






Printed matter
4041-0619

N
O

R
DIC

SWAN ECOLAB
E

L







I 

Preface 

It is a difficult moment to express my gratitude in one page. Yeah, it turns out to be two pages. 
There are too many touching moments during the past five years (2016-present). But I will try 
my best to include all sides. First, I am thankful for the financial support offered by the Acad-
emy of Finland to the project work, Puunjalostusinsinoorit and Finnceres for finalzing the final 
thesis writing work. 

My greatest gratitudes goes to my thesis supervisor, Prof. Monika Österberg, not only for the 
opportunity towards doctoral degree, but also for her research attitude, standard and manage-
ment strategies. You rarely told me what to do but led me how to think with a critical mind and 
remember always to ask questions. This really inspired me and helped me to achevie better 
scientific understanding. Big thanks to my thesis advisor, Doc. Juano. I have never met a per-
son who is that patient and kind as him. He was always there to encourage me in difficult situ-
ations. His contributions for assiting me in lab work, scientific discussions and writing made a 
massive positive impact on my overall research work. In addition, I admire his super clear 
teaching ability. Hopefully someday, I can manage to give perfect lectures and trainings as you. 
I should not forget my friendly and helpful colleagues, past and present in Bioproduct Chem-
istry group. Maija-Liisa, you know how I was admitted by MIMEGEL project by accident, 
thanks for your email. Timo and Robertus already started helping me in the beginning of 2016, 
for making Liging films and operating AFM separately. Guillaume, thanks for your patiences 
listening to my stupid questions related to organic chemistry. Tao, your criticle thinking way 
inspired me a lot while reading articles. Tia, Nina and Alexander, thanks for translating Finnish 
words for me and sharing a lot of information with me. You all always do more than I asked. 
Maria and Mika, both my collagues and coauthors, it was a nice easygoing experience to work 
with both of you.  I thank Maria for your nice comments and help for the 3D printing work. I 
appreciate Mika’s expert opinion and knowledable input on any piece of my work. Farooq, you 
are the guy who always helped me to make things easier. I learnt from Paavo and Leena-sisko 
that excellent researches need focus. Rafael, I would like to learn how to make vivid slides as 
you always do. Roberta, I think I will forever remember that you brush your teeth after every 
meal. The special thanks should go to Arja and Sirje, my advisory group members, for all the 
good advises and feedbacks on tracking my whole doctoral study period. I appreciate the help 
from the deparment’s technical support team. Thanks, Marja, Riita, Tuyen, Sanni, Tiina, Hari, 
Timo Y and Timo K, for always solving my problmes in a quick way. 

I appreciate all my co-authors’s effort on our research. I was surprised and jubilant to hear 
when Prof. Tapani told me that “Just tell me what you need from me, I can deliver it here”. I 
also gratefully acknowledge Ari for supporting me with cell lab work, your proficient sugges-
tions and fruitful discussions were very beneficial for my work. I would like to express my grat-
itude to Chris for his diligence and support. His around the clock assistance for discussions 
and data analysis is highly appreciated. I am also gratful to Alma and Riina for introducing me 
with the cell work in the beginning of my research. Furthermore, I would like to thank Rubina 



II 

and Siqi for sharing useful tips regarding 3D printing technique. I would also like to acknowel-
ege my collaborators from the Division of Pharmaceutical Biosciences, Faculty of Pharmacy, 
University of Helsinki, and Laboratory of Wood and Paper Chemistry, Johan Gadolin Process 
Chemistry Centre, Åbo Akademi University for their invaluable contributions.  

Many thanks to all my friends, Wenchao, Feng, Tao, Yuan, Ya, Xuetong, Bin, Xun, Zhuojun, 
Wenwen, Mingyang, Liang, Ling, Jinze, Mengxiao, Yingfeng et al. for the entertainment com-
pany. Special thanks to Wenchao, Yang, Yujiao, Xuetong, Ya, Feng, Yuan, Tao, Zhuojun and 
Qing, for sharing my stress as baby-sitters. I can not forget my friendly colleagues in BIO2 
department, you are all always showing smiling faces, and definetly bighten my working days. 
Thanks Meri, Quang, Saija, Timo. P and Joe for the nice discussions to support my experi-
mental, technical, theoretical or language problems. A special thank goes to Gerardo and Ales-
sandra, thanks for the lunch company, listening to my complains, and giving advice. People 
are becoming slient and tend to only speak nice words as growing. I appreciate my close friends 
Yuan, Yan, Yingying, Leevi, Feng, Yang, Yujiao, and Wenchao that they are still telling me the 
truth and keeping me moving on. I feel myself so lucky to have a friend like Yan, to whom I can 
disturb at any time. Let us hope we can get closer next year. Xiaoxu, I also feel blessed to have 
you as my friend. We have known each other for about 15 years, and during this time, your 
motivation has kept me growing silently. Wentao, I have to say, it is your attitude toward life 
always reminds me that life is full of possibilities, and I should not waste any day. I would like 
to express my special thanks to Prof Zhao and Prof Han for their unconditionaly trust to en-
courage me to become a qualified independent researcher. 

It is fortunate to have a ‘Turku Family’ in Finland. I feel at home when I am at your places. I 
really enjoy the moments to meet my elder sisters, brothers and ‘little angles’ there. Thanks 
Nana, Xiaoju, Haolin, Chunlin, Tingting, Tao, Pingping, Nianxing, Shaoxia, Binzhi, Taotao, De 
for hosting us, and sharing your working and life experiences.  

Family education is the first education I get and benefit from for the whole life. I would like to 
express my deepest love to my mormor Lisui, my mum Zhiping, dad Zhongyi, morsor Zhiling, 
and morbror Zhipeng. They taught me to be honest, positive, kind and virtuous. I would also 
like to thank my younger brother Weiwei (Jinzuo), who is currently taking most of the family 
responsility, and grante my freedom to study abroad for such a long period.  

At last, I woul like to thank Wenyang for all your patience and love to make me a better person. 
Edwin and Morris, you two lovely kids, brighten my day everyday. 

23rd Nov 2020, Espoo 

Xue Zhang 



III 
 

 

Content  

Preface  .......................................................................................................... I 

List of Abbreviations and Symbols ...........................................................V   

List of Publications................................................................................. VII   

Author’s Contribution ...........................................................................VIII  

1. Introduction ...................................................................................... 1 

1.1 Why the interactions between biomaterials and cells are important 1 

1.2 Objectives and hypotheses .......................................................... 2 

1.3 Summary of papers ...................................................................... 2 

2. Background ...................................................................................... 5 

2.1 Natural biomaterials from wood, algae and extracellular matrix 5 

2.1.1 Wood based biomaterials ........................................................ 5 

2.1.2 Alginate .................................................................................... 12 

2.1.3 The extracellular matrix proteins .......................................... 13 

2.2 Interactions between cells and biomaterials .............................16 

2.3 Atomic Force Microscopy (AFM) for imaging and force measurement 20 

2.3.1 AFM imaging .......................................................................... 20 

2.3.2 AFM as a force measurement tool ........................................ 22 

2.4 3D printing ................................................................................. 24 

2.4.1 Introduction to 3D printing technique ................................. 24 

2.4.2 Biomaterials for 3D printing ................................................. 25 

3. Materials and methods .................................................................. 28 

3.1 Materials ..................................................................................... 28 

3.2 Sample preparation methods .................................................... 28 

    3.2.1    Preparation of CNF dispersions, LN-521 and PLL solutions 28 

3.2.2 Preparation of colloidal probes ............................................. 29  

3.2.3 Preparation of biomaterial films ........................................... 29 

3.2.4 Preparation of CLPs ............................................................... 30 

3.2.5 Biomaterial Ink formulations for 3D printing ..................... 30 



IV 

3.3 Cell culture .................................................................................. 31 

3.3.1 Human carcinoma cell line HepG2 ....................................... 31 

3.3.2 Human pluripotent stem cell line WA07 ............................. 32 

   3.3.3      Human dermal fibroblast cell (HDF) and Pancreatic tumor cell line SW-
1990 cells SW-1990 ............................................................................... 32 

3.4 Characterization methods ......................................................... 32 

3.4.1 Sample morphology characterization................................... 32 

3.4.2 AFM force measurements ..................................................... 32 

3.4.3 Surface Plasmon Resonance (SPR) ...................................... 33 

3.4.4 Rheology of hydrogels ........................................................... 33 

3.4.5 Printability and shape fidelity test ........................................ 34 

3.4.6 Compression test ................................................................... 34 

3.4.7 Cell cytotoxicity and cell proliferation tests ..........................35 

4. Results and discussion .................................................................. 36 

4.1 Interactions between CNF, LN 521 and cells ........................... 36 

 4.1.1   Morphologies of CNF and LN-521 films on flat substrates and colloidal 
probes ..................................................................................... 36 

4.1.2 CNF and LN-521 interactions with living cells ..................... 37 

4.1.3 CNF-LN521 interaction ......................................................... 40 

4.2 Effect of LN-521 and poly-L-lysine on the HepG2 interaction with cellulose 
nanofibrils............................................................................................... 41 

4.2.1 Morphologies of CNF films on the SPR sensors ................... 41 

4.2.2 Effect of LN-521 on HepG2 adsorption on CNF films .......... 41 

4.2.3 Effect of PLL on HepG2 adsorption on CNF films .............. 42 

4.3 CNF based 3D printed scaffolds ............................................... 43 

4.3.1 Rheological properties of biomaterial inks .......................... 43 

   4.3.2 Printability and mechanical properties of 3D printed scaffolds 
 .................................................................................. 45 

4.3.3 Cell cytotoxicity and cell proliferation .................................. 46 

5. Conclusions and outlook ............................................................... 49 

References................................................................................…………………….51 



V 

List of Abbreviations and Symbols 

ABTS Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) 

