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Tiivistelmä 

Selluloosan nanofibrillit (CNF) ovat uusi ja kiinnostava materiaali 

lääketieteellisiin sovelluksiin. CNF hydrogeeliä käytetään kolmiulotteisiin 

soluviljelmämalleihin kaksiulotteisten (2D) kudosmallien sijasta.  

Tämän diplomityön tarkoitus on tutkia ihmisen maksasyöpäsolujen (HepG2) 

adheesiota CNF:ään. Lisäksi solumedian vaikutusta CNF:n viskoelastisiin 

ominaisuuksiin ja solu-CNF vuorovaikutuksiin tutkittiin. Arviointi suoritettiin 

Quartz crystal microbalance with dissipation-menetelmällä, jolla selvitettiin 

adsorboitua massaa. 

Solumedian elektrolyyttien ei huomattu vaikuttavan CNF:ään. Proteiinit 

solumediassa adsorboituivat CNF:n pinnalle. Proteiinien ei huomattu vaikuttavan 

solujen ja CNF:n vuorovaikutukseen. HepG2 soluilla huomattiin oleva alhainen 

affiniteetti CNF:ään ja solut kiinnittyivät vain hetkellisesti CNF:n pintaan. Tätä 

johtopäätöstä tukevat atomic force microscopy-kuvat, joissa nähdään pyöreitä, 

irtoamista indikoivia HepG2 soluja. 
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Abbreviations 

Atomic force microscopy   AFM 

Bacterial cellulose    BC 

Bovine Serum Albumin    BSA 

Carboxymethyl cellulose    CMC 

Cellulose nanocrystal    CNC 

Cellulose nanofibril    CNF 

Dulbecco’s modified eagle’s medium   DMEM 

Extracellular matrix    ECM 

Fetal Bovine Serum    FBS 

Hepatocellular carcinoma   HepaRG 

Hepatocyte carcinoma    HepG2 

Human pluripotent stem cells   hPSC 

Microcrystalline cellulose   MCC 

Microfibrillated cellulose    MFC 

Nanofibrillar cellulose    NFC 

Polyethyleneimine     PEI 

Stagnation point adsorption reflectometry  SPAR 

Surface plasmon resonance   SPR 

2,2,6,6-tetramethylpiperidine-1-oxyl radical  TEMPO 
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TEMPO-oxidized cellulose nanofiber   TOCN 

Three dimensional    3D 

Two dimensional    2D 

Quartz crystal microbalance with dissipation  QCM-D 

Water retention value    WRV 
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1. Introduction 

Sustainability, eco-efficiency, renewable raw materials and green chemistry 

are affecting the development of future materials, products and processes 

(Abdul Khalil et al. 2012).  

Cellulose is an important and abundant natural polymer. As a raw material 

cellulose is renewable as well as biodegradable and it has been used for 

decades for the pulp and paper industry, chemical industry as well as a raw 

material for energy generation and for building. During recent years there 

has been an increasing interest to find new applications for cellulose and 

especially nanocellulose has attracted attention. Research is focusing on 

different production methods for nanocellulose, the properties of 

nanocellulose and on possible future applications. (Kangas 2014)  

Nanocellulose can be produced from several raw materials such as wood 

and wood pulp, agricultural crops such as flax and hemp as well as bacteria 

by several methods (Siró, Plackett 2010). Based on these production 

methods nanocellulose is divided into three main groups: 1. cellulose 

nanofibrils (CNF), 2. cellulose nanocrystals (CNC) and 3. bacterial cellulose 

(BC) (Kangas 2014). 

CNF was first produced by Turbak et al (1983) by mechanical disintegration 

with a high-pressure homogenizer. The mechanical treatment is however, 

energy demanding and therefore enzymatic (Pääkkö et al. 2007) or 

chemical pre-treatments are often used (Saito et al. 2006). CNC is produced 

by acid hydrolysis from native cellulose (Revol et al. 1992) and BC through 

bacterial synthesis (Iguchi et al. 2000). This thesis will mainly focus on CNF.  

Due to its properties, such as high aspect ratio and high water retention 

value (WRV), CNF can be used in various applications in different 

industries. Typical possible applications are as an additive in paper and 

packaging materials, a filler in paper, a reinforcement in polymer composites 

and as a thickener in glues and paints. (Klemm et al. 2011) In the medical 
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industry, CNF has been used as a matrix for cell cultivation (Bhattacharya 

et al. 2012), in diagnostic applications (Orelma et al. 2012) and in controlled 

drug release (Kolakovic et al. 2012).  

CNF is a very interesting material with a high potential in cell culture and 

tissue engineering. Researchers have been developing experimental 

models for the study of normal human biology and disease progression. 

(Schmeichel, Bissel 2003) Two dimensional (2D) cell models are 

extensively used in medical research. However, when cultivating 2D cell 

models, the conditions differ significantly from the real conditions in the 

human body, where tissue and cells grow in a three dimensional (3D) 

environment. This has led to an increased interest in 3D cell culture models, 

which mimic more closely in-vivo tissue and thus, lead to better conclusions 

in experiments. (Bhattacharya et al. 2012) 

Experimental 3D models should ideally lead to cellular functions that are 

identical to the native state of a particular cell type (Bhattacharya et al. 

2012). Typically, four major platforms are used for 3D cell culturing: 1. cell 

aggregates, 2. synthetic scaffolds, 3. naturally derived matrices and 

4. hydrogels (Ruedinger et al. 2015). Hydrogels are a promising alternative 

for 3D experimental models, since hydrogels have structural similarity to 

macromolecular components in the body and they are seen as 

biocompatible (Lee, Mooney 2001). In particular, CNF hydrogels have the 

advantage of not needing cross-linking, which is typical for synthetic models 

in tissue engineering (Cheng et al. 2012). Furthermore, CNF possesses 

properties such as high mechanical strength, gel-formation tendency and 

high water retention capacity, which all are beneficial in tissue engineering 

(Kangas 2014, Klemm et al. 2011).  

This thesis will focus on the study of cell adhesion to CNF. Cell adhesion 

can be measured with a quartz crystal microbalance with dissipation (QCM-

D) device. QCM-D is an ultrasensitive weighing device, which is suitable for 

measuring e.g. protein adsorption (Rodahl et al. 1995), the formation and 

characterization of nanocellulose thin films (Ahola et al. 2008b, Karabulut, 
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Wågberg 2011) and cell adsorption on Ta and Cr surfaces (Modin et al. 

2006). The adsorption of cells on CNF has not been studied by QCM-D (to 

the best of my knowledge).  

The adsorption of HepG2 cells on CNF was studied by QCM-D in this thesis. 

HepG2 cell line was used due to easy comparison with other studies as well 

as to satisfying cell viability. CNF was used as nanocellulose type, due to 

its characteristics showing potential for cell culturing. However, the 

interactions between cells and CNF are still unknown. The aim of this thesis 

is to get a fundamental understanding of cell adhesion to CNF and to 

analyze the effect that some components of the cell medium (especially 

proteins) might have on the cell adhesion and on the viscoelastic properties 

of CNF.  

Chapter 2 of this thesis introduces nanocellulose. The three different types 

of nanocellulose are presented. Their production methods, properties and 

applications are considered more closely. Special emphasis is laid on CNF. 

Different 3D cell cultures are presented in Chapter 3, hydrogels are 

discussed in Chapter 4 and CNF hydrogel in Chapter 5. In Chapter 6 cell 

adhesion is explained in more detail. After that the working principle of the 

QCM-D is introduced in Chapter 7 and the use of QCM-D in cell adsorption 

and nanocellulose characterization is reviewed. Chapters 9 and 10 present 

the experimental methods and results, respectively. Finally, the main 

conclusions of this thesis are shown in Chapter 11. 
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2. Nanocellulose 

Based on its production methods, size and properties, nanocellulose can be 

divided into three different main groups:  

1. cellulose nanofibrils (CNF), also known as microfibrillated cellulose 

(MFC) (Turbak et al. 1983) and nanofibrillar cellulose (NFC) 

(Bhattacharya et al. 2012);  

2. cellulose nanocrystals (CNC), also known as cellulose whiskers or 

cellulose nanowhiskers, (Hubbe et al. 2008), nanorods (Heux et al. 

2000), rod-like cellulose microcrystals, as well as nanowires (Klemm 

et al. 2011); and  

3. bacterial cellulose (BC) (Klemm et al. 2011). 

The three different nanocellulose types will be presented in the following 

sections. Special emphasis is laid on CNF and medical applications for 

CNF. 

2.1. Cellulose nanofibrils - CNF 

2.1.1. Production method 

Typical raw materials for CNF production are wood and wood pulp, which 

are most commonly used, but also other raw materials such as agricultural 

crops and by-products are possible (Siró, Plackett 2010). Bleached kraft 

pulp has been a frequently used raw material for research on CNF (Iwamoto 

et al. 2007, Saito et al. 2007, Saito et al. 2006, Henriksson et al. 2007), but 

competition of wood raw material with different sectors, such as building 

products, furniture industries and pulp and paper industry has made 

agricultural crops and their by-products an increasingly interesting raw 

material (Siró, Plackett 2010). For instance, flax, hemp and sisal are crops 

used for CNF production. These non-wood plants typically contain less 

lignin, thus, bleaching processes tend to be less demanding. In addition, by-
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products from the cultivation of corn, wheat, rice, barley, sugar cane and 

banana crops can be used. (Siró, Plackett 2010) 

CNFs can be produced by mechanical disintegration or by combining a 

chemical or enzymatic pre-treatment to the mechanical disintegration 

(Klemm et al. 2011). Preparation of CNF dates back as far as 1983, when 

Turbak et al. (1983) produced CNF from wood pulp using cyclic mechanical 

treatment in a high-pressure homogenizer. During the mechanical 

treatment, cellulose is converted to CNF without any substantial chemical 

change. (Klemm et al. 2011) The produced CNF has a high degree of 

fibrillation and forms a gel easily (Pääkkö et al. 2007). Typical mechanical 

treatments include homogenization, micro-fluidization and refining 

(grinding) with high shear rates (Spence et al. 2011). 

