ascidian_(Rhopalaea_Crassa)_(4_cm).png.  

23. Mariano, M., El Kissi, N. & Dufresne, A. Cellulose nanocrystals and related 
nanocomposites: Review of some properties and challenges. J. Polym. Sci. Part 
B Polym. Phys. 52, 791–806 (2014). 

24. Habibi, Y., Lucia, L. A. & Rojas, O. J. Cellulose nanocrystals: Chemistry, self-
assembly, and applications. Chem. Rev. 110, 3479–3500 (2010). 

25. Eichhorn, S. J., Young, R. J. & Davies, G. R. Modeling crystal and molecular de-
formation in regenerated cellulose fibers. Biomacromolecules 6, 507–513 
(2005). 

26. Pääkkö, M., Ankerfors, M., Kosonen, H., Nykänen, A., Ahola, S., et al. Enzy-
matic Hydrolysis Combined with Mechanical Shearing and High-Pressure Ho-
mogenization for Nanoscale Cellulose Fibrils and Strong Gels. Biomacromole-
cules 8, 1934–1941 (2007). 

27. Habibi, Y., Goffin, A.-L., Schiltz, N., Duquesne, E., Dubois, P., et al. Bionano-
composites based on poly(ε-caprolactone)-grafted cellulose nanocrystals by 
ring-opening polymerization. J. Mater. Chem. 18, 5002 (2008). 

28. Saito, T., Kimura, S., Nishiyama, Y. & Isogai, A. Cellulose nanofibers prepared 
by TEMPO-mediated oxidation of native cellulose. Biomacromolecules 8, 
2485–91 (2007). 

29. Dufresne, Alain, Cavaille, J. & Vignon, M. R. Mechanical Behavior of Sheets 
Prepared from Sugar Beet Cellulose Microfibrils. Sugar Beet Cellul. Microfi-
brils 1185–1194 (1996). 

30. Ohad, I. & Danon, D. On the dimensions of cellulose microfibrils. J. Cell Biol. 
22, 302–305 (1964). 

31. Charreau, H., L. Foresti, M. & Vazquez, A. Nanocellulose Patents Trends: A 
Comprehensive Review on Patents on Cellulose Nanocrystals, Microfibrillated 
and Bacterial Cellulose. Recent Pat. Nanotechnol. 7, 56–80 (2013). 

32. Jiang, F. & Hsieh, Y. Lo. Chemically and mechanically isolated nanocellulose 
and their self-assembled structures. Carbohydr. Polym. 95, 32–40 (2013). 

33. Hassan, E. A., Hassan, M. L. & Oksman, K. Improving bagasse pulp paper sheet 
properties with microfibrillated cellulose isolated from xylanase-treated ba-
gasse. Wood Fiber Sci. 43, 76–82 (2011). 

34. Dinand, E., Chanzy, H. & Vignon, M. R. Parenchymal cell cellulose from sugar 
beet pulp: preparation and properties. Cellulose 3, 183–188 (1996). 

35. Dufresne, A. Cellulose Microfibrils from Potato Tuber Cells : Processing and 
Characterization of Starch – Cellulose Microfibril Composites. Polymer 76, 
2080–2092 (2000). 

36. Rondeau-Mouro, C., Bouchet, B., Pontoire, B., Robert, P., Mazoyer, J., et al. 
Structural features and potential texturising properties of lemon and maize cel-
lulose microfibrils. Carbohydr. Polym. 53, 241–252 (2003). 

37. Suchy, M., Kontturi, E. & Vuorinen, T. Impact of drying on wood ultrastruc-
ture: Similarities in cell wall alteration between native wood and isolated wood-
based fibers. Biomacromolecules 11, 2161–2168 (2010). 

38. Iwamoto, S., Abe, K. & Yano, H. The effect of hemicelluloses on wood pulp nan-
ofibrillation and nanofiber network characteristics. Biomacromolecules 9, 



References 

43 

1022–6 (2008). 

39. Chaker, A., Alila, S., Mutjé, P., Vilar, M. R. & Boufi, S. Key role of the hemicel-
lulose content and the cell morphology on the nanofibrillation effectiveness of 
cellulose pulps. Cellulose 20, 2863–2875 (2013). 

40. Arola, S., Malho, J., Laaksonen, P., Lille, M. & Linder, M. B. The role of hemi-
cellulose in nanofibrillated cellulose networks. Soft Matter 9, 1319 (2013). 

41. Cervin, N. T., Aulin, C., Larsson, P. T. & Wågberg, L. Ultra porous nanocellu-
lose aerogels as separation medium for mixtures of oil/water liquids. Cellulose 
19, 401–410 (2012). 