AFM Atomic force microscopy  

BNC Bacterial cellulose 

BSA Bovine serum albumin,  

CaCl2 Calcium chloride  

CFM Chemical force microscopy  

CNC Cellulose nanocrystals 

CNM Chemical force microscopy 

CNF Cellulose nanofibrils  

CMC Carboxymethyl cellulose 

CLPs Colloidal lignin particles 

CPM Colloidal probe microscopy 

CT Computer tomography 

DIW Direct ink writing 

DS Degree of substitutions 

ECM Extracellular matrix  

FDM Fused-deposition modelling 

FBS Fetal bovine serum  

QCM-D Quartz Crystal Microbalance with Dissipation Monitoring 

HCC Human hepatocellular carcinoma cells  

HPSCs Human pluripotent stem cells  

G block -L-guluronic acid 

GAGs Glycosaminoglycans 

GGMs O-acetyl-Glactoglucomannas

GGMMAs Galactoglucomannan methacrylates 



VI 

LN-521 Human recombinant laminin 521 

LNP Lignin nanoparticles 

M block 1,4- -D-mannuronic acid 

MRI Magnetic resonance imaging 

OD Optical density 

PeakForce QNM PeakForce quantitative nanomechanical mapping 

PCL Polycapronlactone 

PGA Poly-glycolic acid 

PEG Polyethylene glycol 

PEI  Polyethyleneimine 

PLA poly lactic acid  

PLGA  Poly (lactic-co-glycolic acid) 

PLL Poly-L-lysine 

SCFS Single cell force spectroscopy 

SLA Stereolithography 

SLS Selective laser sintering 

SPR Surface plasmon resonance 

SMFS Single molecule force spectroscopy 

TEMPO-CNF 2,2,6,6-tetramethylpiperidine-1-oxyl oxidised CNF 

3D  Three-dimensional



VII 

List of Publications 

This doctoral dissertation consists of a summary and of the following publications which are 
referred to in the text by their Roman numerals 

I. Robertus Wahyu N. Nugroho, Riina Harjumäki, Xue Zhang, Yan-Ru Lou, Marjo Yliperttula,
Juan José Valle-Delgado, and Monika Österberg. "Quantifying the interactions between bio-
mimetic biomaterials –collagen I, collagen IV, laminin 521 and cellulose nanofibrils– by col-
loidal probe microscopy." Colloids and Surfaces B: Biointerfaces 173 (2019): 571-580.
https://doi.org/10.1016/j.colsurfb.2018.09.073.

II. Riina Harjumäki, Robertus Wahyu N. Nugroho, Xue Zhang, Yan-Ru Lou, Marjo Yliperttula,
Juan José Valle-Delgado, and Monika Österberg. "Quantified forces between HepG2 hepato-
carcinoma and WA07 pluripotent stem cells with natural biomaterials correlate with in vitro
cell behavior." Scientific Reports 9, no. 1 (2019): 1-14. https://doi.org/10.1038/s41598-019-
43669-7.

III. Riina Harjumäki, Xue Zhang, Robertus Wahyu N. Nugroho, Muhammad Farooq, Yan-Ru Lou,
Marjo Yliperttula, Juan José Valle-Delgado, and Monika Österberg. "AFM Force Spectroscopy
Reveals the Role of Integrins and Their Activation in Cell–Biomaterial Interactions." ACS Ap-
plied Bio Materials 3, no. 3 (2020): 1406-1417. https://doi.org/10.1021/acsabm.9b01073.

IV. Xue Zhang, Alma Kartal-Hodzic, Riina Harjumäki, Tapani Viitala, Juan José Valle-Delgado,
and Monika Österberg. ”Interaction of HepG2 Cells with Cellulose Nanofibril (CNF) film De-
tected by Surface Plasmon Resonance (SPR).” Manuscript submitted to Journal of Colloid and
Interface Science (under revision)

V. Wenyang Xu, Xue Zhang, Peiru Yang, Otto Långvik, Xiaoju Wang, Yongchao Zhang, Fang
Cheng, Monika Österberg, Stefan Willför, and Chunlin Xu. "Surface engineered biomimetic
inks based on UV cross-linkable wood biopolymers for 3D printing."ACS Applied Materials &
Interfaces 11, no. 13 (2019): 12389-12400. https://doi.org/10.1021/acsami.9b03442.

VI. Xue Zhang, Maria Morits, Christopher Jonkergouw, Ari Ora, Juan José Valle-Delgado, Mu-
hammad Farooq, Rubina Ajdary, Siqu Huan, Markus Linder, Orlando Rojas, Mika Henrikki
Sipponen, and Monika Österberg. "Three-Dimensional Printed Cell Culture Model Based on
Spherical Colloidal Lignin Particles and Cellulose Nanofibril-Alginate Hydrogel. Biomacro-
molecules 21, no. 5 (2020): 1875-1885. https://doi.org/10.1021/acs.biomac.9b01745.



VIII 
 

 

Author’s Contribution 

I. Quantifying the interactions between biomimetic biomaterials –collagen I, collagen IV, lam-
inin 521 and cellulose nanofibrils– by colloidal probe microscopy 

MÖ, YRL, MY, and JJVD designed the experiments. XZ prepared and characterized by AFM 
images the CNF thin layers on both flat surfaces and colloidal probes. XZ conducted all the 
force measurements related to cellulose nanofibrils (CNF), repeated the force measurements 
on collagen I, collagen IV, laminin 521, and analysed the corresponding data. The preparation 
and characterization of the other samples, and the rest of force measurements and data analy-
sis were performed by RWNN and RH. RWNN and JJVD prepared the manuscript with input 
from all the authors. 

II. Quantified forces between HepG2 hepatocarcinoma and WA07 pluripotent stem cells with 
natural biomaterials correlate with in vitro cell behaviour 

MÖ, RWNN, JJVD and RH designed the experiments. XZ performed all the CNF-cells interac-
tion experiments. Other biomaterial-cell force measurements were conducted by JJVD and 
RWNN. RH cultured the cells under supervision of YRL and MY. RWNN, JJVD and RH char-
acterized the biomaterial coatings by AFM images and did the data analysis. JJVD and RH 
prepared the manuscript with input from all the authors. 

III. AFM Force Spectroscopy Reveals the Role of Integrins and Their Activation in Cell–Bio-
material Interactions 

MÖ, JJVD and RH designed the experiments. XZ, JJVD and RWNN carried out the AFM im-
aging and force measurements. RH cultured all the cells. XZ, RH and JJVD analysed the 
data. FM performed the FESEM imaging. SEM imaging was performed by the group of Prof. 
Jeff Brinker. Silica coating was prepared by YRL. RH, JJVD and MÖ prepared the manu-
script with input from all the authors. 

IV. Interaction of HepG2 Cells with Cellulose Nanofibril (CNF) film Detected by Surface Plasmon 
Resonance (SPR) 

XZ designed the experiments under supervision of MÖ and TV. XZ performed all the experi-
ments and analysed all the data under supervision of Juan José Valle-Delgado. AKH helped in 
culturing cells in the beginning of study, whereas XZ cultured the cells under supervision of 
RH for the last experiments. XZ wrote the manuscript with input from the co-authors. 

V. Surface engineered biomimetic inks based on UV cross-linkable wood biopolymers for 3D 
printing 



IX 
 

XZ performed Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) tests, 
Atomic Force Microscopy (AFM) imaging and wrote the corresponding parts of the paper un-
der supervision of MÖ. OL conducted NMR characterization test. YCZ did the HPSEC test. Cell 
studies were conducted by PRY under supervision of CF. WYX planned and conducted all the 
rest experiments. XZ analysed the AFM images. All the data analysis was done by Wenyang. 
WYX wrote the manuscript under supervision of XJW, SW and CLX. 

VI. Three-Dimensional Printed Cell Culture Model Based on Spherical Colloidal Lignin Particles 
and Cellulose Nanofibril-Alginate Hydrogel. 

XZ designed the experiments together with MÖ, MHS and MM. XZ carried out the rheology 
tests, rehydration experiments, unconfined compression measurements and the in vitro cyto-
toxicity and proliferation tests. XZ did all the printing work except for the shape fidelity exper-
iments. JC took the fluorescence images and wrote the corresponding part of the results. MM 
conducted the antioxidant tests and shape fidelity experiments. XZ analysed the data with help 
of AO, JJVD and FM. XZ wrote the manuscript with input from the co-authors. 

 

 





 

1 
 

1. Introduction 

1.1 Why the interactions between biomaterials and cells are important 

There is a continuous demand for the replacement or regeneration of damaged organs and 
tissues in patients worldwide. It is reported that over two-third of patients were suffering from 
non-matched organs from donors.1 In addition, there is also a need for reliable and in expen-
sive model systems to test the toxicity of drugs. Current drug tests are based on animal models, 
which are expensive,2,3 ethically questionable and donot always satisfactorily mimic the re-
sponse of humans.4 Tissue engineering, an interdisciplinary field involving cell biology, engi-
neering and materials science, aimed of damaged biological tissues, can provide a solution. 
Tissue engineering can be applied to develop implantable three-dimensional (3D) scaffolds to 
guided the regenerate damage tissues, or even to create whole artificial organs in the future. 
Tissue engineering could also be applied to develop in vitro 3D cell cultures that mimic in vivo 
cells systems for drug screening, avoiding the use of animal models.1 Cell behaviour like cell 
proliferation, spreading, and differentiation strongly depend on the cell interactions with the 
surrounding materials both in vivo and in vitro.5 Therefore, understanding cell-biomaterial 
interactions is very important in developing successful implants for tissue replacement or re-
generation, as well as for the successful preparation of 3D cell culture models for drug toxicity 
tests. 
 
In vivo, cells are surrounded by the extracellular matrix (ECM). The ECM is a complex 3D 
network with components secreted by the resident cells.6 These components like proteogly-
cans, hyaluronic acid, and proteins (collagen, elastin, fibronectin, as well as laminin) either 
give structural support or provide physical, chemical and biological signalling pathways for the 
resident cells via interaction. Hence, cell interactions with the ECM play a vital role in regulat-
ing cell behaviours like cell proliferation, migration, and differentiation.7 The use of biomateri-
als mimicking the ECM can offer better performance for tissue engineering applications.  