Homogenization is a traditional way of producing CNF. During 

homogenization a dilute fiber-water suspension is passed through a small 

outlet with high pressure. The large pressure differences cause the 

fibrillation. In order to produce CNF, the fiber-water suspension needs to be 

passed through the homogenizer several times, which is very energy 

intensive. (Klemm et al. 2011) An additional drawback for the homogenizer 

is that long fibers may clog the system, which leads to additional cleaning 

steps. Homogenization can however, be easily scaled up to industrial level. 

(Spence et al. 2011) Micro-fluidization is similar to homogenization, except 

the micro-fluidizer does not have any moving parts, which results in less 

clogging. Furthermore, during micro-fluidization the fibers are passed 

through a high pressure pump, after which an interaction chamber is 

followed. In the interaction chamber the fibers are disintegrated by shear 

forces and impacts against the channel walls and colliding streams. 

Compared to the homogenizer, the micro-fluidizer operates at a constant 

shear rate, whereas a homogenizer operated at a constant processing 

volume. (Spence et al. 2011) Refining can be performed with a disk refiner, 

where the fibers are forced through a gap between a rotary and stationary 

disk (Siró, Plackett 2010). The hard surfaces and repeated cyclic stresses 
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in the refiner cause the fibers to disintegrate. Increased maintenance and 

part replacement is seen as a drawback with the refiner, whereas an 

advantage is that no fiber shortening pretreatment is needed. (Spence et al. 

2011)  A combination of several mechanical treatments, such as refining 

and homogenization, is also common in CNF production (Siró, Plackett 

2010). When comparing the energy demand of the different mechanical 

treatments, micro-fluidization and refining requires less energy than 

homogenization. (Spence et al. 2011)  

As presented, the production of CNF requires intensive mechanical 

treatment and therefore a significant amount of energy (Siró, Plackett 2010). 

There are however, chemical and enzymatic treatments that are applied 

prior to the mechanical treatment in order to facilitate fiber fibrillation and 

reduce energy consumption. Chemical pretreatments typically promote fiber 

swelling, which makes disintegration easier and reduces fiber length, thus 

leading to less clogging of the equipment. (Saito et al. 2006, Spence et al. 

2011)  Enzymatic pretreatment degrades cellulose and therefore makes the 

mechanical treatment easier. In addition, enzymatic pretreatments are 

usually more environmentally friendly than chemical pretreatments. 

(Henriksson et al. 2007)   

A repeatedly researched chemical pre-treatment is 2,2,6,6-

tetramethylpiperidine-1-oxyl radical (TEMPO)-oxidation (Saito et al. 2006, 

Saito et al. 2007, Pönni et al. 2014, Isogai, Kato 1998). TEMPO, a stable 

nitroxyl radical, has been recognized for its high regioselectivity and reaction 

rate and found to oxidize primary alcohols on carbohydrate surfaces via 

aldehydes to carboxylates (de Nooy et al. 1995, Bragd et al. 2001). Figure 1 

illustrates the principle of TEMPO-oxidation. The formed carboxylate groups 

on cellulose have an anionic charge and repel each other. Due to this 

charge interaction, the mechanical disintegration becomes significantly 

easier, saving energy consequently. The TEMPO-oxidized cellulose 
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nanofibers (TOCNs) are better dispersed in the solution and are more 

uniform in size. (Saito et al. 2006) 

An additional chemical treatment is carboxymethylation of the pulp used as 

raw material. During carboxymethylation, as well as in TEMPO oxidation, 

the hydroxyl groups on the cellulose surface are oxidized to carboxyl 

groups. The formed carboxyl groups do not only cause surface repulsion, 

but also hinder the formation of strong hydrogen bonds. Therefore the 

mechanical disintegration becomes significantly easier. (Wågberg et al. 

2008) The production method of CNF affects its appearance. In Figure 2 

three different types of CNF are presented: refined, micro-fluidized, and 

TEMPO-oxidized CNF. 

Figure 1. Principle of TEMPO-oxidation of C6 primary hydroxyl groups on 

cellulose surfaces. As primary oxidants NaClO/NaBr. (Okita et al. 2010) 
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 Enzymatic pretreatment is both a way to lower processing costs of CNF 

and it has advantages from an environmental point of view compared to a 

chemical pretreatment (Henriksson et al. 2007). In nature, cellulose is 

degraded by independently acting, but cooperating hydrolytic enzymes 

present in aerobic fungi such as Trichoderma-, Phanerochaete- and 

Aspergillus-species (Rabinovich et al. 2002). Such fungi contain at least four 

types of cellulases that degrade cellulose: A- and B-type cellulases or 

cellobiohydrolases, which are able to degrade both amorphous and 

crystalline parts of cellulose, as well as C- and D-type cellulases, also 

termed endoglucanases, which require disorder in the cellulose structure in 

order to be able to attack the cellulose (Henriksson et al. 1999). Enzymatic 

pretreatment eases the homogenization process of CNF, most likely due to 

cell wall swelling in the suspension and, as a consequence, the cell wall 

disintegrates easier to CNF (Henriksson et al. 2007). 

Figure 2. Refined CNF (top left), micro-fluidized CNF (top 
right) and TEMPO oxidized CNF (bottom). (Kangas 2014) 
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2.1.2. Properties 

CNF fibrils have typically a length of several micrometers, but can be shorter 

due to chemical pretreatments. The fibril width ranges from 3–20 nm 

depending on the production method used, thus resulting in a very high 

aspect ratio. (Klemm et al. 2011) The crystallinity of CNF has been found to 

be 60 % (Aulin et al. 2009). CNF has the distinct property of an inclination 

to agglomerate and it comprises of both the crystalline and amorphous part 

of cellulose. CNFs are flexible and have an entangled structure, which 

aggregate easily. Furthermore, CNF has an extremely high water retention 

value (WRV) and a tendency to form a gel with shear-thinning properties. 

(Pääkkö et al. 2007)  

2.1.3. Applications 

CNF has several possible applications. One way to use CNF is as an 

additive in paper and packaging materials. CNF increases both the dry and 

wet strength of these materials. (Ahola et al. 2008c) In addition, CNFs 

excellent mechanical properties make the use of increased amount of fillers 

in paper possible, which results in better optical properties as well as lower 

costs, due to lighter basis weight. It is found that CNF also increases the 

tensile strength of paper. In the paper and packaging industry, CNF can 

increase the mechanical properties, result in better barrier properties and 

printability as well as enable new functional properties, such as anti-

microbial activity and hydrophobicity. However, CNF usually results in lower 

opacity in the products, which is seen as a drawback. (Kangas 2014) CNF 

is additionally used as reinforcement in polymer composites (Klemm et al. 

2011). Possible polymers to be used with CNF include latex, polyvinyl 

alcohol (PVA), starch, polyethane (PE), and polypropylene (PP) to name a 

few. CNF/polymer composites can be used in packaging, water soluble 

bags and in durable coatings as well as polarization components such as 

TV screens and sun glasses. (Kangas 2014) CNF can furthermore be used 

as a thickener in glues and paints, as an additive in paper coatings due to 

its excellent WRV and barrier properties, as well as a stabilizer in the food 
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industry. Other sectors suitable for CNF are the medical and the cosmetic 

industries. (Klemm et al. 2011) 

In the medical industry CNF hydrogel has been used as a matrix for cell 

cultivation (Bhattacharya et al. 2012, Malinen et al. 2014). When 3D printing 

technique is used, the cells can either be injected to the hydrogel prior to 

the printing or after the matrix is printed and freeze dried (Bhattacharya et 

al. 2012). CNF films can also be used for diagnostic applications. Non-toxic 

CNF based biointerfaces with a hydrophilic surface are suitable for antibody 

conjugation. These CNF films are a promising way to produce diagnostic 

applications from inexpensive and sustainable materials. (Orelma et al. 

2012) It has also been found that CNF films provide excellent platforms for 

controlled drug release. CNF can be processed with poorly water soluble 

drugs to give sustained release up to 90 days. (Kolakovic et al. 2012) 

2.2. Cellulose nanocrystals - CNC 

2.2.1. Production method 

Acid hydrolysis of cellulose is a well-known process to remove amorphous 

regions (Bondeson et al. 2006). As early as in 1947 it was found out that by 

using hydrochloric and sulfuric acid hydrolysis, one could produce cellulose 

crystals from cellulose materials (Nickerson, Habrle 1947). During the acid 

hydrolysis, charged acidic sulfate groups are imparted to the CNC surface. 