42. Wågberg, L., Decher, G., Norgren, M., Lindström, T., Ankerfors, M., et al. The 
build-up of polyelectrolyte multilayers of microfibrillated cellulose and cationic 
polyelectrolytes. Langmuir 24, 784–95 (2008). 

43. Saito, T., Okita, Y., Nge, T. T., Sugiyama, J. & Isogai, A. TEMPO-mediated oxi-
dation of native cellulose: Microscopic analysis of fibrous fractions in the oxi-
dized products. Carbohydr. Polym. 65, 435–440 (2006). 

44. Aulin, C., Johansson, E., Wågberg, L. & Lindström, T. Self-organized films 
from cellulose i nanofibrils using the layer-by-layer technique. Biomacromole-
cules 11, 872–882 (2010). 

45. Laine, J., Lindström, T., Nordmark, G. G. & Risinger, G. Studies on topochemi-
cal modification of cellulosic fibres. Part 1. Chemical conditions for the attach-
ment of carboxymethyl cellulose onto fibers. Nord. Pulp Pap. Res. J. 15, 520–
526 (2000). 

46. Naderi, A., Lindström, T., Sundström, J., Pettersson, T., Flodberg, G., et al. Mi-
crofluidized carboxymethyl cellulose modified pulp: a nanofibrillated cellulose 
system with some attractive properties. Cellulose 22, 1159–1173 (2015). 

47. Božič, M., Liu, P., Mathew, A. P. & Kokol, V. Enzymatic phosphorylation of cel-
lulose nanofibers to new highly-ions adsorbing, flame-retardant and hydroxy-
apatite-growth induced natural nanoparticles. Cellulose 21, 2713–2726 (2014). 

48. Liimatainen, H., Visanko, M., Sirviö, J. A., Hormi, O. E. O. & Niinimaki, J. En-
hancement of the nanofibrillation of wood cellulose through sequential perio-
date-chlorite oxidation. Biomacromolecules 13, 1592–1597 (2012). 

49. Saito, T., Nishiyama, Y., Putaux, J.-L., Vignon, M. & Isogai, A. Homogeneous 
suspensions of individualized microfibrils from TEMPO-catalyzed oxidation of 
native cellulose. Biomacromolecules 7, 1687–91 (2006). 

50. Abe, K., Iwamoto, S. & Yano, H. Obtaining Cellulose Nanofibers with a Uniform 
Width of 15 nm from Wood. Biomacromolecules 8, 3276–3278 (2007). 

51. Mohtaschemi, M., Dimic-Misic, K., Puisto, A., Korhonen, M., Maloney, T., et al. 
Rheological characterization of fibrillated cellulose suspensions via bucket vane 
viscometer. Cellulose 21, 1305–1312 (2014). 

52. Quennouz, N., Hashmi, S. M., Choi, H. S., Kim, J. W. & Osuji, C. O. Rheology of 
cellulose nanofibrils in the presence of surfactants. Soft Matter 12, 157–164 
(2015). 

53. Chesterton, A., Meza, B. E., Sadd, P., Moggridge, G. & Wilson, D. I. Impact of 
flour heat treatment on cake batters. Proc. Int. Congr. Eng. Food (2011). 

54. Turbak, A. F., Snyder, F. W. & Sandberg, K. R. Food products containing mi-
crofibrillated cellulose. United States Pat. 4,341,807, (1982). 

55. Turbak, A. F., Snyder, F. W. & Sandberg, K. R. Suspensions containing microfi-
brillated cellulose. United States Pat. 4,500,546, (1985). 

56. Heggset, E. B., Chinga-Carrasco, G. & Syverud, K. Temperature stability of 
nanocellulose dispersions. Carbohydr. Polym. 157, 114–121 (2017). 

57. Toivonen, M. S., Kurki-Suonio, S., Schacher, F. H., Hietala, S., Rojas, O. J., et 
al. Water-Resistant, Transparent Hybrid Nanopaper by Physical Cross-Linking 
with Chitosan. Biomacromolecules 16, 1062–1071 (2015). 



References 

44 

58. Wang, M., Tian, X., Ras, R. H. A. & Ikkala, O. Sensitive Humidity-Driven Re-
versible and Bidirectional Bending of Nanocellulose Thin Films as Bio-Inspired 
Actuation. Adv. Mater. Interfaces 2, 1–7 (2015). 

59. Walther, A., Timonen, J. V. I., Díez, I., Laukkanen, A. & Ikkala, O. Multifunc-
tional high-performance biofibers based on wet-extrusion of renewable native 
cellulose nanofibrils. Adv. Mater. 23, 2924–8 (2011). 