 
A variety of materials have been investigated to develop 3D cell culture models to mimic spe-
cific cell and tissue niches, including both synthetic materials and natural materials.8 Synthetic 
materials like polyethylene glycol (PEG) or polylactic acid (PLA) provide high mechanical 
strength.9 However, the degradation of a synthetic polymer will release small plastic particles, 
and may lead to an inflammatory response. In addition, environmental concerns have also in-
creased the interest for sustainable materials. Due to their abundancy, and intrinsic biode-
gradable, natural polymer hydrogels, especially plant-based cellulose nanofibrils (CNF), can 
be developed to be economical and sustainable biomaterials.10,11 Recently CNF hydrogels have
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 been extensively explored for tissue engineering but their interactions with cells is less well 
known.  

1.2 Objectives and hypotheses 

The objective of this present thesis work was to understand the interactions between plant-
derived CNF and human living cells, and how laminin and cell medium components affect 
those interactions, and finally to apply this knowledge to develop 3D printed scaffolds. AFM-
based colloidal probe microscopy (CPM) and surface plasmon resonance (SPR) were used to 
quantify cell-biomaterial interactions and for real time monitoring of cell adsorption on CNF 
substrates, respectively. Human pluripotent stem cell line WA07 and human hepatocellular 
carcinoma cell line HepG2 cells were used as model cells. The effect of O-acetyl-galactogluco-
mannan methacrylates (GGMMAs) with tuneable degrees of substitution and spherical colloi-
dal lignin particles (CLPs) on the printability and mechanical properties of CNF-based hydro-
gels was also investigated when preparing 3D printed scaffolds. 

 
The hypotheses were the following: based on previous cell culture results we expected that, 
unlike e.g. laminin, the interactions of CNF with cells would be weak and nonspecific; We fur-
ther expected that, measuring direct surface forces between living cells and different bio-
materials with CPM, we would be able to distinguish between nonspecific interactions and in-
teractions mediated by cell receptors like integrins and, in general, learn more about the inter-
actions between living cells and their surroundings. Our hypothesis was also that systematic 
SPR experiments would shed light on the effect of proteins and cell medium components on 
cell adhesion to CNF. Pure 3D printed CNF hydrogel display a poor shape fidelity. Crosslinking 
of CNF hydrogels with GGMMAs or addition of CLPs may improve the stability and mechanical 
strength of 3D printed CNF scaffolds to different extents depending on the dosage of each com-
ponent. Nevertheless, the incorporation of GGMMAs and CLPs should not alter the non-tox-
icity of the CNF scaffolds. 

1.3 Summary of papers 

The main findings of this thesis work are summarized as follows: Cohesion forces of biomateri-
als play an important role to keep the mimicked ECM integrity. The aim of Publication I was 
to quantify self- and cross-interactions between the selected biomaterials, that is, CNF and 
ECM proteins –collagen I, collagen IV, and human recombinant laminin 521 (LN-521)–, by 
using AFM-colloidal probe technique. Colloidal probes were successfully prepared by coating 
glass microspheres, attached on the AFM cantilevers, with biomaterials. Homogeneous bio-
material films were prepared by either spin-coating, Langmuir-Schaefer deposition or adsorp-
tion methods as substrates on freshly cleaved mica, on plastic cover slips and on the colloidal 
probes. It was found that the adhesion forces and energy were always contact time dependent. 
The longer the contact time, the higher the adhesion energy and stronger the pull-off forces. 
CNF was found to have high adhesion to collagen, while the CNF-LN 521 adhesion force and 
energy were of the same magnitude as CNF-CNF self-interaction. These findings revealed the 
possibility to modify CNF for further biomedical applications.  

 



 

3 
 

To design an in vivo-like 3D culture model, it is essential to understand how the cells interact 
with biomaterials. Hence, the interaction of cells with the same biomaterials selected in Pub-
lication I were quantified by colloidal probe microscopy (CPM) in Publication II. Two cell 
lines were selected, that is hepatocellular carcinoma cell (HCC) line HepG2 and a human plu-
ripotent stem cell (hPSCs) line WA07. As a stem cell line, WA07 can proliferate and differenti-
ate into any cell type, thus providing great potentials for a wide application towards drug test-
ing, tissue engineering and disease modelling. As the liver provides the main detoxifying func-
tion in the human body, a hepatocellular carcinoma cell line, HepG2 is an excellent candidate 
for toxicity testing and drug development. CNF was found to have low affinity to both HepG2 
and WA07 cells, but LN-521 demonstrated the strongest adhesion to both the HepG2 and 
WA07 cells. Correlating the measured forces with cell culture, it was observed that cells at-
tached and grew on the biomaterials when the adhesion energy was above 0.23 nJ/m.  

 
The aim of Publication III was to understand the role of integrin distribution and activation 
in cell adhesion to both laminin 521 and CNF by AFM force spectroscopy. AFM probes were 
coated either with LN-521 or CNF. It was found that cell viability, integrin density and divalent 
cations affected cells interactions with LN-521. Integrin activation was found in living cells in 
when divalent cations (Ca2+ and Mg2+) were present at similar concentrations as in conven-
tionally used cell media, which resulted in an enhanced cell adhesion to LN-521. In contrast, 
the interaction between CNF and cells was found to be nonspecific, that is, not mediated by 
integrins. 

 
Cells adhesion to biomaterials is essential for cell spreading. In Publication IV the adsorp-
tion of HepG2 cells on CNF films was monitored in real time by SPR. The poor adsorption of 
cells on CNF was significantly enhanced by coating CNF with LN-521 or poly-L-lysine (PLL). 
The effect of cell medium components on HepG2 adsorption on CNF was also investigated. 
Glucose, amino acids and fetal bovine serum (FBS) from cell medium tended to adsorb on both 
bare and protein-coated CNF films. It was found that FBS blocked the specific laminin-integrin 
interaction and diminished PLL-cell electrostatic attraction, which consequently reduced 
HepG2 adsorption on both LN-521 and PLL-coated CNF films.  

 
CNF hydrogels with a three-dimensional fibril network and a high-water retention capability 
have attracted a lot of research interest in developing 3D cell culture models. Inspired by the 
natural, flexible and strong structure of wood, which is formed by interpenetrating networks 
of cellulose fibrils and other heteropolysaccharides, 3D printed scaffolds made of TEMPO-ox-
idized CNF and a galactoglucomannan (GGM) derivative –galactoglucomannan methacrylate 
(GGMMA), with different degrees of substitutions (DS)– were prepared and characterized in 
Publication V. QCM-D experiments revealed that GGMMA adsorbed irreversibly on CNF. 
Rheology tests were done on the TEMPO-CNF/GGMMAs inks and then mechanical properties, 
cell attachment and proliferation were tested on the printed scaffolds. The main findings were 
that the printed scaffolds were not toxic to two cells lines and demonstrated a broad stiffness 
spectrum by tuning GGMMA consistency. Since different cells demand different tissue stiff-
ness, TEMPO-CNF/GGMMAs hydrogels show great potential as multiple cell culture plat-
forms. Generally, CNF scaffolds are inert scaffolds without any bioactivity. In Publication VI 
colloidal lignin particles (CLPs) of different ratio to CNF were added to enrich the properties 
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of CNF-alginate biomaterial inks. The shear thinning properties of CNF-alginate-CLPs bio-
material inks, observed in rheology tests, confirmed their feasibility for 3D printing. CLPs 
added beneficial antioxidant properties for all series of biomaterial inks. It was found that the 
inclusion of CLPs enhanced the shape fidelity of printed CNF-alginate scaffolds and retained 
their high swelling ratio. Furthermore, all the formulated scaffolds displayed good non-toxicity 
with HepG2 cells as shown through cell viability and cell proliferation tests. All the above find-
ings indicated that CNF-alginate-CLPs scaffolds are of great potential for biomedical applica-
tions.
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2. Background  

2.1 Natural biomaterials from wood, algae and extracellular matrix  

Synthetic polymers in tissue engineering have a long history.12 The main advantages of syn-
thetic polymers are their strength and flexibility.13 Moreover, the properties of synthetic poly-
mers are reproducible in large quantities. In some specific applications, the degradation rate 
of the biodegradable synthetic polymers like polyglycolic acid (PGA), PLA and polycaprolac-
tone (PCL) is also controllable.14–16 A main concern of the synthetic polymer is the probable 
inflammatory response raised by release of small particles during degradation.17 In addition, 
the emerging demands to develop a sustainable world requires replacing or reducing the use 
of synthetic, petroleum-based biomaterials. Compared to the synthetic polymers, natural pol-
ymers cause less immunogenicity. ECM proteins, for instance human derived collagen, have 
been extensively used as biomaterials, which can serve as a reference. Another ECM protein, 
laminin is known play an important role in regulating cell adhesion. However, there is an un-
avoidable quality variation of ECM proteins from different sources, resulting in poor reproduc-
ibility of studies. As intrinsic non-toxic, biocompatible, sustainable and xeno-free materials, 
plants provide abundant biocompatible biomaterials, such as cellulose, hemicellulose, lignin 
and brown seaweed sourced alginate. However, to enable safe use of these materials, a better 
understanding of cell interactions with both the plant based or ECM-derived biomaterials is 
needed.  

2.1.1  Wood based biomaterials 

Wood or the xylem region of trees is built of elongated cells or fibres, providing the necessary 
strength, liquid transport as well as nutrition storage for the tree. The cell wall is composed of 
the following different layers (Figure 1): the primary wall (P); the secondary layer (S) that can 
be divided into S1, S2, and S3 layers based on the dominant fibril orientation in each layer; and 
the warty/tertiary layer (W).18 Microfibrils wind around the cell axis with different orienta-
tions. Chemically, these fibres are composed of cellulose, hemicelluloses, lignin, pectin, extrac-
tives and a minute amount of proteins. However, the chemical composition and orientation 
differs in different layers. Wood has been utilized as raw material in the furniture, the con-
struction and the paper industries for centuries. Recent decades, wood has furthermore been 
extensively explored as a source for high-value material. Nanomaterials derived from wood, 
like cellulose nanofibrils or colloidal lignin particles have attracted increased interest in bio-
medical applications.19–21 Hemicelluloses, like O-acetyl-glactoglucomanna (GGM) and xylan 
have been explored as tissue dressing components.22,23 The wood components that have been 
used in this thesis will be described in more detail below. 