The rod-like shape of the CNCs and the negative surface charge give rise 

to electrostatically stable colloidal suspensions. (Beck et al. 2013) Figure 3 

demonstrates the principles of CNC production as well as the differences 

between the production methods of CNF and CNC. 
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2.2.2. Properties 

Thickness of CNCs are of similar size to CNFs, 2–20 nm, but the acid 

hydrolysis of cellulose yields a dramatic decrease in microfibril length to 

approximately 100–200 nm (Saito et al. 2006). During the acid hydrolysis, 

the amorphous parts of cellulose are removed and only crystalline rods 

remain in CNC. Therefore, the crystallinity of CNC is found to be very high, 

87 % (Aulin et al. 2009). The produced rods are stiff and have a tendency 

to form a stable colloidal dispersion in water.  CNC and CNF do not have in 

general that much in common, except the raw material they are produced 

from. (Kangas 2012) Moreover, CNC have a light weight and a unique 

morphology (Habibi et al. 2010). CNCs are stable, chemically inactive, 

physiologically inert and they possess attractive binding properties. (Habibi 

et al. 2010) What is unique about CNCs is that the stable colloids have an 

ability to align into chiral nematic structures at high enough concentrations 

Figure 3. Production methods for CNF 
and CNC from macroscopic cellulosic 

fibers. (Pääkkö et al. 2007) 
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(Revol et al. 1992). The alignment is due to negatively charged surface 

sulfate groups, caused by the hydrolysis, which promote uniform dispersion 

of CNCs in water via electrostatic repulsion. The CNCs self-organize into 

configurations where the repulsion is minimized. The chiral nematic 

organization of CNC is found to cause unique optical properties such as 

iridescence. (Habibi et al. 2010)  

2.2.3. Applications 

Due to their renewability and sustainability as well as relatively low cost, 

CNCs have several possible applications such as reinforcing agents in 

nanocomposites, as special papers and functional packaging (Kangas 

2014). Furthermore, due to the stable and chemically inactive nature of 

CNCs, possible applications include the use as a binder in the 

pharmaceutical industry, in food applications as texturizing agent and fat 

binder as well as an additive in various paper and composite applications. 

(Habibi et al. 2010) 

The low yield of CNC production (only 10–50 %) and the difficult cleaning 

of the produced CNC are seen as main drawbacks. In addition, the used 

acid needs to be diluted with water, which makes recycling hard. (Kangas 

2014) 

2.3. Bacterial cellulose - BC 

2.3.1. Production method 

Bacterial cellulose (BC) differs from the other nanocelluloses mainly through 

its production method. BC is produced through a so called “bottom-up” (from 

smallest to largest) process, whereas CNFs and CNCs are obtained through 

a “top-down” (from largest to smallest) process (Kangas, 2014).  

Glucanobacter (formerly known as Acetobacter) is the species of bacteria 

that typically produces cellulose (Iguchi et al. 2000), but other bacteria such 

as Agrobacterium, Aerobacter, Achromobacter, Alcaligener, Azotobacter, 
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Rhizobium, Sarcina, Salmonella and Eschericia has been listed as potential 

candidates for BC production (Huang et al. 2014). BC is generated when 

glucose, which is produced by bacteria, is converted into cellulose trough 

polymerization (Czaja et al. 2006).  

2.3.2. Properties 

The thickness of BC is higher than of the two other nanocellulose types, 20–

100 nm, whereas the length is in the micrometer scale. Moreover, the 

degree of polymerization is clearly higher than for the other types of 

nanocellulose. (Klemm et al. 2001) 

A unique property of BC is its high purity, due to neither hemicellulose nor 

lignin is present in the produced cellulose. BC exhibits also high crystallinity 

(60–80 %) and high mechanical strength, with the highest Young’s modulus 

of all two-dimensional organic materials of 15–30 GPa. (Shoda, Sugano 

2005) BC is biodegradable and has a WRV in the range of 1000 %. As a 

comparison, typical plant cellulose has a WRV of around 60 %. (Klemm et 

al. 2001) 

2.3.3. Applications 

With the characteristics mentioned in the previous section, such as the high 

WRV, BC is expected to have applications in various fields, such as food 

and chemical industries and in the medical field (Klemm et al. 2001) 

Moreover, due to high purity and uniformity, BC is seen as a possible raw 

material for high-quality audio membranes, electronic paper and fuel cells 

(Czaja et al. 2006). BC can also be used in composites. It is possible to add 

composite elements directly to the BC cultivation liquid, which affect the BC 

growth phase so that a protective composite structure is formed around the 

BC fibrils. As with CNF, BC could be used in the food industry as a thickener 

and stabilizer. A common Asian food product prepared from BC is a dessert 

called nata-de-coco. (Kangas 2014) 
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The production of BC is, however, expensive and hard to scale up, which is 

why BC is considered as a good raw material for high-value products. 

Economical BC production methods are still needed (Shoda, Sugano 2005). 

The medical field is seen as particularly interesting, since medical and 

hygiene products are often seen as high-value products. Therefore, a large 

amount of research is focusing on finding new medical application, such as 

skin substitutes and modern wound dressing materials (Czaja et al. 2006). 

BC has been used as an artificial skin for temporary covering of wounds, 

due to its high mechanical strength, low irritation of skin and substantial 

permeability for liquids and gases. In addition, artificial blood vessels have 

been successfully prepared from BC. (Klemm et al. 2001) BC forms a 3D 

structure, which has an extremely high mechanical strength and holds up to 

200 times more water than its dry mass. Moreover, BC is elastic and 

possesses a high conformability. However, the key factor in wound healing 

systems seems to be the small size of the BC fibrils. The BC matrix allows 

the potential transfer of antibiotics and other medicine to the wound, while 

at the same time serving as a physical barrier against external infections. 

(Czaja et al. 2006) 

3. Three dimensional (3D) cell culture 

Qualitative evaluation of the cellular complexity and structural integrity of 

organs have been used for decades to gain insight into human diseases. 

There is a well-accepted correlation between tissue structure and health or 

disease, which is why experimental models for the study of normal human 

biology and disease progression is needed. (Schmeihel, Bissel 2003) Three 

dimensional (3D) cell cultures are becoming an increasingly interesting 

experimental model in fields such as cell biology, regenerative medicine, 

cell therapy, chemical testing and drug discovery (Bhattacharya et al. 2012). 

Physiologically compromised cells are being developed in two dimensional 

(2D) models, which lack the extracellular matrix (ECM) (Schmeihel, Bissel, 

2003). Cells growing in a 2D cultivation platform are attached from one side 
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to the dish bottom and the other side is exposed to the liquid medium. The 

cells form a monolayer and cell-cell contact are only found in the periphery 

of the dish. These conditions differ from the real conditions in the human 

body, where the majority of tissues are 3D. (Ruedinger et al. 2015) Other 

typical differences in culturing conditions such as the substrate used and 

culture medium (Dutta, Dutta 2009), may lead to erroneous conclusions in 

cell experiments (Bhattacharya et al. 2012). 3D cell cultures model the ECM 

and thus, mimic more closely the in-vivo tissue and lead to better 

conclusions in cell experiments than 2D cell cultures (Bhattacharya et al. 

2012).   

Tissue and cells in the body grow in 3D surrounded by the ECM and cells 

bathe in blood plasma or tissue fluid (Dutta, Dutta 2009). The ECM should 

reflect the physiology of the tissue in question (Schmeichel, Bissel 2003). In 

a natural environment ECM provides physicochemical stimuli to the cells 

and makes water and ions available for the tissue. Moreover, ECM plays 

and important role in regulating the morphology, development, migration 

and metabolic functions of the cells as well as provides anchorage and 

mechanical scaffolding for tissue renewal. (Dutta, Dutta 2009) Artificial ECM 

mimicking the natural scaffolding are usually based on natural and/or 

synthetic biomaterials. Biomaterials provide sufficient mechanical support 

as well as host relevant biochemical cues such as peptides, carbohydrates 

and growth factors for cell growth and differentiation. An ideal 3D scaffold 

for cell growth should resemble the ultrastructure and mechanical properties 

of native ECM, support cell growth and maintenance with biochemical 

signals, and act as a framework for transfer of nutrients, waste metabolites 

and intercellular chemical signaling. Compared to 2D cultures, 3D cultures 

have found to adopt completely different morphology, signaling and 

metabolic microenvironment (Ruedinger et al. 2015). Fundamentally, the 

3D models should lead to cellular functions that are identical to the native 

state of a particular cell type. (Bhattacharya et al. 2012)  
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Typically, there are four major platforms used for 3D cell culture:   

1. cell aggregates, carrier free microspheres in which cells are 

surrounded by other cells,  

2. synthetic scaffolds, a matrix where cells grow on the scaffold or in 

the pores,  

3. naturally derived matrices, e.g. decellularized tissue-derived ECM, 

where cells grow surrounded by collagen, and  

4. hydrogels (3D), cross-linked networks of water-soluble polymers, 

various combinations of synthetic and natural molecules to mimic in 

vivo tissue conformation, a novel approach. (Ruedinger et al. 2015)  

This thesis will focus on hydrogels and on CNF hydrogels in particular. 

4. Hydrogels 

Hydrogels have several advantages compared to the other 3D culture 

methods and they are seen as a promising alternative for tissue engineering 

and 3D experimental models. Hydrogels can be produced either from 

synthetic or natural raw materials or from a combination of both. Typically, 

synthetic hydrogels are produced from polymers such as poly(glycolic) acid 

(PGA), poly(lactic acid) (PLA) (Lee, Mooney 2001), poly(vinyl alcohol) 

(PVA), poly (ethylene glycol) (PEG) (Ruedinger et al. 2015) and 

poly(lactide-co-glycolide) (PLG) (Drury, Mooney 2003) as well as from 

synthetic proteins and peptides (Peppas et al. 2006). The advantage of 

using both synthetic polymers and peptides is that they can be coded for 

specific properties, just by understanding basics of inter- and intrachain 

interactions. These interactions also exists in other polymer systems, but 

they are significantly harder to control. In order to be able to use polymers 

in medical applications, a high degree of control of properties is needed. 