60. Lundahl, M. J., Cunha, A. G., Rojo, E., Papageorgiou, A. C., Rautkari, L., et al. 
Strength and Water Interactions of Cellulose I Filaments Wet-Spun from Cellu-
lose Nanofibril Hydrogels. Sci. Rep. 6, 30695 (2016). 

61. Wang, M., Anoshkin, I. V., Nasibulin, A. G., Korhonen, J. T., Seitsonen, J., et 
al. Modifying native nanocellulose aerogels with carbon nanotubes for mecha-
noresponsive conductivity and pressure sensing. Adv. Mater. 25, 2428–2432 
(2013). 

62. Miettunen, K., Vapaavuori, J., Tiihonen, A., Poskela, A., Lahtinen, P., et al. 
Nanocellulose aerogel membranes for optimal electrolyte filling in dye solar 
cells. Nano Energy 8, 95–102 (2014). 

63. Toivonen, M. S., Kaskela, A., Rojas, O. J., Kauppinen, E. I. & Ikkala, O. Ambi-
ent-Dried Cellulose Nanofibril Aerogel Membranes with High Tensile Strength 
and Their Use for Aerosol Collection and Templates for Transparent, Flexible 
Devices. Adv. Funct. Mater. 25, 6618–6626 (2015). 

64. Mertaniemi, H., Laukkanen, A., Teirfolk, J.-E., Ikkala, O. & Ras, R. H. A. Func-
tionalized porous microparticles of nanofibrillated cellulose for biomimetic hi-
erarchically structured superhydrophobic surfaces. RSC Adv. 2, 2882 (2012). 

65. Siró, I. & Plackett, D. Microfibrillated cellulose and new nanocomposite materi-
als: a review. Cellulose 17, 459–494 (2010). 

66. Benítez, A. J., Torres-Rendon, J., Poutanen, M. & Walther, A. Humidity and 
multiscale structure govern mechanical properties and deformation modes in 
films of native cellulose nanofibrils. Biomacromolecules 14, 4497–506 (2013). 

67. Fujisawa, S., Okita, Y., Fukuzumi, H., Saito, T. & Isogai, A. Preparation and 
characterization of TEMPO-oxidized cellulose nanofibril films with free car-
boxyl groups. Carbohydr. Polym. 84, 579–583 (2011). 

68. Nogi, M., Iwamoto, S., Nakagaito, A. N. & Yano, H. Optically Transparent Nan-
ofiber Paper. Adv. Mater. 21, 1595–1598 (2009). 

69. Syverud, K. & Stenius, P. Strength and barrier properties of MFC films. Cellu-
lose 16, 75–85 (2009). 

70. Lavoine, N., Desloges, I., Dufresne, A. & Bras, J. Microfibrillated cellulose - Its 
barrier properties and applications in cellulosic materials: A review. Carbo-
hydr. Polym. 90, 735–764 (2012). 

71. Okahisa, Y., Yoshida, A., Miyaguchi, S. & Yano, H. Optically transparent wood–
cellulose nanocomposite as a base substrate for flexible organic light-emitting 
diode displays. Compos. Sci. Technol. 69, 1958–1961 (2009). 

72. Hoeng, F., Denneulin, A. & Bras, J. Use of nanocellulose in printed electronics: 
a review. Nanoscale 8, 13131–13154 (2016). 

73. Henriksson, M., Berglund, L. A., Isaksson, P., Lindström, T. & Nishino, T. Cel-
lulose nanopaper structures of high toughness. Biomacromolecules 9, 1579–85 
(2008). 

74. Iwamoto, S., Isogai, A. & Iwata, T. Structure and mechanical properties of wet-
spun fibers made from natural cellulose nanofibers. Biomacromolecules 12, 
831–6 (2011). 

75. Pääkkö, M., Vapaavuori, J., Silvennoinen, R., Kosonen, H., Ankerfors, M., et al. 
Long and entangled native cellulose I nanofibers allow flexible aerogels and hi-
erarchically porous templates for functionalities. Soft Matter 4, 2492 (2008). 

76. Korhonen, J. T., Hiekkataipale, P., Malm, J., Karppinen, M., Ikkala, O., et al. 
Inorganic hollow nanotube aerogels by atomic layer deposition onto native 
nanocellulose templates. ACS Nano 5, 1967–1974 (2011). 



References 

45 

77. Hüsing, N. & Schubert, U. in Ullmann’s Encyclopedia of Industrial Chemistry 
(Wiley-VCH Verlag GmbH & Co. KGaA, 2000). 