 

6 
 

 

Figure 1. A model of a cell wall structure. P: primary wall, S1: Outer secondary wall, S2: 
Secondary wall, S3: Tertiary or inner secondary wall, W: wart layer. Adapted from (Feng 
Jiang et al. Advanced Material, 2017.24)  

2.1.1.1 Cellulose 
Cellulose can be found in all plants, from trees to primitive organisms. Thus, it is regarded as 
the most abundant natural polymer on earth. Cellulose in wood is formed through biosynthesis 
of glucose, with a carbon content around 44%.25 Cellulose is a linear homopolysaccharide com-
posed of D- 4) glycosidic linkages. Native cellulose is 
formed by repeating about 5000 to 7500 cellobiose units (Figure 2). The number of repeating 
units depends on the cellulose source materials. During biosynthesis, the intermolecular Van 
der Waals forces and hydrogen bonds promote parallel stacking of multiple cellulose chains, 
forming elementary fibrils. The elementary fibrils are further bundled into microfibrils, which 
typically have a diameter of 5-50 nm and a length of few micrometers.26,27 Within the fibril 
structures, cellulose is arranged into highly ordered crystalline regions and less ordered amor-
phous regions.28 The crystalline regions can be extracted and form a new material named cel-
lulose nanocrystals (CNCs). Traditionally, cellulose or cellulose derivates are used in pa-
permaking, textile and construction industries. However, during the last decades, the value of 
cellulose and cellulose derivatives has been recognized for biomedical applications.29  

Cellulose nanofibrils (CNF) 
Nanocellulose is an isolated cellulosic material with one dimension in the nanometre range. It 
can be produced either top-down from plants involving wood, forest or agricultural residuals 
by disintegration methods such as enzymatic, chemical or physical treatments, or bottom-up 
from glucose by using bacteria. Depending on the cellulose source, the preparation methods 
and the corresponding dimensions and functions, nanocellulose is classified into three main 
types (Table 1), CNF, CNC and bacterial nanocellulose (BNC). Herein, the focus will be on  
plant-based CNF.30 
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Table 1: The family of nanocellulose materials. (adapted from Klemm et al. 2011.30) 

Type of nanocellulose Typical sources  Processing Method Average size 

Cellulose nanofibrils 
(CNF) 

Wood, sugar beet, potato  
tuber, hemp, flax  Mechanical disintegration  

Diameter: 5-60 nm 
length: several microme-
ters 

Cellulose nanocrystals 
(CNC) 

Wood, cotton, hemp, flax,  
wheat straw, mulberry bark, 
ramie, tunicin, cellulose 
from algae and bacteria 

Acid hydrolysis 

Diameter: 5-70 nm 
length: 100-250 from plant 
cellulose,100 nm to several 
micrometers from cellulose 
of non-plant origin 

Bacterial nanocellu-
lose (BNC) 

Low-molecular-weight  
sugars and alcohols Bacterial synthesis 

Diameter:20-100 nm  
length: 100-1000 nm, with 
different types of nanofiber 
networks31,32 

 
CNF is obtained from the plant cell wall via mechanical disintegration. Over the years, various 
disintegration methods have been used, for instance homogenizers,33 microfluidizers,34 super-
grinding treatments,35 high shear refining,36 cryogenic crushing,37 the combination of beating, 
rubbing and homogenization as well cryogenic crushing in various configurations.38–40 But a 
general problem for all the mechanical disintegration processes is the high energy consump-
tion. Chronic clogging is another problem during the fibre delamination process. Nowadays, 
to reduce the energy consumption, fibres are generally pre-treated with physical, chemical or 
enzymatic methods.41,42 The addition of charged groups was reported to assist fibre disintegra-
tion by decreasing the fibre-fibre friction, which will result in a charged CNF.43,44 CNF contain-
ing charged carboxylate groups can be achieved by TEMPO (2,2,6,6-tetramethylpiperidine-1-
oxyl) catalysed selective oxidation at the C6 carbon of the cellulose molecule.44 In another type 
of charged CNF, a carboxymethylated CNF dispersion has been successfully prepared by sub-
jecting carboxymethylated cellulose fibres to a high-pressure fluidizer followed by sonication 
and centrifugation.43 Adding hydrophilic polymers, for instance, carboxymethyl cellulose 
(CMC), methyl cellulose or guar gum, prior to the disintegration process, can further decrease 
the clogging tendency.45,46 

 
CNF has a high aspect ratio between 50 to 100 with a diameter in nanometre and length in the 
micrometre range.47,48 Aqueous CNF dispersions that have passed through the homogenizer 
over 5 times show gel-like characteristics with pseudoplastic properties. It has been suggested 
that their fibrous morphology enable CNF hydrogels to resemble natural ECM.49 CNF hydrogel 
exhibits a highwater retention ability, porous network, abundancy, and biocompatibility. Thus, 
CNF hydrogels have attracted a lot of research interest for tissue engineering, generative med-
icine and cell therapy, either alone or as a composite component during the past decades.50–53 
Both the unmodified, plant-derived CNF hydrogel and chemically modified TEMPO-oxidized 
or acylated CNF hydrogels have shown to be suitable for 3D cultures of various cell lines.19,54 
The unmodified CNF demonstrated both good adherence to the wound bed and smooth auto-
matic detachment after skin epithelialization as wound dressing material in clinical use.55  
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Figure 2. Cellobiose, the repeating unit of cellulose. 

 

2.1.1.2 Hemicellulose 
Most of the hemicellulose in wood is present in the secondary cell wall, connected to both lignin 
and cellulose to support the plant structure. 25-35% of dry wood constitutes of hemicellulose.56 
Unlike cellulose, hemicelluloses are nonlinear and amorphous heteropolysaccharides with a 
degree of polymerization of 100 to 400, that is much lower than cellulose. Hemicelluloses are 
highly branched, which consequently reduces the intra and intermolecular associations.57 De-
pending on the wood species, the main hemicelluloses also vary. GGM is the dominant hemi-
cellulose in softwood, while xylan is the main hemicellulose in hardwood.58 Hemicellulose con-
tains abundant free hydroxyl groups that can be modified. Chemical modifications like selec-
tive oxidation, etherification, or esterification of the free hydroxyl groups can increase the po-
tential applications of hemicelluloses.59 Compared to GGMs made of hexoses, xylan made of 
pentoses lacks primary hydroxyl groups. Thus,  selective oxidation mediated by TEMPO is not 
possible with xylan.60  
 
About 20-25% of the dry wood in softwoods constitutes of GGMs.61 GGMs are composed with 
glucose and mannose in the backbone, and galactose in the branches (Figure 3). The backbone 

4) glycosidic linkages. Galactose is linked to the backbone by  (1 6) 
glycosidic linkages. (Figure 3a) The reported ratio of glucose: mannans: galactose of water sol-
uble GGMs from different species is typically 1:3.5-4.5 :0.5-1.1.61 Part of the hydroxyl groups at 
the C-2 and the C-3 positions are substituted with O-acetyl groups. GGMs have traditionally 
been used as emulsion stabilizer, food thickener and gelling agents.62,63 However, in recent 
decades GGMs have attracted growing research interest for biomedical applications.51,64,65 For 
example, TEMPO-oxidized GGM has been successfully made into hydrogels with tunable me-
chanical properties.66  

 
About 15-30% of dry hardwood consists of arabino-4-O-methylglucuronoxylans. The backbone 
of xylan constitutes of about 200 -D-xylopyranose units linked by (1 4) glycosidic bonds 
(Figure 3b).56 The hydroxyl groups at C2 and C3 are substituted by O-acetyl groups in about 
seven out of ten xylose units. The side group 4-O-methylglucuronic acids bind to C2 position 
with a ratio of 1:10 to the xylose units.67  
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Figure 3. Illustration of chemical structure of hemicelluloses. (a) GGM in softwood, R refers to 
H or CH3CO (b) Xylan in hardwood. O-Ac refers to the O-acetyl group. (Adapted from Petter-
sen, 1984,56 and Willför et al., 2008.61) 

 

2.1.1.3 Lignin 
Besides cellulose and hemicelluloses, plants also consist of a significant number of aromatic 
polymers called lignin. Annually, about 50 million tons of lignin are produced worldwide. Dry 
softwood contains 26-32% lignin, while hardwood contains 20-26%.68 Lignin is present in all 
parts of the cell walls but with an uneven distribution. The highest density of lignin is in the 
middle lamella, especially in the cell corners, but the predominant portion of lignin is present 
in the S2 layer of the secondary wall.69,70 Lignin glues the fibres and fibrils in both the middle 
lamella and cell wall, and consequently, contribute to the mechanical strength of wood. Mean-
while, lignin decreases the permeability of cell walls; thus, lignified cell walls are essential for  
water transportation in the stem and connective tissues of wood.71 There are three monolignol 
units, p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol, formed from D-glucose via 
complex enzyme-mediated reactions. The typical numbering system for the monolignol and 
the three main monolignols is shown in Figure 4a and Figure 4b, respectively.72 Different 
plants produce these monolignols with a different ratio. Hardwood produces mainly sinapyl 
alcohol, softwood produces a lot of coniferyl alcohol, while p-coumaryl alcohol dominates in 
grasses. Resonance-stabilized phenoxy radicals are formed as lignin precursors by an initial 
enzyme oxidation on the monolignols. (Figure 4c) Then a dimer structure of dilignols are 
formed by random coupling of the phenoxy radicals. The typical resonance stabilized mono-
lignol radicals and inter- -O-4, - - -5, 5-5 and 4-5 are shown in Figure 
4c and 4d. Finally, lignins are formed by an end-wise polymerization involving a coupling of 
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two end-group radicals.25,73 The native structure of lignin is still under debate because the ex-
traction process of lignin affects the lignin structure. The current studies suggest two main 

-O-4 linkages, and 
with m - - -5 linkages; and another, more branched structure, with a high 
amount of free hydroxyl groups together with 5-5 and 4-O-5 linkages.74 
 