(Peppas et al. 2006) In addition, synthetic hydrogels can be produced in a 

uniform quality and have a defined structure. (Ruedinger et al. 2015) Natural 

hydrogels are often produced from proteins and polysaccharides from 

biological sources. Examples of such raw materials include proteins such 
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as collagen and albumin as well as polysaccharides such as glucan and 

chitosan. (Ruedinger et al. 2015) Moreover, a novel approach is to use CNF 

in natural hydrogel production (Bhattacharya et al. 2012, Lou et al. 2014). 

Advantages of naturally derived hydrogels are excellent biocompatibility, 

natural bioactivity and natural cell activity promotion. The main 

disadvantages are variations in quality and thus poor reproducibility of 

experiments as well as difficulties in controlling the properties, such as 

viscoelasticity of the hydrogels. (Peppas et al. 2006) 

Hydrogels are composed of hydrophilic polymer chains, which can be 

produced under relatively mild conditions (Drury, Mooney 2003). The 

stiffness as well as porosity of hydrogels can easily be varied and hydrogels 

can be coupled with adhesion and growth/differentiation factors. (Ruedinger 

et al. 2015) Hydrogels are water-swollen networks, which are insoluble due 

to the cross-linked structure of the polymers. The crosslinks are either 

chemical (covalent or ionic) or physical. (Langer, Peppas 2003) Hydrogels 

have been of increased interest due to their swelling behavior. They can 

show drastic changes in swelling due to external factors such as pH, 

temperature, ionic strength, electromagnetic radiation and the nature of the 

swelling agent. (Langer, Peppas 2003) An advantage of hydrogels is that 

they can be injected into the body, which enables the transplant to be placed 

in a minimally invasive manner (Lee, Mooney 2001). In addition, hydrogels 

mimic the macromolecular-based components in the body, which benefits 

cell cultivation. In order to function properly and be able to promote new 

tissue formation, hydrogels used in tissue engineering must meet a number 

of criteria. Such criteria are: physical properties (e.g. mechanics, 

degradation and gel formation), mass transport properties (e.g. diffusion) 

and biological properties (e.g. cell adhesion and signaling). These need to 

be taken under consideration when designing a hydrogel for tissue 

engineering. (Drury, Mooney 2003) Biocompatibility is the most important 

parameter of artificial tissues. Biocompatibility means the ability of the 

material to exist in a body without leading to a response that weakens it from 

its desired function. (Lee, Mooney 2001) A non-biocompatible hydrogel 
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might lead to an inflammatory response in the body and affect the immune 

response toward transplanted cells and vice versa (Babensee et al. 1998). 

Typically, naturally derived hydrogels are seen as more biocompatible than 

synthetic hydrogels (Lee, Mooney 2001). The properties needed for a 

hydrogel are specified by the intended scaffold application and environment 

where the scaffold will be placed (Drury, Mooney 2003).  

Hydrogels are often classified through three main criteria, which are type of 

cross-linking, source of the hydrogel (synthetic or natural) and design 

features. (Ruedinger et al. 2015) Different types of cross-linking include 

cross-linking between individual polymer molecules, which maintain the 3D 

structure of the hydrogel after swelling in water. Other type is thermosetting 

hydrogels, which have covalent bonds between individual molecules. The 

third type of cross-linking is thermoplastic hydrogels, which maintain their 

3D structure with weak molecular interactions such as hydrogen bonding 

and ionic interactions. Thermosetting hydrogels cannot be reshaped and/or 

resized, since the polymer is no longer soluble in solvents and heating only 

degrades the polymer. Thermoplastic hydrogels, on the other hand, are 

reversibly cross-linked, which allows solvent casting and/or thermal 

processing. (Patel, Mequanint 2011) In 3D cell culture applications, the cells 

must typically be evenly dispersed in the hydrogel prior to cross-linking. This 

means, that the cross-linking method cannot be harmful to cell viability 

(Ruedinger et al. 2015). CNF is a natural hydrogel, which does not require 

cross-linking (Bhattacharya et al. 2012). Therefore it is seen as a novel raw 

material for cell applications. 

5. CNF hydrogel 

As stated in the previous chapter, cellulose nanofibrils (CNF) is an attractive 

material to produce hydrogels for cell culturing. Typically synthetic scaffolds 

for tissue engineering require cross-linking steps to form the hydrogel 

network (Cheng et al. 2012), while CNF naturally forms hydrogels in 

aqueous media through physical entanglement and weak interactions 
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(Klemm et al. 2011). CNF hydrogel properties are encouraging for cell 

culturing (Bhattacharya et al. 2012). As mentioned in chapter 2.1.2. CNF 

has excellent mechanical properties, high aspect ratio and form hydrogels 

even at low concentrations. 

CNF hydrogels exhibit reversible gelation similar to physiological ECMs. At 

high stress levels (typical for injections) the CNF hydrogel shows fluid-like 

behavior, whereas at low stress levels a step-wise transition to solid-like 

behavior is observed. Moreover, changes in temperature have only a slight 

effect on the CNF hydrogel. The CNF hydrogel structure does not change 

significantly due to environmental changes and thus, the gel strength stays 

constant over a very broad temperature, pH or ionic strength range. The 

CNF gel is also found to display extremely high viscosity at low 

concentrations, which is a requirement for 3D cell cultures. It has been 

found, that after stress is applied to the CNF hydrogel (e.g. injection), the 

hydrogel establishes high viscosity instantaneously, which plays an 

important factor in cell culturing. (Bhattacharya et al. 2012)  

CNF cell cultures can be easily injected without affecting the cell viability. 

The shear-thinning property of the hydrogel may aid in keeping cells intact, 

since the volume of the suspension is reduced, when very high shear rates 

are introduced. CNF hydrogel cell cultures can be transferred even with the 

smallest needle of 27 G. (Bhattacharya et al. 2012) A 20 G size needle is 

equivalent to a 1–300 µl pipette tip. In addition, CNF hydrogels allows 

nutrients, hormones and other vital compounds to diffuse and reach the 

cells in the hydrogel. The diffusion rate of FITC-dextrans in CNF hydrogel 

was found to be similar to proteins in a natural ECM (Bhattacharya et al. 

2012). Human hepatic cell lines, hepatocellular carcinoma (HepaRG) and 

hepatocyte carcinoma (HepG2) cells, have been previously used in order to 

test the biocompatibility of CNF hydrogels. The CNF hydrogel proved not to 

be cytotoxic for HepaRG and HepG2 cells at concentrations of 0.1–1 wt%. 

Both cell types were viable within the hydrogel and the cell viability was 

comparable to conventional cell cultures. (Malinen et al. 2014) HepaRG and 
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HepG2 are typical cell lines used in experiments, since liver cell cultures are 

needed to be able to predict and estimate metabolism, excretion and toxicity 

of drugs and other chemicals in the human liver. Due to differences between 

humans and animals, estimates based on experiments on animal cells are 

often misleading and sometimes hazardous to humans. Therefore, there is 

a need for improved preclinical cell models for drug development. (Malinen 

et al. 2014) However, cells in CNF hydrogel have been found to experience 

non-exponential growth, whereas in standard cell cultures, growth is 

typically exponential. (Bhattacharya et al. 2012) The slower growth pace of 

cells in CNF hydrogels is most likely due to mechanical stimuli from the CNF 

hydrogel. Physical parameters have been found to affect cell growth and 

phenotype regulation (Brandl et al. 2007).  

In order for a 3D scaffold to be suitable for cell culturing, cells must form 

spheroids or aggregates in the matrix. Bhattacharaya et al. (2012) found out 

that both HepaRG and HepG2 cells form spheroids in the CNF hydrogel. 

The spheroids are shown in Figure 4.  

Moreover, Lou et al. (2014) were able to produce spheroids of human 

pluripotent stem cells (hPSCs). The CNF concentration is, however, a 

restricting parameter. hPSCs failed to form spheroids in 1 wt%, but were 

able to do that in 0.5 wt% CNF, which indicates that lower concentrations of 

CNF, with less viscoelasticity, are preferable for 3D hPSC spheroid 

formation. It is possible to remove the CNF hydrogel with an enzymatic 

treatment using cellulase and thus, obtain spheroids which can be 

transferred to a 2D matrix (Lou et al. 2014). The hPSCs cultured in CNF 

maintained their pluripotency for 26 days and CNF is therefore seen as a 

suitable and flexible 3D environment for hPSC culturing. The established 
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and separated hPSC spheroids can be used for directed differentiation into 

various types of cells and even 3D tissues. (Lou et al. 2014) 

6. Cell adhesion 

All living organisms are made of cells. Cells maintain life and have 

specialized functions such as to use genetic information; synthesize, sort, 

store and transport biomolecules; convert energy; transduce signals, 

maintain internal structures; and respond to external environments. (Zhu et 

al. 2000)  

Cell adhesion causes individual cells to arrange themselves to 3D tissues. 