78. in IUPAC Compendium of Chemical Terminology (eds. Nič, M., Jirát, J., 
Košata, B., Jenkins, A. & McNaught, A.) (IUPAC). 

79. Kolakovic, R., Peltonen, L., Laaksonen, T., Putkisto, K., Laukkanen, A., et al. 
Spray-Dried Cellulose Nanofibers as Novel Tablet Excipient. AAPS 
PharmSciTech 12, 1366–1373 (2011). 

80. Kolakovic, R., Laaksonen, T., Peltonen, L., Laukkanen, A. & Hirvonen, J. 
Spray-dried nanofibrillar cellulose microparticles for sustained drug release. 
Int. J. Pharm. 430, 47–55 (2012). 

81. Eichhorn, S. J., Dufresne, A., Aranguren, M., Marcovich, N. E., Capadona, J. R., 
et al. Review: current international research into cellulose nanofibres and 
nanocomposites. J. Mater. Sci. 45, 1–33 (2009). 

82. Siqueira, G., Bras, J. & Dufresne, A. Cellulosic bionanocomposites: A review of 
preparation, properties and applications. Polymers (Basel). 2, 728–765 (2010). 

83. Abdul Khalil, H. P. S., Bhat, A. H. & Ireana Yusra, A. F. Green composites from 
sustainable cellulose nanofibrils: A review. Carbohydr. Polym. 87, 963–979 
(2012). 

84. Jonoobi, M., Mathew, A. P., Abdi, M. M., Makinejad, M. D. & Oksman, K. A 
Comparison of Modified and Unmodified Cellulose Nanofiber Reinforced Pol-
ylactic Acid (PLA) Prepared by Twin Screw Extrusion. J. Polym. Environ. 20, 
991–997 (2012). 

85. Suryanegara, L., Nakagaito, A. N. & Yano, H. The effect of crystallization of 
PLA on the thermal and mechanical properties of microfibrillated cellulose-re-
inforced PLA composites. Compos. Sci. Technol. 69, 1187–1192 (2009). 

86. Andresen, M., Johansson, L. S., Tanem, B. S. & Stenius, P. Properties and char-
acterization of hydrophobized microfibrillated cellulose. Cellulose 13, 665–677 
(2006). 

87. Rodionova, G., Lenes, M., Eriksen, Ø. & Gregersen, Ø. Surface chemical modifi-
cation of microfibrillated cellulose: Improvement of barrier properties for 
packaging applications. Cellulose 18, 127–134 (2011). 

88. Lönnberg, H., Fogelström, L., Berglund, L., Malmström, E. & Hult, A. Surface 
grafting of microfibrillated cellulose with poly(ε-caprolactone) – Synthesis and 
characterization. Eur. Polym. J. 44, 2991–2997 (2008). 

89. Young, T. An Essay on the Cohesion of Fluids. Philos. Trans. R. Soc. London 
95, 65–87 (1805). 

90. Gauss, C. F. in Werke 29–77 (Springer Berlin Heidelberg, 1877). 
doi:10.1007/978-3-642-49319-5_3 

91. Whyman, G., Bormashenko, E. & Stein, T. The rigorous derivation of Young, 
Cassie–Baxter and Wenzel equations and the analysis of the contact angle hys-
teresis phenomenon. Chem. Phys. Lett. 450, 355–359 (2008). 

92. Bormashenko, E. A variational approach to wetting of composite surfaces: Is 
wetting of composite surfaces a one-dimensional or two-dimensional phenom-
enon? Langmuir 25, 10451–10454 (2009). 

93. Wenzel, R. N. Resistance of solid surfaces to wetting by water. Ind. Eng. Chem. 
28, 988–994 (1936). 

94. Cassie, A. B. D. & Baxter, S. Wettability of porous surfaces. Trans. Faraday 
Soc. 40, 546 (1944). 

95. Gao, L. & McCarthy, T. J. Wetting 101° †. Langmuir 25, 14105–14115 (2009). 

96. Marmur, A. & Bittoun, E. When Wenzel and Cassie Are Right: Reconciling Lo-
cal and Global Considerations. Langmuir 25, 1277–1281 (2009). 

97. Rotenberg, Y., Boruvka, L. & Neumann, A. . Determination of surface tension 
and contact angle from the shapes of axisymmetric fluid interfaces. J. Colloid 
Interface Sci. 93, 169–183 (1983). 