Each monolignol unit provides phenolic groups and brings antibacterial properties to prevent 
plants from being destroyed by microbes. Native lignin contains multiple functional groups 
like methoxyl groups, benzyl and aliphatic alcohols, carbonyl groups and aldehyde groups, 
apart from free phenolic groups. Nevertheless, complex side -chain structural changes occur 
during pulping processes, generally resulting in a strong reduction of oxygen-linked carbon 
and a rise of aliphatic methine, methylene and methyl groups.74,75 For example, sulphonate 
groups are introduced to C  in lignin during sulphite pulping process.68 -O-4 
structures are hydrolysed in kraft lignin.76 The diverse functional groups give native lignin am-
phiphilicity that broadens its potential applications. However, efficient valorisation is ham-
pered by its complex and non-uniform chemical structures and low water-solubility exacer-
bated from biomass pre treatment and pulping processes. 
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Figure 4. Lignin structure. (a) The numbering system in monolignols. Redrawn from (Calvo-
Flores et al., 2010.72) (b) The three main types of monolignols in lignin. Redrawn from (Ralph 
et al., 2004.25) (c) Enzymatic formation of resonance-stabilized monolignols radicals with a 
reaction tendency. Redrawn from (Davin et al., 2004.73) (d) The typical inter-unit linkage 
types in lignin. Redrawn from (Gellerstedt et al., 2008.74)  
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Lignin nanoparticles 
To overcome the low solubility and limitations in applications due to the structural hetrogenity 
of the lignin, various lignin-based materials have been extensively explored in recent years. 
Among the lignin-based materials, spherical lignin nanoparticles (LNPs) or colloidal lignin 
particles (CLPs), have attracted extensive research interest from the percpective of production 
techniques to potential applications. Both wet and dry CLPs have been successfully produced.77 
Many precipitation methods have been developed to fabricate wet CLPs. Among them, acid 
precipitation favoured by pH switching,78 or self-assembly due to solvent exchange,79 or their 
combination are frequently applied to produce CLPs.78–80 However, CLPs produced by acid 
precipitation are not stable due to the protonation of the charged groups.81 Dry CLPs are typi-
cally produced via two methods. One method is from lignin solution directed in an oven, or  an 
aerosol flow reactor with noncontrolled or controlled sizes respectively.82 The other method is 
from CLPs dispersion by freeze-drying using spray drying. Although lignin is usually insoluble 
in water, CLPs form stable dispersions in water, which broadens their potential applications.83 
For biomedical applications, CLPs shows great promise as drug carrier, biomedical adhesives, 
and hydrogel composites for wound healing applications.84–87  

2.1.2 Alginate 

Commercial alginate is typically prepared from brown algae (Phaeophyceae) by aqueous NaOH 
solution extraction and then precipitated by adding sodium or calcium chloride. After further 
purification, water-soluble, dry alginate powder is produced.88 Annually 30000 tons of algi-
nate is used in food, textile and pharmaceutical industries.89 Alginates are linear polysaccha-
rides composed of 1,4- -D- -L-guluronic acid (G), both in the 
pyranosic conformations (Figure 5). The typical molecular weight of commercial sodium algi-
nates ranges from 32000 to 400 000 g/mol.90,91  
 
Alginate is intrinsically biocompatible, of low toxicity, of relatively low cost and can form gels 
simply.92 The abundant carboxyl groups allows alginate to crosslink easily with divalent ions 
like Ca2+ to form a gel. The gelling properties hence depend on the chemical composition of the 
alginate: it was found divalent ions preferentially bind to the G block than the M block.88 The 
mechanical properties of alginate-based materials either in the form of films or three- dimen-
sional structures can be tuned by tuning the gelling degree.93 In particular, alginate hydrogels, 
demonstrating a similar extracellular matrix structure as a living tissue, opens wide applica-
tions in biomedicine.94 To date, alginate has been used as a wound dressing, a cell transplan-
tation vehicle, a dental impression and a drug or protein delivery agent.95 For example, the 
simple gelling with Ca2+ makes alginate a good candidate as a haemostatic material, which can 
be easily removed as a hydrogel web.91  
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Figure 5. Chemical structure of repeat units of alginates: a) mannuronic acid (M) block, b) 
-L-guluronic acid (G) block and c) alternating M and G units. Redrawn from (Lee, K. Y. et 

al. 2012.90) 

2.1.3 The extracellular matrix proteins 

The ECM is an intricate network of assembled macromolecules secreted by cells in tissues. The 
ECM are mainly composed of glycosaminoglycans (GAGs), proteoglycans, fibril proteins like 
collagen and elastin, and glycoproteins like laminin and fibronectin (Figure 6).96 Similarly, as 
the compositions of cellulose, hemicellulose and lignin vary in different plants, the composi-
tion of the ECM in animal tissues also varies. Collagen I constitutes 90% of the ECM in bone, 
whilst in skeletal muscle, elastin, fibronectin, and other collagens like collagen III are the main 
ECM components together with collagen I.97 The amount of the ECM also varies with different 
tissue. For instance, in connective tissue like bone, the ECM is plentiful and carries the me-
chanical loads, whereas in epithelia or nervous system, the ECM is scanty, and cells join and 
carry the mechanical load themselves. The components in animal tissues have different func-
tions. For instance, the negatively charged GAGs act as space fillers in the ECM and resist com-
pression, while collagen provides tensile strength and elastin gives elasticity to tissues. The cell 
adhesion proteins, fibronectin and laminin, provide signal pathways to cells, correspondingly 
regulating cell adhesion, and subsequent migration and differentiation.98 
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Figure 6. A schematic illustration of one possible extracellular structure secreted by a con-
nective tissue. Redrawn from (Wang, Z et al.2016.96) 

Collagen 
Collagen constitutes 25% of the total proteins in mammals and is the most abundant protein 
in mammalian ECM.99 A collagen molecule typically shows a long and stiff triple-stranded hel-
ical structure, with a diameter of about 1.5 nm in diameter. Mammals have about 20 collagen 
genes, and so far, 30 types of collagens have been detected in different tissues. Collagens can 
be classified into different groups according to their structure. Collagen I, II, III, V, XI are fi-
brillar. The assembled collagen fibrils are 10-300 nm in diameter and can pack into fibers of 
0.5-3 um in diameter (Figure 7).100,101 The other types of collagen, e.g. collagen IV, are non-
fibrillar, but usually associate with fibrillar collagens.102 For instance, collagen IV forms a 
meshwork as the main components of basement membrane, cell surfaces and the placenta.103 
Collagen I constitutes 90% of the total body collagen and imparts a great proportion of me-
chanical strength to bone. As the most abundant natural biodegradable polymer in mammals, 
with the capability to provide mechanical and structural supports for tissues and organs, and 
negligible immunogenicity, collagen is an ideal material for bone grafts, tissue regeneration 
and tissue engineering.104 Collagen scaffolds have been used in various medical applications, 
for instance, as hemostatic pads, as a suture and tissue engineering substrate, for drug delivery, 
as skin substitutes as well as for soft tissue augmentation.105–107 
 
Gelatin, built of small peptides refers to the irreversible hydrolysate from collagen.108. If colla-
gen is subject to denaturation, e.g. by acid, alkali or enzymatic treatment, the triple-strands 
separate partially or completely into globular domains. Depending on the processing methods, 
two types of gelatins can be obtained. The resulting gelatin from acid hydrolysis is called gela-
tin-A, while gelatin-B is obtained by alkali hydrolysis. The isoelectic points for gelatin A and B 
are around pH 5 and 9 respectively. Gelatin shows similar amino acid composition as collagen. 
Among the 19 amino acids, four types are dominate, glycine, proline, hydroxyproline and ala-
nine. Gelatin is hot-water soluble and forms a gel upon cooling. The gelation property of gelatin 
has been used in food industry as an ingredient for desserts, marshmallows, gummy candies, 
etc. In addition, gelatin has been used in pharmaceutical, cosmetic, and photography indus-
tries.109,110 Gelatin started acquiring research interest for biomedical applications decades ago. 
Due to its chemical resemblance to connective tissues and its adhesiveness, gelatin has been 
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studied to produce tissue adhesives. It was found that gelatin adds elasticity to tissue adhe-
sives106. Gelatin melts at temperatures above 37 °C, i.e. the body temperature.111 Consequently, 
the mechanical strength of gelatin highly depends on the temperature. To improve the thermal 
stability and mechanical strength, gelatin blends with other polymers like cellulose acetate, 
PCL and PLA have been extensively studied to fabricate scaffolds towards skin regeneration, 
bone and cartilage tissue engineering.112,113 

 

 
Figure 7. Collagen structure from tendon. The drawings show the steps of collagen assembly, 
from triple-stranded collagen molecules, to collagen microfibril, then to fibril and finally fi-
bers.100 Reproduced with permission of Elsevier from Scarr, G. (2011) 

Laminin 
Laminin is a high molecular weight protein present in the cell basement membrane (Figure 8). 
Laminin consists of three sub-protein chains called , , and  chains, with molecular weights 
around 400, 200, and 200 kDa, respectively. There are 16 identified laminin isomers consist-
ing of five isoforms of the  chain, three  and three  chains in mammals.114,115 Typically, Lam-
inin chains consist of a N-terminal domain, a tandem repetition of five C-terminal globular 
domains (LG, present in  chains and marked as LG1-5), 3 
and 5 chains), epidermal growth factor-like (LE) domains, laminin 4 (L4) domains, a laminin 
four (LF) domain (present in  chains), a laminin coiled-coil (LCC) domain, and a laminin  
knob domain (present in LCC domains of  chains).116 The expression of individual laminin 
isoforms is cell or tissue specific. In the extracellular environment, laminin can reinforce the 
ECM structure by binding both to other laminin proteins and other proteins like collagens. As 
the main protein in the cell basement membrane, laminin binds to cells through specific re-
ceptors, like integrin, to induce intracellular signals, correspondingly evoking distinct cell be-
haviours. Thus, laminins are attractive cell culture substrates for pluripotent stem cells as well 
as neural cells.117,118 
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. 