Cells organize into diverse and unique patterns, rather than just sticking 

together. There are several cell adhesion mechanisms that are responsible 

for assembling the cells together and therefore determine the general 

architecture of the tissue. Thus, cell adhesion should be seen as 

Figure 4. Spheroid formation of HepaRG (top left) and 
HepG2 (top right) cells in CNF evidenced by phase 
contrast microscopy. Confocal microscopy with structural 
staining of filamentous actin (red) of HepaRG (bottom left) 
and HepG2 (bottom right) in CNF. Scale bars are 50 µm 
(top) and 10 µm (bottom). (Bhattacharya et al. 2012) 
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mechanisms that translate basic genetic information into complex 3D 

patterns of cells in tissues. (Gumbiner 1996) Cell adhesion interactions are 

involved in several tasks, such as maintenance of tissue architecture, 

inflammatory response and wound healing to name a few (Albelda, Buck 

1990). 

Cell attachment in both serum-free and serum-containing medium occurs 

due to adhesion proteins that adsorb on the surface (Fredriksson et al. 

1998). Such proteins are multiprotein complexes that are made up of three 

classes: 

1. cell adhesion molecules/adhesion receptors, 

2. ECM proteins and 

3. cytoplasmic plaque/peripheral membrane proteins. (Gumbiner 1996) 

The adhesion receptors are typically transmembrane glycoproteins, whose 

task is to regulate binding interactions at the ECM surface and to determine 

the specificity of cell-cell and cell-ECM recognition. Common adhesion 

receptors include molecules from cadherin, integrin, immunoglobulin, 

selectin and proteoglycan superfamilies. At the ECM surface, the adhesion 

receptors interact with either other adhesion receptors on other cells or with 

ECM proteins. (Gumbiner 1996). Cadherins are a cell adhesion receptor 

family that mediate cell-cell interactions. Cadherins are Ca2+ dependent and 

bind cells by homophilic interactions. Typically, cells with less cadherin are 

less adhesive and cadherin molecules are usually seen as the most 

important adhesion receptors for cell-cell associations. (Takeichi 1991) In 

addition to cell-cell interaction, cell attachment to the ECM plays a crucial 

role. Cells tend to attach either directly to components on the collagen-rich 

ECM surface or to a distinct sheath of the ECM that surrounds tissues. The 

most common ECM adhesion receptors are the integrin family. (Gumbiner 

1996) Integrins bind cells to the ECM by so called heterophilic interactions 

and these interactions have found to be universal. At least one member of 

the integrin family has been found on every cell or tissue studied. (Albelda, 

Buck 1990) 
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The second class of ECM proteins are large glycoproteins, usually 

collagens, fibronectins, laminins or proteoglycans, which assemble to 

complex macromolecular groups. The ECM proteins can be tightly 

associated with the cell surface, due to adhesion receptors. Cell adhesion 

proteins interact with the cytoplasmic plaque or peripheral membrane 

proteins at the intracellular surface of the plasma membrane. The main task 

of the cytoplasmic plaque or peripheral membrane proteins is to link the 

adhesion systems to the cytoskeleton. In addition, they regulate the 

functions of the adhesion molecules and transduce signals initiated at the 

cell surface by the adhesion receptors. (Gumbiner 1996)  

It is found that cell adhesion occur randomly, regardless of the fact that the 

conditions used are controllable (Zhu et al. 2000). In order to maintain the 

structural integrity of tissues, stable cell interactions are needed. Stable cell 

interactions are acquired by active adhesion mechanisms that remind those 

involved in tissue dynamics. Adhesion mechanisms are extremely regulated 

and they relate to processes of cell motility and cell migration. (Gumbiner 

1996)   

Cell adhesion has previously been measured with centrifugal force-based 

adhesion assay (Lotz et al. 1989). This method, in combination with 

interference reflection microscopy, is able to quantify the two major 

components of adhesion (Lotz et al. 1989). In addition to this, atomic force 

microscopy (AFM) can be used to measure the adhesion force between 

cells (Dammer et al. 1995). 

Quartz crystal microbalance with dissipation (QCM-D) can also be used to 

measure cell adhesion. Instead of measuring the cell adhesion strength, the 

QCM-D measures the mass of cells adhered (Czandema, Lu 1984).   

7. Quartz crystal microbalance with dissipation (QCM-D) 

Quartz crystal microbalance with dissipation (QCM-D) is a piezoelectric, 

ultrasensitive weighing device, which consists of a thin disk of crystal quartz 
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(or other piezoelectric material), with metal electrodes on both sides of the 

disk. The crystal can be made to oscillate at a resonant frequency, f, when 

connected to an external driving oscillator circuit. (Czandema, Lu 1984) The 

principle of the QCM-D is that any mass added to, or removed from, the 

electrode causes a frequency shift, Δf, related to the mass change, Δm.  

Very small changes in frequency can be measured by QCM-D, which 

possesses a high inherent sensitivity of <1 ng/cm2. In vacuum the amount 

of added mass to the electrode relates linearly to the shift in resonant 

frequency according to the Sauerbrey equation: 

∆𝑚 =  
−𝐶∆𝑓

𝑛
    (1) 

where C is a constant that depends on the thickness of the quartz (or other 

piezoelectric material) slab and on the fundamental properties of quartz (or 

other piezoelectric material) (Czandema, Lu 1984), and n is the overtone 

number (Rodahl et al. 1995). It is assumed that the mass is evenly 

distributed over the electrode and is much smaller than the weight of the 

disk. (Czandema, Lu 1984) However, the Sauerbrey equation is not valid 

when a non-rigid adsorbed species, such as cells, are used. The 

viscoelasticity of the adsorbed layer adds to the dampening of the crystal’s 

oscillation. (Modin et al. 2006) QCM-D also measures dissipation D (Rodahl 

et al. 1997), which relates to the viscoelastic properties of the adsorbed 

layer. The more viscoelastic the material is, the higher the dissipation 

(energy release) is.  

QCM-D can be operated in both gas and liquid with varying viscosity 

(Rodahl et al. 1995). Measurements in liquid phase has made QCM-D an 

attractive method of analysis and it is used for e.g. monitoring protein 

adsorption (Rodahl et al. 1995), bacterial adhesion (Pavey et al. 2001), 

polymer adsorption (Notley et al. 2005) and cell adhesion (Modin et al. 

2006).  
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7.1. QCM-D and cells 

The QCM-D technique has proven to be a versatile in vitro method for real 

time characterization of initial cell adhesion. With QCM-D there is no need 

for interventions that tend to damage the cells and, furthermore, the QCM-

D is able to monitor the viscoelastic properties of adhering cells. (Modin et 

al. 2006)  

Several factors affect the results of cell adhesion measurements with QCM-

D. Thus, published data on cell adhesion seem to vary considerably.  

Experimental conditions vary in parameters such as differences in 

fundamental frequency, surface characteristics of sensors (surface coating 

material, roughness and hydrophobicity), QCM-D electronic devices and 

their capabilities, cell types, biological conditions before and during cell 

seeding. (Modin et al. 2006) 

Fredriksson et al. (1998) suggest five types of processes that could be 

detected with the QCM-D during cell adhesion:  

1.  initial physical contact (cell binding), leading to the first QCM-D 

response,  

2. secretion of microexudates,   

3. cell spreading (increased contact area),   

4. modification of the adhesion properties (number or type of binding 

proteins, strength of adhesion etc.), and  

5. changes in the cytoskeleton of the cells which affect their rigidity and, 

therefore, dissipation.  

Literature is, however, undecided on what regions are visible in the QCM-

D. Watarai et al. (2012) found three distinct regions of initial cellular behavior 

when plotting ΔD versus Δf for the adsorption of L929 mouse fibroplast cells 

on poly(MPC-co-2-(methacryloyloxy)ethylthiol) (PMSH) covered QCM-D 

gold sensors:  
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1. cell adsorption and desorption,  

2. attachment and spreading and  

3. secretion of microexudates.  

The regions are visible in Figure 5. In the first region Δf decreased rapidly, 

whereas ΔD did not change, indicating that the cells were adsorbed on the 

surface by gravity. In the second region, Δf decreased and ΔD increased 

significantly, due to an increase in contact area between the surface 

material and cells caused by cell attachment and spreading. In region 3 both 

Δf and ΔD decreased, indicating increased rigidity between the cells and 

the surface material. (Watarai et al. 2012) 

Depending on the cell type and the material the cells are attached on, very 

different results can be obtained (Fredriksson et al. 1998). Fredriksson et 

al. (1998) used monkey kidney epithelial (MKE) and Chinese hamster ovary 

(CHO) cells to measure cell adhesion on hydrophobic and hydrophilic 

polystyrene in a serum-free environment. It was found, that the amount of 

cells doesn’t significantly affect the adsorption. The adsorption was similar 

both with less than a hundred cells and 500–600 cell. In addition, there is a 

distinct difference in the adsorption curves due to the surface material and 

cell type. (Fredriksson et al. 1998) Moreover, no significant cell spreading 

was detected in this environment. Watarai et al. (2012) discovered, 

however, that when cell concentration was very low (7–33 cells/mm2) 

region 3 was visible, but not with more than 500 cells/mm2. This effect was 

most likely due to the fact that when cell concentration is high, the cells tend 

to interact with each other and the average size of the adherent cells is 

small, whereas with low cell density, the cells grow individually and the 

average size is high. This lead to that individual cells adsorbed on the 

material surface strongly, because only material-cell interactions were 

available. In addition, the disappearance of the third region in high cell 
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concentration indicates that the cells do not make changes in the 

cytoskeleton and therefore model an ECM. 