References 

46 

98. Stalder, A. F., Melchior, T., Müller, M., Sage, D., Blu, T., et al. Low-bond ax-
isymmetric drop shape analysis for surface tension and contact angle measure-
ments of sessile drops. Colloids Surfaces A Physicochem. Eng. Asp. 364, 72–
81 (2010). 

99. Srinivasan, S., McKinley, G. H. & Cohen, R. E. Assessing the Accuracy of Con-
tact Angle Measurements for Sessile Drops on Liquid-Repellent Surfaces. 
Langmuir 27, 13582–13589 (2011). 

100. Eral, H. B., ’T Mannetje, D. J. C. M. & Oh, J. M. Contact angle hysteresis: A re-
view of fundamentals and applications. Colloid Polym. Sci. 291, 247–260 
(2013). 

101. Quéré, D. Wetting and Roughness. Annu. Rev. Mater. Res. 38, 71–99 (2008). 

102. Korhonen, J. T., Huhtamäki, T., Ikkala, O. & Ras, R. H. A. Reliable Measure-
ment of the Receding Contact Angle. Langmuir 29, 3858–3863 (2013). 

103. Marmur, A. Superhydrophobic and superhygrophobic surfaces: from under-
standing non-wettability to design considerations. Soft Matter 9, 7900–7904 
(2013). 

104. Dorrer, C. & Rühe, J. Some thoughts on superhydrophobic wetting. Soft Matter 
5, 51–61 (2009). 

105. Nosonovsky, M. & Bhushan, B. Superhydrophobic surfaces and emerging appli-
cations: Non-adhesion, energy, green engineering. Curr. Opin. Colloid Inter-
face Sci. 14, 270–280 (2009). 

106. Bhushan, B., Jung, Y. C. & Koch, K. Self-Cleaning Efficiency of Artificial Super-
hydrophobic Surfaces. Langmuir 25, 3240–3248 (2009). 

107. Blossey, R. Self-cleaning surfaces — virtual realities. Nat. Mater. 2, 301–306 
(2003). 

108. Fürstner, R., Barthlott, W., Neinhuis, C. & Walzel, P. Wetting and Self-Cleaning 
Properties of Artificial Superhydrophobic Surfaces. Langmuir 21, 956–961 
(2005). 

109. Sun, Z., Liao, T., Liu, K., Jiang, L., Kim, J. H., et al. Fly-eye inspired superhy-
drophobic anti-fogging inorganic nanostructures. Small 10, 3001–3006 
(2014). 

110. Gao, X., Yan, X., Yao, X., Xu, L., Zhang, K., et al. The dry-style antifogging 
properties of mosquito compound eyes and artificial analogues prepared by 
soft lithography. Adv. Mater. 19, 2213–2217 (2007). 

111. Cao, L., Jones, A. K., Sikka, V. K., Wu, J. & Gao, D. Anti-Icing superhydropho-
bic coatings. Langmuir 25, 12444–12448 (2009). 

112. Guo, P., Zheng, Y., Wen, M., Song, C., Lin, Y., et al. Icephobic/anti-icing prop-
erties of micro/nanostructured surfaces. Adv. Mater. 24, 2642–2648 (2012). 

113. Tourkine, P., Merrer, M. Le & Quéré, D. Delayed freezing on water repellent 
materials. Langmuir 25, 7214–7216 (2009). 

114. McHale, G., Flynn, M. R. & Newton, M. I. Plastron induced drag reduction and 
increased slip on a superhydrophobic sphere. Soft Matter 7, 10100–10107 
(2011). 

115. Srinivasan, S., Choi, W., Park, K.-C., Chhatre, S. S., Cohen, R. E., et al. Drag re-
duction for viscous laminar flow on spray-coated non-wetting surfaces. Soft 
Matter 9, 5691 (2013). 

116. Nosonovsky, M. & Bhushan, B. Energy transitions in superhydrophobicity: low 
adhesion, easy flow, and bouncing. J. Phys. Condens. Matter 20, 395005 
(2008). 

117. Roach, P., Shirtcliffe, N. J. & Newton, M. I. Progess in superhydrophobic sur-
face development. Soft Matter 4, 224–240 (2008). 

118. Schellenberger, Frank; Encinas, Noemí; Vollmer, Doris; Butt, H.-J. How Water 
Advances on Superhydrophobic Surfaces. Phys. Rev. Lett. 96101, 2–7 (2016). 



References 

47 

119. Barthlott, W. & Neinhuis, C. Purity of the sacred lotus, or escape from contami-
nation in biological surfaces. Planta 202, 1–8 (1997). 

120. Koch, K., Bhushan, B. & Barthlott, W. Multifunctional surface structures of 
plants: An inspiration for biomimetics. Prog. Mater. Sci. 54, 137–178 (2009). 