Figure 8. A typical structure of Laminin. Greek letters with numbers indicate chains. Other 
abbreviations correspond to different domains, which are explained in the text. The full mean-
ing of domains is explained in the text. Adapted from (Aumailley, M. 2013.115)   

2.2 Interactions between cells and biomaterials  

Different types of forces can arise between any surfaces (Table 2). The same types of surface 
forces are also present in biological systems. Nevertheless, the structural and chemical com-
plexity of biological systems may result in a complex combination of interactions taking place 
at the same time. Moreover, biological interactions are dynamic and never reach thermody-
namic equilibrium.119 The interactions between cells and biomaterials, as between any sur-
faces, are distance-dependent.  
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Table 2. An overview of different types of surface forces. 
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Van der Waals forces originate from electrostatic interactions between dipoles. It can be clas-
sified into dipole-dipole interactions (Keesom forces), dipole-induced dipole interactions (De-
bye forces), and instantaneous dipole interactions (London forces, also called dispersion 
forces). Dispersion forces are always present and play an important role in all phenomena in-
volving intermolecular forces. Dispersion forces are non-additive forces, meaning that they are 
affected by the presence of other surrounded bodies. They are long-range forces that can be 
effective from interatomic spacing (0.2 nm) to distances larger than 10 nm. The magnitude of 
the Van der Waals forces depends on the nature i.e., dielectric permittivity and refractive in-
dex of the surfaces (or particles) and the medium. The van der Waals forces are always attrac-
tive between identical surfaces (or particles) but they may be repulsive between non-identical 
surfaces.120  
 
Double layer forces are another type of surface force. Double layer forces originate from os-
motic pressure. Charged surfaces or particles in solution are surrounded by an electrical double 
layer. The distribution of ions in the space around the surfaces or particles is affected by the 
charge on the surfaces or particles. When two similarly charged surfaces or particles get close, 
their corresponding electrical double layers overlap, which generates an osmotic pressure be-
tween the bulk and the overlapping space where the ion concentration is higher. Thus, water 
from the bulk penetrates the overlapping area, preventing the two surfaces from approaching, 
hence creating double layer repulsion. For oppositely charged surfaces or particles, the double 
layer forces are attractive. The double layer forces depend on the geometries of the bodies, the 
interaction distance, the temperature, the surface charge, the ionic strength and the dielectric 
constant of the medium.120  
 
The DLVO theory was developed by Derjaguin and Landau and by Verwey and Overbeek inde-
pendently in the 1940s to consider the total interaction between two surfaces or colloidal par-
ticles. The DLVO theory is the additive combination of Van der Waals and double-layer 
forces.121,122 According to DLVO theory, different phenomena may happen depending on the 
surface charge density of the particles and the ionic strength of the medium. For highly charged 
surfaces in solutions with low ionic strength, the double-layer forces dominate the interaction, 
giving rise to a strong long-range repulsion (and an energy barrier) that prevents the aggrega-
tion of the particles. In contrast, the van der Waals attraction becomes dominant for surfaces 
with low surface charge, in aqueous solutions with high ionic strength or nonpolar media, lead-
ing to the aggregation of the particles.  
 
As said before, long-ranged double-layer forces can arise between charged surfaces in solution. 
On the other hand, direct electrostatic (coulombic) interactions between charged groups at 
short separation distances and the formation of hydrogen bonds can also play an important 
role for the adhesion between two surfaces. Different types of non-DLVO forces can arise due 
to surface adsorbed polymers (steric forces, bridging forces) and the intrinsic properties of the 
solvent molecules (solvation forces).120  

 
Ligand-receptor interactions are commonly called specific interactions in biology. At the mo-
lecular level, these specific interactions are just a combination of electrostatic forces, hydrogen 
bonds and hydrophobic forces between different groups of interacting macromolecules. The 
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specificity of the ligand-receptor interactions comes from the complementary spatial distribu-
tion of charged, hydroxyl, and hydrophobic groups, and consequently these interactions are 
also called ‘complementary’, ‘lock and key’, and ‘recognition’ interactions.120,123 Any interaction 
not-mediated by a receptor is considered non-specific. 

Integrins 
The ECM molecules regulate cell behaviour via cell surface receptor-mediated signal transduc-
tion. The main cell receptors are integrins. Integrins are transmembrane glycoproteins linking 
cells to ECM or other cells. Integrins participate in many important physiological processes, 
for instance, embryogenesis, haemostasis, thrombosis, wound healing, phagocytosis and on-
cogenic transformation.124  

 
All integrin molecules are composed 

is between 90 to 110 kDa.125 t contains seven repeats of a cysteine-rich segment 

have been discovered, and 24 
different types of integrins have been found and characterized.126 II among all 
can not bind to 1. In addition, 2  1. v can 

domain and an extracellular domain. The intracellular domains of the most integrins are short, 
composed by 59 or less amino acids, while the extracellular domains are larger, with molecular 
weights over 100 kDa and 75 kDa for 

dimers.125 
 

Integrins can be in both the inactive and the active state. Activation of integrin is generally 
accompanied by a conformational change, from a folded inactive state to a stretched out and 
active state. (Figure 9). The activation can be induced by binding to either an intracellular or 
extracellular molecule. Meanwhile, integrins can latch onto a different molecule on the other 
side of the plasma membrane. For instance, while the extracellular domain of integrin binds to 
fibronectin, the intracellular domain of integrin binds to actin filament inside the cell via a set 
of adaptor molecules. Thus, integrins provide bidirectional signalling pathways, regulating cell 
behaviours within the cell (inside-out signalling) and by the ECM (outside-in signalling).127 
 
The individual integrins often bind to more than one ligand. On the other hand, individual 
ligands can often bind more than one integrin type. The binding sites in ligands have been 
extensively studied. It was reported that the N-
bine to form a ligand-binding head on each integrin. The Arg-Gly-Asp (RGD) sequence present 
in various adhesive proteins like fibronectin and vitronectin was the earliest defined binding 

5 1 IIb 3 v  integrins. Gly-Pro-Arg-Pro (GRPR) in fi-
x 2. Laminin can be recognized by two different groups of 

integrin. 3 1, 6 1, 7 1) is able to recognize the long arm of laminin, while the 
1 1 2 1) recognizes the cross region of laminin. The Asp-x-Asp-x-Asp-Gly-

x-x-Asp or related sequences in the last three or four repeat segments in 
metal-binding sites. Divalent cations are generally required for ligand binding by integrins. 
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The affinity and specificity of integrin for ligands are affected by divalent cations.128,129 In phys-
iological conditions with 1 mM Ca2+ and Mn2+ present in body fluids, the addition of Mn2+ or 
Mg2+ and the reduction of Ca2+ enhance the ligand binding affinity of almost all the integrins.130  

 

 

Figure 9. An inactive integrin protein switches to an active conformation when it binds to 
Laminin 521 from extracellular side. Adapted from Publication III (Harjumäki et al. 2020) 

2.3 Atomic Force Microscopy (AFM) for imaging and force measurement  

The AFM was initially invented for getting high resolution images in the atomic scale by Bin-
ning et al in 1986,131 but it was used as a force measurement technique for a broad range of 
applications a few years later.132,133 In this thesis, AFM was used to characterize biological sys-
tems and their interactions. Typically, the AFM system consists of a cantilever mounted to a 
piezoelectric actuator and a sensitive photo detector controlled by computer software (Figure 
10).  

 
Figure 10. A general AFM working principle. Adapted from (Alessandrini et al., 2005.134) 

2.3.1 AFM imaging 

For AFM imaging the tip scans over the sample in a raster pattern. The scanning motion is 
carried out with a scanner, which is made of a piezoelectric ceramic that contracts and expands 
in a controlled way when a voltage is applied. Depending on the AFM set-up, the scanner moves 
either the tip or the sample. During the scanning process, the forces between the sample and 
the tip cause the cantilever to deflect. The deflection of the cantilever is recorded by monitoring 
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a laser reflection from the back of the cantilever to a position-sensitive photodetector. In prac-
tice, the surface topography is built up by recording the applied voltage needed for the scanner 
to correct the tip deflections to the setpoints.134 

 
Different AFM imaging operation modes have been developed, which are classified into three 
main categories: contact mode, tapping mode, and non-contact mode (Figure 11). As indicated 
by their names, in non-contact mode the tip slightly keeps away from the sample surface (about 
50-150 Angstrom). A small oscillation is given to the cantilever in non-contact mode to detect 
small forces between the tip and the sample.135 In contrast, in the contact mode the tip keeps 
in contact with the sample surface during the scanning since the cantilever is not oscillating.131 
In tapping mode, the cantilever oscillates near its resonance frequency with the help of a pie-
zoelectric crystal. When the tip is away from the sample surface, a high oscillation amplitude, 
typically larger than 20 nm, is added by the piezo motion. Subsequently, the oscillating tip is 
moved toward the surface until it begins tapping the surface. The low force and the absence of 
contact promote the application of non-contact mode for imaging soft and elastic samples, pre-
venting tip contamination and sample degradation that usually occur when imaging those sam-
ples in contact mode. However, the main drawback is a relativelyl low resolution  for non-con-
tact mode AFM, especially for samples in liquid.136 Tapping mode combine the advantages of 
both  contact and non-contact modes. By intermittently tapping the sample surface, tapping 
mode enables  high-resolution AFM imaging of soft samples, overcoming the shear forces re-
sulting from the lateral movement associated with contact mode.137  

 
As an imaging tool, especially after the development of tapping mode imaging in liquids,138 
AFM is capable of providing high-resolution images of molecule structures, and can track the 
real-time structure dynamics and cell remodeling.139,140 Among them, DNA has been the mostly 
studied by AFM, because imaging in liquid preserves its native conformation.141,142 High-reso-
lution images of membrane proteins in the sub-nanometre range were successfully identified 
both in isolated state and as membrane proteins.143,144 In cell biology, the dynamics of actin 
filaments in living glial cells, the division of living cells and cell motility have been studied by 
AFM. But high-resolution imaging is sometimes limited by its low temporal resolution. High-
speed AFM may provide a solution for this problem.145,146  
 