The relation between the amount of adherent cells and Δf does not show a 

linear relationship, which indicates that the frequency drop is caused by both 

adhering cells as well as the change in contact area between the material 

surface and cells (Watarai et al. 2012). 

7.2. QCM-D and CNF 

QCM-D has been used extensively to study adsorption and interaction 

between CNF and polymers, proteins or nanoparticles. The swelling of CNF 

films have been studied by the QCM-D. It was found that CNF films are 

stable in water. However, the electrolyte concentration and pH affect the 

swelling of the CNF film (Ahola et al. 2008b).  

Figure 5. Adsorption of L929 mouse fibroplast cells on PMSH-covered 
QCM-D gold sensors. Initial cell interactions for several cells were 
classified into three regions: i) cell adsorption and desorption, ii) 
attachment and spreading and iii) secretion of microexudates. (Watarai et 

al. 2012) 
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Karabulut and Wågberg (2011) as well as Aulin et al. (2010) have used 

QCM-D for characterization of layer-by-layer (LbL) films of CNF. LbL is a 

technique that has attracted significant interest due to its simplicity and 

ability to build-up tunable multifunctional thin films on solid substrates. 

Cellulose in the form of CNF has been used with polymers in LbL build-up 

due to its renewability and biocompatibility (Wågberg et al. 2008). The LbL 

technique is simple and relies on the consecutive adsorption of oppositely 

charged polyelectrolytes, proteins, inorganic nanoparticles, liquid crystalline 

materials and carbon nanotubes onto solid support (Aulin et al. 2010).  

Characterization of these thin films are often done by QCM-D. With QCM-D 

the consecutive deposition of polymer and CNF can be monitored and the 

layer thickness can be calculated. (Karabulut, Wågberg 2011) Karabulut 

and Wågberg (2011) calculated the layer thickness with the aid of the 

Sauerbrey equation, which is presented in chapter 7, under the assumptions 

of uniform surface coverage and layer density of 1000 kg m–3. The results 

are presented in Figure 6. The film growth was found out to be initially linear, 

but became more exponential with time.  

Figure 6. Estimated thickness, from QCM-D 
measurements, of PEI/CNF multilayer films fabricated on 
a) a PFOS-coated and b) uncoated quartz crystal. 

(Karabulut, Wågberg 2011) 
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The effect of polymer adsorption on CNF water binding capacity has also 

been investigated by QCM-D. The type of the adsorbed polymer was found 

to affect the water content and the viscoelastic properties of CNF. 

Poly(diallyldimethylammonium chloride) (PDADMAC), xyloglucan and 

carboxymethyl cellulose (CMC) were used as polymers. PDADMAC, a 

highly charged polymer, led to dehydration and stiffening of the CNF film. 

Xyloglucan on the other hand, caused a loosening and softening of the 

CNF/polymer layer and introduced a dispersing effect to the CNF layer. 

CMC caused also a dispersing effect, but CMC did not adsorb irreversibly 

on CNF. (Ahola et al. 2008a) 

The QCM-D has also been used to analyze the sorption and the layer 

properties of hemicelluloses on CNF (Eronen et al. 2011b). Both 

hemicelluloses and CNF are renewable alternatives for composite materials 

and hemicelluloses can be used to functionalize CNF. The hemicelluloses 

studied were arabinoxylans, xyloglucan and O-acetyl galactoglucomannan 

(Eronen et al. 2011b) as well as xylan, CMC, guar gum, locust bean gum, 

chitosan and methyl cellulose (Eronen et al. 2011a). It was observed that 

the hemicelluloses adsorbed on CNF and that the adsorbed layer had 

different properties according to the hemicellulose structure. (Eronen et al. 

2011b) Galactoglucomannans was found to have a good affinity to CNF and 

xyloglucan, and most of the polysaccharides attached irreversibly to CNF at 

low pH (4.5) and intermediate ionic strength (10 mM) (Eronen et al. 2011a). 

Furthermore, the QCM-D is used for other nanocellulosic material 

characterization. Aulin et al. (2010) used QCM-D to characterize pure CNF 

thin films. They used anionically and cationically modified CNF as a raw 

material. QCM-D is often combined with stagnation point adsorption 

reflectometry (SPAR) for mass measurements of CNF layers. This is due to 

the fact that the QCM-D detects both the adsorbed polymer as well as the 

associated solvent (Aulin et al. 2010). Therefore, the mass detected with 

the QCM-D tends to be larger than the one detected with the SPAR. In 

addition to SPAR, substrates are often analyzed with surface plasmon 
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resonance (SPR). With SPR it is possible to estimate the adsorption without 

being affected by co-adsorbed water. (Eronen et al. 2011b, Eronen et al. 

2011a) QCM-D has been extensively used to investigate cellulose-polymer 

interactions, but it has not been previously used to study cellulose-cell 

interactions. 
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8. Summary 

In this thesis, the production, properties and possible applications of 

different nanocellulose types have been discussed. A special focus has 

been laid on CNF and its medical applications. Moreover, the increasing 

demand in tissue engineering is considered and thus, the need for new 3D 

cell culturing scaffold. Hydrogels are studied more in detail and results from 

CNF 3D cell culturing are provided. Lastly, some QCM-D fields of usage are 

presented, in particular where cells or nanocellulose are involved. 

As the adsorption properties of cells to CNF has not been previously 

studied, this thesis will focus on acquiring a fundamental understanding of 

cell adhesion to CNF. Therefore, the experimental part of this thesis will 

consist of CNF preparation, CNF thin film production, cell cultivation and 

QCM-D experiments on cell adhesion to CNF.  
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9. Experimental 

9.1. Chemicals 

Cell nutrient solution was provided by Helsinki University and contained 

Gibco Dulbecco’s modified eagle’s medium (DMEM)-41966 (with sodium 

pyruvate). Supplement fetal bovine serum (FBS) (Gibco 10270-106), 

penicillin/streptomycine (Gibco 15140-122), phosphate buffered saline 

(PBS) (Gibco 14200-067) and Tryplex (Gibco 12604-021) were supplied by 

Thermo Fischer. Human hepatocellular carcinoma HepG2 (ATCC HB 8065) 

were obtained from Biomedicum, Helsinki. Growdex™ cellulose nanofibril 

(CNF) hydrogel was supplied by UPM Corporation, Finland. 

Polyethyleneimine (PEI) was purchased from Sigma-Aldrich. Sodium 

phosphate monobasic (NaH2PO4 * 2 H2O, Sigma-Aldrich), ferric nitrate 

(Fe(NO3)3 * 9 H2O, Sigma-Aldrich), calcium chloride (CaCl2 * 2 H2O, AnalaR 

NORMAPUR), sodium chloride (NaCl, AnalaR NORMAPUR), potassium 

chloride (KCl, Merck), magnesium sulfate (MgSO4 * 7 H2O, Riedel-de Häen) 

and sodium bicarbonate (NaHCO3, ICN Biomedicals) were used to prepare 

a buffer solution with the same concentration of inorganic salts as DMEM. 

Bovine serum albumin (BSA) was obtained from Sigma-Aldrich.  

9.2. Methods 

9.2.1. Cell cultivation 

HepG2 cells were cultivated in a cell medium consisting of DMEM 

supplemented with 10% FBS. The cell cultures were maintained in a 

humified incubator at 37 °C in an atmosphere of 5% CO2 / 95% air. The 

growth medium was replaced two times a week, during which a cell 

passaging was also performed. Cells were grown in a 12 ml bottle and 

divided in a ratio of 1:5 or 1:6. 

The cell passaging were performed by washing the cell culture with 6ml 

PBS, then adding 1–2 ml of Tryplex and incubating for 7 minutes at 37 °C. 
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Afterwards, when cells had detached from the culture platform, 11 ml of cell 

medium were added to neutralize the Tryplex activity. The cells were then 

collected and allowed to settle in an Eppendorf 15 ml tube.  The settled cells 

were suspended in the cell medium with a 200 µl pipette and added to a 

new tube according to the cell passaging ratio. All cell cultivation steps were 

performed in a sterile environment. 

Penicillin/streptomycine was added to the cells during experiments in order 

to reduce the amount of bacteria affecting the cells. 

9.2.2. CNF dispersion preparation 

Growdex™ cellulose nanofibrils (CNF) hydrogel was obtained from UPM 

Corporation, Finland. An overview of the preparation of CNFs has been 

introduced in chapter 2.1.1. Briefly, the hydrogel was prepared by isolating 

nanofibers from bleached birch pulp through a controlled homogenization 

process using an industrial fluidizer. The raw material was collected from a 

UPM pulp mill and purified with sterilized machinery prior to 

homogenization. The microbial purity was maintained throughout the whole 

production process. The resulting CNF hydrogel was typically around 

1.5 wt%.  

The CNF dispersion was diluted with MilliQ water (1 g / 10 ml) and 

ultrasonicated in a Branson Digital Sonifier S-450 microtip  with a 1/8 tip for 

1 min at 25 % amplitude in order to disperse the CNF hydrogel into the 

water.  The ultrasonication was followed by centrifugation with an Eppendorf 

Centrifuge 5804 R for 30 minutes at 8000 g. A clear CNF dispersion without 

visible aggregates was obtained from the supernatant of the centrifuged 

sample. 