121. Quéré, D. & Reyssat, M. Non-adhesive lotus and other hydrophobic materials. 
Philos. Trans. A. Math. Phys. Eng. Sci. 366, 1539–1556 (2008). 

122. Gao, L. & McCarthy, T. J. The ‘Lotus Effect’ Explained: Two Reasons Why Two 
Length Scales of Topography Are Important. Langmuir 22, 2966–2967 
(2006). 

123. Nosonovsky, M. Multiscale roughness and stability of superhydrophobic biomi-
metic interfaces. Langmuir 23, 3157–3161 (2007). 

124. Li, X., Reinhoudt, D. & Crego-Calama, M. What do we need for a superhydro-
phobic surface? A review on the recent progress in the preparation of superhy-
drophobic surfaces. Chem. Soc. Rev. 36, 1350 (2007). 

125. Koch, K., Bhushan, B., Jung, Y. C. & Barthlott, W. Fabrication of artificial Lotus 
leaves and significance of hierarchical structure for superhydrophobicity and 
low adhesion. Soft Matter 5, 1386 (2009). 

126. Ueda, E. & Levkin, P. A. Emerging applications of superhydrophilic-superhy-
drophobic micropatterns. Adv. Mater. 25, 1234–1247 (2013). 

127. Darmanin, T. & Guittard, F. Recent advances in the potential applications of bi-
oinspired superhydrophobic materials. J. Mater. Chem. A 2, 16319–16359 
(2014). 

128. Ciasca, G., Papi, M., Businaro, L., Campi, G., Ortolani, M., et al. Recent ad-
vances in superhydrophobic surfaces and their relevance to biology and medi-
cine. Bioinspir. Biomim. 11, 11001 (2016). 

129. Tian, X., Verho, T. & Ras, R. H. A. Moving superhydrophobic surfaces toward 
real-world applications. Science 352, 142–143 (2016). 

130. Verho, T., Bower, C., Andrew, P., Franssila, S., Ikkala, O., et al. Mechanically 
Durable Superhydrophobic Surfaces. Adv. Mater. 23, 673–678 (2011). 

131. Lv, T., Cheng, Z., Zhang, E., Kang, H., Liu, Y., et al. Self-Restoration of Super-
hydrophobicity on Shape Memory Polymer Arrays with Both Crushed Micro-
structure and Damaged Surface Chemistry. Small 1–8 (2016). 
doi:10.1002/smll.201503402 

132. Song, J. & Rojas, O. J. Approaching super-hydrophobicity from cellulosic mate-
rials : A Review. Pap. Chem. 28, 216–238 (2013). 

133. Missoum, K., Belgacem, M. N. & Bras, J. Nanofibrillated cellulose surface mod-
ification: A review. Materials (Basel). 6, 1745–1766 (2013). 

134. Korhonen, J. T., Kettunen, M., Ras, R. H. a & Ikkala, O. Hydrophobic nanocel-
lulose aerogels as floating, sustainable, reusable, and recyclable oil absorbents. 
ACS Appl. Mater. Interfaces 3, 1813–1816 (2011). 

135. Jiang, F. & Hsieh, Y.-L. Amphiphilic superabsorbent cellulose nanofibril aero-
gels. J. Mater. Chem. A 2, 6337–6342 (2014). 

136. Sai, H., Fu, R., Xing, L., Xiang, J., Li, Z., et al. Surface modification of bacterial 
cellulose aerogels’ web-like skeleton for oil/water separation. ACS Appl. Mater. 
Interfaces 7, 7373–7381 (2015). 

137. Wan, C., Lu, Y., Jiao, Y., Jin, C., Sun, Q., et al. Ultralight and hydrophobic nan-
ofibrillated cellulose aerogels from coconut shell with ultrastrong adsorption 
properties. J. Appl. Polym. Sci. 132, 1–7 (2015). 

138. Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F., et al. 
Minimal criteria for defining multipotent mesenchymal stromal cells. The In-
ternational Society for Cellular Therapy position statement. Cytotherapy 8, 
315–7 (2006). 

139. Bianco, P., Cao, X., Frenette, P. S., Mao, J. J., Robey, P. G., et al. The meaning, 
the sense and the significance: translating the science of mesenchymal stem 



References 

48 

cells into medicine. Nat. Med. 19, 35–42 (2013). 

140. Wang, S., Qu, X. & Zhao, R. Clinical applications of mesenchymal stem cells. J. 
Hematol. Oncol. 5, 19 (2012). 

141. Sharma, R. R., Pollock, K., Hubel, A. & McKenna, D. Mesenchymal stem or 
stromal cells: A review of clinical applications and manufacturing practices. 
Transfusion 54, 1418–1437 (2014). 