During the last few years, some quantitative AFM-imaging techniques have been developed to 
obtain mechanical information of the samples (adhesion, Young’s modulus, deformation and 
dissipation) simultaneously with their topography. Examples of these techniques are Peak-
Force Tapping mode and PeakForce Tapping-based quantitative nanomechanical mapping 
(PeakForce QNM). In the PeakForce Tapping mode, the AFM probe usually oscillates at a fre-
quency of 1 to 2 kHz with an amplitude of 100 to 300 nm. Force curves are captured each time 
the tip taps on the sample surfaces. With tight control of the probe position and feedback, 
PeakForce QNM mode enables direct mechanical measurements at each pixel of the image. 
The resulting signals are extracted and quantitatively displayed as a colored map in real-time. 
PeakForce QNM uses a sinusoidal waveform to control the scanner, allowing it to acquire thou-
sands of ramps per second. PeakForce QNM has been used to study the morphology, Young’s 
modulus, and elasticity of soft materials like polymers and biomaterials.147,148 When the tip of 
the AFM cantilever is functionalized with specific molecules, AFM can localize a specific posi-
tion and map the molecular distribution at the cell surface.149  
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Figure 11. Different operation modes for AFM imaging. Adapted from (Alessandrini et al., 
2005.134) 

2.3.2 AFM as a force measurement tool 

The utilization of AFM is not limited only to imaging in biological research. Investigations on 
the possible biological, chemical and physical interactions are always essential to understand 
cell behaviours. AFM is a very sensitive tool for force measurements at the micro/nanoscale. 
With a nanoscopic force sensor including both the tip and cantilever, AFM can detect specific 
interactions of cell surfaces with a high spatial resolution of about 10 nm.150 AFM can also de-
tect forces at a wide range of magnitude, ranging from 10 pN to 106 pN.151 A typical force curve 
is formed with an approach-retraction cycle between the tip and the sample. In practice, the 
cantilever deflection is recorded as a function of the z-piezo displacement. But generally, a 
force curve with forces as a function of relative tip-sample distance is reported. The forces can 
be calculated by using Hooke’s law: F =-kd, where F refers to the force, k refers to the spring 
constant of the cantilever, and d refers to the cantilever deflection. It is important to note that 
the spring constant should be determined by a process called cantilever calibration to convert 
the cantilever deflection into force. The most common calibration method is analysis of the 
thermal noise of the cantilever.152–154 The relative tip-sample distance is obtained by subtract-
ing the cantilever deflection from the z-piezo displacement. 
 
A range of force spectroscopy assays have been developed. Depending on the probe function-
alization method, the force spectroscopy assays can be classified into four categories: chemical 
force microscopy (CFM), single molecule force spectroscopy (SMFS), single cell force spectros-
copy (SCFS) and colloidal probe microscopy (CPM). A typical probe for each assay is shown in 
Figure 12. In CFM, the tips are functionalized with a chemical group (e.g. R-OH, R-CH3). In 
SMFS, a molecule (e.g polymers, proteins or DNA) is attached to the AFM tip. With a cell at-
tached to a tip-less cantilever, SCFS offers the possibility to explore cell adhesion.155 In CPM, a 
spherical microparticle attached to the cantilever allows for a better control of the geometry of 
the interacting surfaces. 
 
The various functionalized probes bring broad applications possibilities for AFM force spec-
troscopy. Hydrophobic and electrostatic forces play a role in controlling membrane fusion and 
cell adhesion. CFM equipped with probes functionalized with hydrophobic groups or charged 
groups can provide information of these types of forces and the distribution of different chem-
ical groups at nanoscale. SMFS has been applied to provide information on the interactions 
between cell adhesion molecules, ligands and receptors, as well as to characterize the anchor-
ing forces of peptides in lipid membranes on a molecular level.156,157 Numerous investigations 
of protein unfolding phenomena and conformation changes in DNA and proteins by SMFS 
have also been reported.158 SCFS has been applied to measure cell-cell and cell-material adhe-
sion.159 For instance, the role of galectins, both Galectin-3 and -9, in the adhesion of Madin-
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Darby Canine Kidney (MDCK) epithelial cells to collagen I and laminin-111 has been studied 
by SCFS.160 SCFS was also utilized to study the immune responses initiated by cell interactions. 
Adhesion of single T cells with myelin-derived peptide on antigen presenting cells has been 
quantified.161 However, cells frequently detach from the cantilever during the measurements.162 
In addition, the adhesion force depends on the adhesion area, so a well-defined probe geometry 
will assist in interpreting the force curves. The CPM, replacing the cantilever tip with a well-
defined spherical colloidal particle can provide a solution. The preparation of colloidal probes 
is time consuming but, in contrast to cell probes, in principle they could be used for an unlim-
ited time in one or several experiments.  Glass, silica and cellulose beads are some examples of 
colloidal probes used to measure the interaction forces with different substrates by CPM.163,164 
Additionally, the colloidal probes can be further functionalized with other molecules or coat-
ings.165  

 
Figure 12. Typical probes for (a) Chemical force microscopy CFM, (b) Single molecule force 
spectroscopy SMFS, (c) Single cell force spectroscopy SCFS, and (d) Colloidal probe micros-

copy CPM. 

Different types of information can be extracted from the force curves. The sample elasticity 
(Young’s modulus) can be obtained from the approach curves by measuring the indentation on 
the sample at a given force.166 From the retraction curves, detailed information on the adhesion 
(adhesion energy and maximum detachment force) can be collected. Figure 13 illustrates how 
different information is determined from the force curves. The force in the model curve is pre-
sented as force divided by the probe radius (R). The detailed shape of force curves may provide 
further information about bond breakage and protein unfolding. 

 
Figure 13. A typical AFM force curve and different information that can be obtained from it 
on a CNF-WA07 system. 
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2.4 3D printing  

3D scaffolds play important roles in tissue engineering. 3D scaffolds can provide cell infiltra-
tion and proliferation structures, extracellular matrix generation space, biomedical cues to di-
rect cell behaviours, and physical connections for injured tissues.110 Traditionally, fabrication 
technologies like solvent casting, freezing drying and gas foaming were developed to create 3D 
scaffolds. But the solvent residual used in solvent casting and freezing drying may bring cyto-
toxicity to cells. In addition, it is difficult to control pore size and distribution when using these 
traditional fabrication techniques. 3D printing is an emerging technique enabling fabrication 
of precise and intricate structures.167,168 Unlike the traditional fabrication techniques, 3D print-
ing does not require moulds, dies or lithographic masks, hence, 3D printing is cost-effective by 
avoiding the additional cost arising from mould making. In addition, the integration of com-
puter aided design (CAD), advanced imaging techniques for instance magnetic resonance im-
aging (MRI), X-ray scans and computer tomography (CT) enables 3D printing of highly specific 
and personalized scaffolds for individuals.169  
 

2.4.1 Introduction to 3D printing technique  

3D printing, also referred to additive manufacturing, is a bottom-up process where 3D objects 
are built layer by layer aided by digital assembly.170 The general process comprises: (1) design-
ing a model either using software or, in the case of personalized scaffolds by generating a 3D 
model from CT, X-ray scans or MRI; (2) fabricating the model with a layer-by-layer process; 
and (3) post-processing such as crosslinking or surface modification. The 3D printers are 
equipped with one or several printing heads. The modern 3D printers usually have several 
printing heads allowing printing complex multicellular tissues.171 
 
The first emerged 3D printing processes were light-based stereolithography (SLA) and selec-
tive laser sintering (SLS) (Figure 14 a and b). In this method photocurable resins or polymeric 
powders are cured with a rastering laser in SLA and SLS processes, respectively. SLA and SLS 
processes have been extensively used in bone tissue engineering applications.172,173 Neverthe-
less, the common problems for SLA and SLS processes are limited abundancy of photocurable 
materials and the associated high cytotoxic risk with using photo initiator and radicals. Within 
recent years, a sequence of other processes has been developed involving inkjet printing, ex-
trusion-based fused deposition modelling (FDM) and direct ink writing (DIW) (Figure 14 c-e). 
Inkjet printing is a droplet-based process. In this process, the dispensed material is deposited 
as droplet and then polymerized by UV irradiation, chemical or ionic cross-linking methods.174 
Inkjet printing is a fairly fast process with a depositing speed of 10000 droplets per second. 
Inkjet printing has been used to deposit the mammalian cells and proteins into 3D alginate 
structures.175 Compared with inkjet printing, the filament based FDW process allows a wider 
ink design. In the FDM process, the thermoplastic filaments of biocompatible polymers, like 
PLA, PCL, PLGA and their composites are fed through the hot extrusion head, deposited as a 
continuous filament, and then solidified by cooling below the corresponding glass transition 
temperatures.176  
 
To enable printing at ambient temperature, DIW was established at the Freiburg Materials 
Research Centre in 2000.177 The extrusion can be pneumatic driven, piston driven or screw 
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driven (Figure 14e). Hydrogels are the most frequently used inks for DIW system. The feasibil-
ity of printing is based on the shear-thinning properties of the inks.178,179 During the printing 
process, the viscosity of the ink is reduced due to applied pressure resulting in flowing of the 
ink. In the DIW process, the inks are kept in a syringe-like reservoir connected with a nozzle 
and deposited either as continuous strain or dots.  
 
Depending on the cell involvement status in the printing process, 3D printing can be classified 
into 3D bioprinting and 3D biomaterial printing. 3D bioprinting is 3D printing of cell-laden 
inks. In contrast, cells are seeded later on the 3D constructs in 3D biomaterials printing.180 3D 
bioprinting demands a compatible printing condition for cells.181 For example, the pressure 
used to expel the bioinks should be low enough to avoid damaging the cells.182 Thus, the con-
ventional way to add the cells is by seeding the desired cells on the printed scaffolds, expecting 
that cells migrate into the scaffold bulk. 3D biomaterial printing technique was used in this 
thesis. 