9.2.3. Surface materials for cell adhesion analysis 

QCM-D gold sensors were purchased from Q-Sense AB, Sweden. The 

sensors were cleaned with nitrogen and put in a Bioforce Nanosciences UV-

oven for 20 minutes. Approximately 20 µl PEI 2.5 mg/ml were added on the 
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sensors. The PEI was kept on the sensors for 10 min and afterwards the 

sensors were thoroughly rinsed with water and dried with nitrogen. CNF was 

spin-coated onto the PEI-covered QCM-D sensors with a Laurell 

Technologies WS-650SX-6NPP/LITE spin-coater for 1 min at 4000 rpm. 

9.2.4. Buffer solution preparation 

A buffer solution was prepared, containing the same amount of inorganic 

salts as DMEM. The buffer contained 110.344 mM NaCl, 44.048 mM 

NaHCO3, 5.333 mM KCl, 1.796 mM CaCl2, 0.813 mM MgSO4, 0.916 mM 

NaH2PO4, 2.475 * 10-4 mM Fe(NO3)3, and had an ionic strength of 170 mM. 

The pH of the buffer was adjusted with hydrochloric acid (HCl) to match the 

nutrient solutions pH of 7.0-7.4.  

9.2.5. QCM-D measurements 

QCM-D measurements were performed with an E4 QCM-D from Q-Sense 

AB, Sweden. The CNF coated on the gold sensors swells and binds water 

in liquid media. Therefore, the samples were stabilized for 1–3 h until no 

noticeable frequency drop was visible. All measurements were performed 

at 37 °C with a flow rate of 0.1 ml/min. This study presents frequency and 

dissipation plots corresponding to the 3rd overtone (15 MHz). 

Initial QCM-D measurements were performed with the cell-free buffer to find 

out the effect of electrolytes on CNF behavior, which were followed by 

experiments with cell-free DMEM with supplements. Control experiments 

with FBS and BSA were also performed to find out if BSA is the main 

component adsorbing from FBS. Finally, cell adsorption experiments were 

carried out in both the buffer, DMEM with supplements, buffer containing 

10% FBS and DMEM without supplemented FBS. Cells were either injected 

right away to the QCM-D or after a while in order to see the effect of the 

medium first.  

If cells were adsorbed from either buffer or buffer with 10% FBS a medium 

change was performed before the QCM-D experiments. The cells were 
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centrifuged with an Eppendorf Centrifuge 5804 R for 5 minutes at 200 g. 

After the centrifugation, the medium (DMEM) was removed and the new 

medium (either buffer or buffer with 10% FBS) was added. This process was 

repeated three times.  

9.2.6. Optical microscopy images 

After the QCM-D experiments, the sensors were washed with water in order 

to remove excess of electrolytes. Afterwards, the sensors were dried with 

nitrogen and images were obtained with a Leica CTRMIC Optical 

Microscope.   

9.2.7. Atomic force microscopy (AFM) measurements 

AFM measurements were executed in tapping mode in air with an AFM 

Multimode 8 with a Bruker Nanoscope V controller. Bruker NCHV-A AFM 

tips and the software Nanoscope 8.15 were used.  

AFM measurements were performed in order to ensure the proper 

attachment of CNF on the QCM-D sensors. Moreover, HepG2 cell images 

and protein images were obtained by AFM.  Flattening of the AFM images 

was performed in order to improve the quality of the figures.  
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10. Results and discussion 

10.1. Effect of the electrolytes present in DMEM on the 
viscoelastic properties of CNF 

Several QCM-D tests were performed with CNF. The first one was done in 

order to find out if the viscoelastic properties of CNF change due to the 

electrolytes present in DMEM. Figure 7 shows the adsorption curves 

obtained. Prior to the experiment, the QCM-D gold sensors covered with 

CNF were stabilized in pure water. The stabilization was done in order to 

reduce the effect of swelling. To find out if the electrolytes affect the CNF, 

buffer was used as an injecting liquid. The buffer, which contained the same 

inorganic salts as DMEM and had an ionic strength of 173 mM, was 

introduced to the sensors at 0 min and the effect was seen at approximately 

2 min. When the electrolyte was introduced, there was a decrease in the 

frequency. This is most likely due to bulk effects, that is, because of 

differences in density and viscosity caused by the change in electrolyte 

concentration. Ahola et al. (2008) have reported similar results. The 

increase in ionic strength was not high enough to induce de-swelling of the 

CNF film. 

Ahola et al. (2008) investigated the effect of electrolyte on CNF surfaces 

with either low (LC) or high (HC) charge density. At ionic strengths larger 

than 100 mM, Ahola et al. (2008) noticed a clear frequency increase with 

the HC CNF and a slight decrease with the LC CNF. The results obtained 

with the LC CNF coincide with ours. The slight decrease in frequency of the 

LC CNF is most likely due to bulk effects (Ahola et al. 2008b). GrowDex 

CNF has a relatively low charge density, which could explain the similarity 

of results with the LC CNF used in Ahola et al. (2008) experiments. It can 

also be seen in Figure 7 that the dissipation changes accordingly to the 

frequency. There is however, only a slight increase in dissipation, which can 

also be explained by bulk effects. 
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After stabilization with the buffer was detected, water was once again 

introduced in the system. As Figure 7 illustrates, the water causes the 

electrolytes to be washed away, which then increases the frequency again. 

Lower density and viscosity of the injecting liquid seems to cause the 

increase in frequency and decrease in dissipation.  

  

Figure 7. Adsorption curves of two independent experiments with 
buffer containing electrolytes on CNF. Frequency (top) and 
dissipation (bottom) curves. 
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10.2. Protein adsorption on CNF 

During cell cultivation and experiments, HepG2 cells are kept in DMEM 

containing mostly inorganic salts, amino acids and vitamins. DMEM is often 

supplemented with FBS and antibiotics. In order to find out if components 

from the DMEM or FBS adsorb on CNF, experiments with DMEM with 

added supplements were performed. The supplement FBS contains mostly 

proteins, mainly Bovine Serum Albumin (BSA), and therefore experiments 

with buffer supplemented with FBS were also performed. This was done to 

distinguish whether the frequency drop visible in the adsorption curves was 

Figure 8. Adsorption curves of DMEM with supplements, buffer with 
FBS and DMEM without FBS on CNF. Frequency (top) and 
dissipation (bottom) curves. 
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due to FBS or other components in the nutrient solution. To verify that also 

other components from DMEM adsorb on the CNF, experiments with DMEM 

without FBS were performed. The adsorption curves for the DMEM, buffer 

with FBS and DMEM without FBS are presented in Figure 8. 

Differing results were obtained from the experiments. The differences in the 

results in experiments with DMEM with supplements could be due to 

differences in the CNF: experiments were performed on different days and 

therefore different CNF batches were used. In addition, there might be 

differences with the FBS, depending on the source and method used to 

obtain it. The exact composition of FBS is unknown and varies between 

batches. Furthermore, a possible contamination of FBS with viruses, 

mycoplasms and prions might also affect the reproducibility of experiments. 

(van der Valk et al. 2004) In Figure 8 both DMEM with supplements and the 

buffer with a FBS supplement are seen to have a frequency drop between 

-11 and -30 and a similar form of the adsorption curves. The frequency drop 

suggests that there is adsorption of FBS and/or other components. The 

curve obtained from the DMEM without FBS experiment has an initial 

frequency drop of -7 Hz. This indicates that there are some components, 

most likely amino acids, adsorbing also from the DMEM itself, but in a lesser 

extent than from the FBS. Since the sensors were stabilized with buffer prior 

to the experiments, the frequency drop observed in the experiment with 

buffer and FBS, should be caused by the proteins in FBS. The DMEM with 

supplements contains also other components than FBS, but since the 

adsorption curve is similar to the one of buffer and FBS, we have a reason 

to believe that also here a large part of the frequency drop is caused by 

FBS. 

Figure 9 shows AFM images of CNF films spin-coated on QCM-D sensors. 

The samples were previously used in adsorption experiments with buffer, 

buffer and FBS, DMEM with FBS and DMEM without FBS. Several spots 

are visible in pictures where FBS is present. These spots could be proteins, 

mostly BSA, from the FBS. BSA has dimensions of 14×4×4 nm, which fits 
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into the dimensions of the spots. This supports further the fact that proteins 

adsorbed from the FBS on the CNF surface. In the AFM image with buffer 

as a medium, some lighter spots are visible. Since a media change from 

DMEM with FBS to buffer was made before the experiments, the spots are 

most likely trace amount of proteins from the DMEM with FBS. 

To verify that it is mostly BSA that is adsorbing from the FBS, experiments 

on FBS and BSA with buffer were made. The results are shown in Figure 

10. The injection of buffer with FBS in the system provoked an initial 

frequency drop of -9 Hz, whereas the injection of the buffer with BSA caused 

a frequency drop of -4 Hz. A slight increase in dissipation was observed in 

Figure 9. AFM images of CNF films after adsorption experiments with 
buffer (top left), DMEM without FBS (top right), buffer with FBS (bottom 

left) and DMEM with FBS (bottom right). 
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both cases. The difference between the results obtained with FBS and BSA 

could be due to the fact that FBS contains also other components than BSA, 

such as nutrients and other growth and attachment factors.  

After the frequency started to stabilize, the QCM-D chambers were rinsed 

with buffer. Rinsing with buffer increased the frequency and caused a 

decrease in dissipation. However, the increase in frequency was not as 

large as the initial frequency drop, which indicates that some proteins are 

firmly adsorbed on the CNF instead of just staying loosely on the surface.   
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10.3. HepG2 adsorption 

When experimenting on cell adhesion both buffer and DMEM with 

supplements were used as cell media. Buffer was used as a cell medium to 

quantify the frequency drop due only to cell adsorption. Since the substrates 

were stabilized with buffer prior to the experiments, any change in frequency 

should be due to cell adsorption. Figure 11 shows the adsorption curves 

caused by HepG2 cells in buffer. 
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The adsorption experiments with HepG2 in buffer show low reproducibility. 