142. U.S. National Institutes of Health ClinicalTrials.gov database. Available at: 
https://clinicaltrials.gov/. (Accessed: 6th June 2016) 

143. Caplan, A. I. & Correa, D. The MSC: An injury drugstore. Cell Stem Cell 9, 11–
15 (2011). 

144. Murphy, M. B., Moncivais, K. & Caplan, A. I. Mesenchymal stem cells: environ-
mentally responsive therapeutics for regenerative medicine. Exp. Mol. Med. 
45, e54 (2013). 

145. Svensson, A., Nicklasson, E., Harrah, T., Panilaitis, B., Kaplan, D. L., et al. Bac-
terial cellulose as a potential scaffold for tissue engineering of cartilage. Bio-
materials 26, 419–431 (2005). 

146. Bodin, A., Bharadwaj, S., Wu, S., Gatenholm, P., Atala, A., et al. Tissue-engi-
neered conduit using urine-derived stem cells seeded bacterial cellulose poly-
mer in urinary reconstruction and diversion. Biomaterials 31, 8889–8901 
(2010). 

147. Gao, C., Wan, Y., Yang, C., Dai, K., Tang, T., et al. Preparation and characteri-
zation of bacterial cellulose sponge with hierarchical pore structure as tissue 
engineering scaffold. J. Porous Mater. 18, 139–145 (2011). 

148. Brackmann, C., Zaborowska, M., Sundberg, J., Gatenholm, P. & Enejder, A. Im-
aging of Collagen Synthesis by Osteoprogenitor Cells in Microporous Bacterial 
Cellulose Scaffolds. Tissue Eng. Part C Methods 18, 227–234 (2012). 

149. Fu, L., Zhang, Y., Li, C., Wu, Z., Zhuo, Q., et al. Skin tissue repair materials 
from bacterial cellulose by a multilayer fermentation method. J. Mater. Chem. 
22, 12349 (2012). 

150. Pértile, R., Moreira, S., Andrade, F., Domingues, L. & Gama, M. Bacterial cellu-
lose modified using recombinant proteins to improve neuronal and mesenchy-
mal cell adhesion. Biotechnol. Prog. 28, 526–532 (2012). 

151. Favi, P. M., Benson, R. S., Neilsen, N. R., Hammonds, R. L., Bates, C. C., et al. 
Cell proliferation, viability, and in vitro differentiation of equine mesenchymal 
stem cells seeded on bacterial cellulose hydrogel scaffolds. Mater. Sci. Eng. C 
33, 1935–1944 (2013). 

152. Kuzmenko, V., Sämfors, S., Hägg, D. & Gatenholm, P. Universal method for 
protein bioconjugation with nanocellulose scaffolds for increased cell adhesion. 
Mater. Sci. Eng. C 33, 4599–4607 (2013). 

153. Taokaew, S., Phisalaphong, M. & Zhang Newby, B. M. In vitro behaviors of rat 
mesenchymal stem cells on bacterial celluloses with different moduli. Mater. 
Sci. Eng. C 38, 263–271 (2014). 

154. Zang, S., Zhuo, Q., Chang, X., Qiu, G., Wu, Z., et al. Study of osteogenic differ-
entiation of human adipose-derived stem cells (HASCs) on bacterial cellulose. 
Carbohydr. Polym. 104, 158–165 (2014). 

155. Krontiras, P., Gatenholm, P. & Hägg, D. A. Adipogenic differentiation of stem 
cells in three-dimensional porous bacterial nanocellulose scaffolds. J. Biomed. 
Mater. Res. Part B Appl. Biomater. 103, 195–203 (2015). 

156. Innala, M., Riebe, I., Kuzmenko, V., Sundberg, J., Gatenholm, P., et al. 3D cul-
turing and differentiation of SH-SY5Y neuroblastoma cells on bacterial nano-
cellulose scaffolds. Artif. Cells, Nanomedicine, Biotechnol. 42, 302–308 
(2014). 

157. Bhattacharya, M., Malinen, M. M., Lauren, P., Lou, Y.-R., Kuisma, S. W., et al. 
Nanofibrillar cellulose hydrogel promotes three-dimensional liver cell culture. 
J. Control. Release 164, 291–8 (2012). 



References 

49 

158. Lou, Y.-R., Kanninen, L., Kuisma, T., Niklander, J., Noon, L. a, et al. The use of 
nanofibrillar cellulose hydrogel as a flexible three-dimensional model to culture 
human pluripotent stem cells. Stem Cells Dev. 23, 380–92 (2014). 