There is a great variation in the results. The initial frequency drop caused 

by cells are between -3 Hz and -12 Hz. In addition, there is no clear initial 

frequency drop in two of the adsorption curves. Instead, the frequency drop 

is more uniform, resulting in a slowly decreasing slope. This suggests that 

there is no actual cell adsorption taking place when buffer is used as a cell 

medium. The results indicate that the cells do not prosper in the buffer. This 

most likely leads to low cell viability, which might also affect the results. A 

low/non-existent initial frequency drop could suggest that since the cells do 

not thrive in the buffer, they tend to move to the CNF surface and attach 

weakly, rather than actually adsorbing on it.  This movement could be 

caused by gravitational effects or the fact that the cells tend to like the CNF 

more than the buffer. It has been observed that HepG2 cells attach to 

different surfaces easily, which further supports the fact that the detected 

frequency drop is caused by HepG2 cells weakly attached to the CNF 

surface instead of strongly adsorbed on it.  

Moreover, cell viability might cause problems during the experiments. After 

the cells were obtained, there was a significant time before the QCM-D 

experiments were performed. However, the stable form of the curve 

indicates that the cell viability was sufficient. With longer experiments, a 

more unstable curve was obtained, which could be due to dead cells.   

Figure 12. HepG2 cells from buffer on the CNF surface. 
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Optical microscopy images of the QCM-D sensors taken after the 

adsorption experiments show cells deposited on top of the CNF (Figure 12). 

HepG2 cells are clearly visible on the surface, which can be seen as a proof 

of cell attachment.   

Kuzmenko et al. (2013) have carried out experiments on cell adhesion of 

human umbilical vein endothelial cells and mouse mesenchymal stem cells 

on BC. They suggest, that the high water retention capacity of BC might 

contribute to high biocompatibility, but hinder proteins and cells from 

interacting with the BC surface. As CNF also has a high water retention 

capacity, this might be a reason why the HepG2 cell adsorption seems to 

be so low. It is also suggested that hydrogels typically have a low affinity for 

cell attachment (Kuzmenko et al. 2013).  

Figure 13 shows 2D and 3D AFM images of a HepG2 cell on CNF. The 

sample was dried after the adsorption experiments were conducted in 

buffer. The cell has a fairly round shape with a pit in the middle. The round 

shape of the cell further supports that the HepG2 cells do not strongly 

adsorb on CNF. Adsorbed cells tend to spread more and have a more 

irregular form, whereas the round form is an indication of weak affinity. A 

healthy status for cells is associated with the ability of cells to spread into a 

stretched-out morphology. (Kuzmenko et al. 2013) However, weak affinity 

Figure 13. 2D and 3D AFM images of a HepG2 cell on a CNF surface. Cell 
adsorption took place in buffer. 
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to the CNF could be an advantage, since the cells can be easily removed 

from the CNF hydrogel. 

 

Experiments with HepG2 cells where DMEM was used as cell medium were 

also performed. The results are presented in Figure 14. The initial frequency 

drop caused by cells in DMEM with FBS is between -12 and -22. Variations 

are most likely due to differences in FBS, as mentioned before, but also due 
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Figure 14. Adsorption curves of three independent experiments with 
HepG2 cells in DMEM with supplements on CNF. Frequency (top) 
and dissipation (bottom) curves. 
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to variations in cell passages. In each experiment different HepG2 cell 

passages were used, which may lead to varying results.  

From the results it is hard to say if the frequency drop is caused by 

adsorption of proteins from FBS or by cell attachment. The initial frequency 

drop caused by DMEM with FBS presented above (Figure 8) is similar to 

the frequency drops observed in Figure 14. This could indicate that most of 

the frequency drop is caused by proteins in the FBS. There are, however, 

HepG2 cells visible in optical microscopy images. Optical microscopy 

images of HepG2 cells from DMEM with supplements on CNF are 

presented in Figure 15. The presence of HepG2 cells in the images 

indicates that at least some cell adsorption or attachment is taking place.  

 

10.4. Effect of proteins adsorption on HepG2 adhesion 

To see how large the frequency drop caused by HepG2 cells was, 

adsorption experiments were carried out where the system was stabilized 

in DMEM with supplements before cell injection. Figure 16 shows the initial 

frequency drop caused by DMEM and supplements, which is in a magnitude 

scale between -7 and -12 Hz. The frequency drop seems to stabilize 

approximately at 15 minutes. After that, HepG2 cells in DMEM with 

supplements were injected into the QCM-D. The results obtained in three 

independent experiments show large differences. The injection of cells 

provoked either a clear new frequency drop of approximately -17 Hz, a slight 

Figure 15. HepG2 cells from DMEM on a CNF surface. 
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increase in frequency, or a slow decrease in frequency. The dissipation 

results varied similarly. In all three cases, there was an initial increase in 

dissipation, most likely because of protein adsorption. However, either a 

new clear increase, a decrease or a slight increase in dissipation were 

observed after cell injection. These results further indicate that there is no 

strong adsorption of HepG2 cells happening, which could explain the large 

differences in results.  
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Figure 16. HepG2 adsorption on CNF after stabilization in DMEM 
with supplements. Frequency (top) and dissipation (bottom) curves. 
Results from three independent experiments are presented. 
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AFM images of HepG2 cells after these experiments exhibited again round-

shaped cells, indicating weak attachment (Figure 17).  

Similar experiments were performed by injecting HepG2 cells in buffer (no 

DMEM) in the system after stabilizing the CNF films in DMEM supplemented 

with FBS for 15 minutes (Figure 18). Similar results as those presented in 

Figure 16 were observed when introducing DMEM with supplements in the 

QCM-D chambers: a decrease in frequency and an increase in dissipation 

indicating protein adsorption. An increase in frequency of around 6 Hz, 

followed by a slow decrease, was observed after cell injection. A decrease 

in dissipation was also detected.  

This indicates that the protein adsorption done prior to the introduction of 

cells did not significantly affect the affinity of cells to CNF. The increase in 

frequency was probably caused by proteins that were rinsed away.   

AFM images of these cells seem to confirm poor cell adhesion and 

spreading (Figure 13).   

Figure 17. 2D and 3D AFM images of a HepG2 cell on a CNF surface. Cell 

adsorption took place in DMEM with supplements. 
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Figure 18. Adsorption curves of HepG2 cells in buffer after 
stabilization with DMEM supplemented with FBS. Frequency (top) 
and dissipation (bottom) curves. Results from three independent 

experiments are presented. 
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Due to the fact HepG2 cells do not prosper in the buffer, the experiments 

were repeated in buffer with FBS. This time, the stabilization was done in 

buffer with FBS. Again, the proteins in FBS caused a slight frequency 

decrease and dissipation increase, as seen in Figure 19. After the cell 

injection, at 15 minutes, inconsistent results with low reproducibility were 

acquired. AFM images of these cells further confirm poor cell adhesion and 

spreading (Figure 20).   

  

-25

-20

-15

-10

-5

0

5

0 5 10 15 20 25 30

Δ
f

(H
z)

Time (min)

-10

-8

-6

-4

-2

0

2

4

0 5 10 15 20 25 30

Δ
D

 (
10

-6
)

Time (min)

Figure 19. Adsorption curves of HepG2 cells in buffer with FBS after 
stabilization in the same buffer with FBS. Frequency (top) and 
dissipation (bottom) curves. Results from three independent 
experiments are presented. 
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Figure 20. 2D and 3D AFM images of a HepG2 cell on a CNF surface. Cell 
adsorption took place in buffer with FBS. 
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11. Conclusions 

CNF hydrogel is a promising material for cell cultivation. The properties of 

CNF such as high water retention factor, high strength and biocompatibility 

are seen as highly beneficial in cell culturing. However, the adhesion 

behavior of cells on CNF has not been extensively investigated. This thesis 

discusses the adsorption properties of HepG2 cells on CNF, studied by 

QCM-D. The effect of the cell medium on the viscoelastic properties of CNF 

and on cell affinity was also investigated. 

Proteins from the supplement FBS and amino acids from the cell medium, 

DMEM, adsorb on the CNF films, which in turn affects the viscoelastic 

properties. The adsorption of a soft protein/amino acid layer increases the 

dissipation of the film. In addition, the proteins adhere to the CNF relatively 

well and only a part is washed away when the system is rinsed with another 

media. The electrolytes in the DMEM did not significantly affect the 

properties of CNF. The CNF has a low charge and the small changes in 

frequency and dissipation can be explained with bulk effects due to changes 

in density and viscosity of the media.  

Cells were found to have a poor affinity to CNF and the presence of the cell 

culturing media had no clear effect on the affinity of cells. AFM images 

showed round-shaped cells indicating weak interaction. Moreover, small or 

no initial frequency drop was found to take place in adsorption experiments 

by QCM-D. The slight frequency drop was most likely due to weakly 

adsorbed cells moving along the CNF surface instead of actually adhering 

and spreading on the surface. Typically cells adhere to surfaces due to 

adhesion proteins, which are not present on the CNF surface. Furthermore, 

hydrogels have been found to have a generally low affinity for cell 

attachment. 
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