159. Malinen, M. M., Kanninen, L. K., Corlu, A., Isoniemi, H. M., Lou, Y. R., et al. 
Differentiation of liver progenitor cell line to functional organotypic cultures in 
3D nanofibrillar cellulose and hyaluronan-gelatin hydrogels. Biomaterials 35, 
5110–5121 (2014). 

160. Mertaniemi, H., Escobedo-Lucea, C., Sanz-Garcia, A., Gandía, C., Mäkitie, A., 
et al. Human Stem Cell Decorated Nanocellulose Threads for Biomedical Appli-
cations. Biomaterials 82, 208–220 (2015). 

161. Xu, G. G., Yang, C. Q. & Deng, Y. Applications of bifunctional aldehydes to im-
prove paper wet strength. J. Appl. Polym. Sci. 83, 2539–2547 (2002). 

162. Sehaqui, H., Salajková, M., Berglund, L. A., Zhou, Q. & Berglund, L. A. Me-
chanical performance tailoring of tough ultra-high porosity foams prepared 
from cellulose I nanofiber suspensions. Soft Matter 6, 1824 (2010). 

163. Aussillous, P. & Quéré, D. Properties of liquid marbles. Proc. R. Soc. A Math. 
Phys. Eng. Sci. 462, 973–999 (2006). 

164. Reckhenrich, A. K., Kirsch, B. M., Wahl, E. A., Schenck, T. L., Rezaeian, F., et 
al. Surgical sutures filled with adipose-derived stem cells promote wound heal-
ing. PLoS One 9, (2014). 

165. Georgiev-Hristov, T., García-Arranz, M., García-Gómez, I., García-Cabezas, M. 
A., Trébol, J., et al. Sutures enriched with adipose-derived stem cells decrease 
the local acute inflammation after tracheal anastomosis in a murine model. 
Eur. J. Cardio-thoracic Surg. 42, 40–47 (2012). 

166. Teng, M., Huang, Y. & Zhang, H. Application of stems cells in wound healing - 
An update. Wound Repair Regen. 22, 151–160 (2014). 

167. Håkansson, K. M. O., Fall, A. B., Lundell, F., Yu, S., Krywka, C., et al. Hydrody-
namic alignment and assembly of nanofibrils resulting in strong cellulose fila-
ments. Nat. Commun. 5, 4018 (2014). 

168. Torres-Rendon, J. G., Schacher, F. H., Ifuku, S. & Walther, A. Mechanical Per-
formance of Macrofibers of Cellulose and Chitin Nanofibrils Aligned by Wet-
Stretching: A Critical Comparison. Biomacromolecules 15, 2709–2717 (2014). 

169. Malho, J., Laaksonen, P., Walther, A., Ikkala, O. & Linder, M. B. Facile method 
for stiff, tough, and strong nanocomposites by direct exfoliation of multilayered 
graphene into native nanocellulose matrix. Biomacromolecules 13, 1093–9 
(2012). 

170. Hooshmand, S., Aitomäki, Y., Norberg, N., Mathew, A. P. & Oksman, K. Dry 
spun single filament fibers comprising solely of cellulose nanofibers from bio-
residue. ACS Appl. Mater. Interfaces 7, 13022–13028 (2015). 

171. Zhang, Z., Sèbe, G., Rentsch, D., Zimmermann, T. & Tingaut, P. Ultralight-
weight and flexible silylated nanocellulose sponges for the selective removal of 
oil from water. Chem. Mater. 26, 2659–2668 (2014). 



 

-o
tl

a
A

D
D

 7
/

 7
10

2

 +a
hech

a*GM
FTSH

9  NBSI 0-7427-06-259-879  )detnirp( 
 NBSI 3-6427-06-259-879  )fdp( 

 L-NSSI  4394-9971
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

 
ytisrevinU otlaA  

ecneicS fo loohcS  
scisyhP deilppA fo tnemtrapeD  

 if.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 i
me

in
at

re
M i

kk
ir

ne
H

 e
so

lu
ll

ec
on

an
 n

o 
se

id
ut

S
 y

ti
sr

ev
i

n
U 

otl
a

A

 7102

 scisyhP deilppA fo tnemtrapeD

 esolulleconan no seidutS
esolullec fo slegorea dna ,sdaerht ,selcitraporcim lanoitcnuF  

 slirbifonan

 imeinatreM ikkirneH

 LAROTCOD
 SNOITATRESSID


	Aalto_DD_2017_007_Mertaniemi_verkkoversio