 
 

Figure 14. 3D printing techniques: (a) stereolithography (SLA), (b) selective laser sintering 
(SLS), (c) inkjet printing, (d) fused deposit modeling (FDM), and (e) direct ink writing (DIW). 
Adapted from (Gross et al. 2014.170) 

2.4.2 Biomaterials for 3D printing 

In general, biomaterials for 3D printing must: (1) be biocompatible; (2) be printable; (3) 
demonstrate good mechanical properties; and (4) exhibit tissue biomimicry. In addition, for 
implantable purposes, degradable biomaterials with good degradation kinetics and safe deg-
radation by-products are required.180,183 
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The most commonly used biomaterials for 3D printing are ceramics and polymers, including 
synthetic and natural polymers.110 Ceramics composed of metals and inorganic salts like cal-
cium and phosphate are good candidates for bone and dental tissue engineering due to their 
inherent osteoconductive or osteoinductive properties.184 However, the main drawback of ce-
ramics is their brittle nature.185 Polymers are another type of biomaterials frequently used for 
3D printing. Synthetic polymers, in particularly biodegradable polymers have gained wide ap-
plications in tissue engineering due to their easy processability and low cost.183 For instance, 
PCL, which exhibits excellent viscoelastic properties upon heating, is a prime candidate for 
FDM. Its intrinsic surface erosion property renders PCL an excellent component in designing 
drug and growth factor delivery systems.186 PLA is another frequently used synthetic polymer 
for 3D printing. but PLA generally shows poor mechanical properties. Bioactive ceramics are 
commonly added to enhance the mechanical properties and bring active sites to PLA inks.187,188 
A composite composed of PLA and a bioactive CaP glass was developed as 3D printed scaffolds 
for various tissue engineering applications.189 But usually, organic solvents are needed to pre-
pare ceramic-synthetic polymer composites systems, rendering this approach not green. In ad-
dition, with the concern for environmental issues, natural polymers have recently drawn more 
research interests. Animal-based natural biomaterials like collagen and gelatin show excellent 
biocompatibility and cell growth response. Several collagen-based scaffolds are already com-
mercialized, such as Collagen Meniscal Implant, Contigen, Zyplast and Zyderm.190 However, 
compared to plant-based natural biomaterials, animal-based natural biomaterials are less 
abundant, expensive and require strict storing conditions. There is also always a risk for trans-
mittance of diseases and property inconsistencies between batches when using animal or hu-
man based materials. The most commonly used plant-based natural polymer used as bio-
material ink is cellulose, alginate, and agarose. These materials are commonly used as hydro-
gels, since hydrogels are able to hold water and, hence, mimic the environment of native tis-
sues. Then they can be even developed to act as cell-laden bioinks. Hydrogels can, furthermore, 
be relatively easily modified chemically to acquire tuneable mechanical properties.191  

Wood-based biomaterial inks 
Biomaterial inks made of wood-derived cellulose have attracted a lot of research interest due 
to the good biocompatibility, abundance, renewable nature and tuneable mechanical proper-
ties of cellulose. Cellulose nanomaterials, especially CNFs in hydrogel form with an inherent 
shear-thinning property, which mimicks the 3D ECM environment, are good candidates for 
biomaterial inks.49 Both native and modified CNFs have been investigated as biomaterial inks 
in soft tissue engineering.192,193 The affinity of cells to inert cellulose can be increased by various 
modification. For example, cell adhesion to the thiolated gelatin coated TEMPO-oxidised CNF 
scaffolds was promoted due to the increased interaction between the negative cell membrane 
and the positively charged thiolated gelatin.194 Pure CNF hydrogels generally show limited 
printing resolution and poor mechanical properties, and the printed 3D structures tend to col-
lapse upon drying. The mechanical properties of printed scaffolds will lead to different cell 
behaviours since different cells require a different material rigidity to migrate, spread and dif-
ferentiate. 195 
 
Introducing crosslinking, including both physical and chemical crosslinking, is the conven-

Physical cross-linking is typically obtained by polymer chain entanglement via physical inter-
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actions like hydrogen bonding or electrostatic interactions. In this way, two- or multi-compo-
nent hydrogels consisting of CNF and other natural materials are formulated. Another nature 
derived material, alginate, is widely used to induce ionic crosslinking with CNF. The incorpo-
ration of alginate into a CNF hydrogel has demonstrated an improvement in construct resolu-
tion.196 Due to their biocompatibility and tuneable mechanical properties, CNF/alginate con-
structs show great potential in different applications with varying cell types.197,198 
 
The abundant hydroxyl groups in native CNF and the carboxyl groups as well as aldehyde 
groups in TEMPO-oxidised CNF provide feasible routes for chemical crosslinking with auxil-
iary materials.199 Inspired by the natural wood structure, where cellulose, hemicellulose and 
lignin entangle and interact with each other, forming a stiff and strong material, hemicellulose 
and their derivatives have been added to CNF as promoting agents to enhance the mechanical 
strength of the hydrogels. For example, tuneable mechanical properties were obtained by var-
ying the concentration of tyramine-modified xylan in CNF hydrogels.23 Due to the complex 
structure and low water solubility of lignin, there are very few studies using lignin for bio-
material printing. However, the recent development of water-dispersible colloidal lignin par-
ticles has increased interest in using these particles in 3D printing.70  For example, nano-lignin 
with multiple functional groups has been studied to produce hydrogels in non-CNF systems.201 
 
Other crosslinking methods, like photoinduced curing by UV is also frequently used to enhance 
the mechanical properties of printed CNF hydrogel constructs. By applying a photo-crosslink-
able material, GelMA, the printed construct made of GelMA/CNF demonstrated enhanced 
shape fidelity and mechanical properties.202
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3. Materials and methods  

In this section, the materials and methods used in this thesis work are described. The main 
materials involving CNF, laminin, GGM and lignin are presented in the Materials section. The 
main preparation and characterization methods are described in the Methods section. More 
details can be found in the attached Papers I-VI. 

3.1 Materials 

Three types of CNF were used in this thesis. The CNF hydrogel used to prepare the CNF dis-
persion in Papers I-IV was bought from UPM Biochemicals, Helsinki, Finland under the com-
mercial name of Growdex® with a nominal concentration of 15 g/L. TEMPO-oxidized CNF were 
prepared from spruce dissolving pulp (Paper V). Birch pulp was used to prepare CNF hydrogel 
in Paper VI. The birch pulp was bleached but never dried. Human recombinant laminin-521 
(LN-521) solutions with a stock concentration of 10 mg/mL were purchased from BioLamina, 
Sundbyberg, Sweden (Paper I-IV). PLL solution with a concentration of 1g L-1 was ordered from 
Sigma-Aldrich. GGMMA was produced by modifying GGM derived from a spruce thermome-
chanical pulp varying amounts of methacrylic anhydride 
were added to aqueous 0.1 g/mL GGM solution at 50°C. The reaction solution was kept at pH 
8.0 for 3 h. The modified GGMMA was purified, collected as dry powder and stored under 
protection from light. GGMMA with different DS of hydroxyl groups on the C6 carbon (0.18, 
0.25, and 0.4) was obtained (Paper VI). Softwood Kraft Lignin powder (UPM BioPivaTM 100) 
was used to prepare CLPs. All the other chemicals and solvents were ordered from Sigma-Al-
drich, Merck, VWR, Gibco, or Corning and  
 

3.2 Sample preparation methods 

3.2.1 Preparation of CNF dispersions, LN-521 and PLL solutions  

CNF dispersion 
CNF dispersions used in Papers I- the 
CNF hydrogel was diluted in ultrapure water, followed by ultrasonication for 1 min at 25% 

-450 D (Branson Corp., Dan-bury, CT). The mass-based 
concentrations were calculated by measuring the dry matter content of the dispersion either 
after drying in the oven or freeze-drying. CNF dispersions at concentrations of 1.35 g/L (Papers 
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I-III) and 1.9 g/L (Paper IV) were obtained. Large aggregates from the dispersion were sepa-
rated by centrifuging. A speed at 8000 × g for 30 min at room temperature was applied to the 
Eppendorf centrifuge 5804R (Eppendorf, AG, Hamburg, Germany). Only the supernatant frac-
tion was collected.  

LN-521 solution 
The LN-521 solution was diluted in Dulbecco’s phosphate-buffer saline (DPBS+, Gibco TM, 
from here on PBS+) according to the manufacturer’s instructions to obtain a final concentra-
tion of 10-2 g/L (Paper I-III) and 10-3 g/L (Paper IV). 

PLL solution 
The PLL solution with a concentration of 10 -3 g/L was prepared by diluting 1 g/L PLL solution 
in ultrapure water. 

3.2.2 Preparation of colloidal probes 

Colloidal probes were prepared by modifying tipless silicon cantilevers (CSC38/No A1, Mikra-
omasch, Wetzlar, Germany). Glass spheres with a diameter ranging from 15 to 45 m were first 
glued at the end of the cantilevers with an optical adhesive (Norland Products, inc., Granbury, 
NJ) by using a motorized PatchStar micromanipulator (Scientifica, Uckfield, UK). Then differ-
ent biomaterials were used to coat the colloidal probes under different procedures.  

CNF-coated colloidal probes 
Dip-coating was used to coat CNF on colloidal probes. Firstly, the colloidal probes were dipped 
into drops of polyethyleneimine (PEI) solution with a concentration 2.5 mg/ml for 10 min, 
followed by dipping in ultrapure water to rinse loosely adsorbed PEI. Then the PEI-coated col-
loidal probes were immersed in drops of CNF dispersions for another 10 min, again rinsed by 
dipping in ultrapure water, and subsequently dried with nitrogen gas. 
 

LN-521–coated colloidal probe 
Dip-coating was also used to prepare LN-521 coated colloidal probes. The colloidal probes were 
immersed in drops of LN-521 solution for two hours at room temperature. Before the force 
measurements, LN-521-coated probes were rinsed by dipping in 1 x DPBS+ drops. To prevent 
the LN-521 film from drying, fresh LN-521-coated colloidal probes were always prepared. 
 

3.2.3 Preparation of biomaterial films 

CNF film 
Three types of substrates were used to prepare CNF films: mica (Paper I), plastic coverslips 
(Paper II), and gold SPR sensors (Paper IV). CNF films were prepared by spin-coating on the 
substrates using the same procedure in all cases. Briefly, 2.5 mg/mL PEI was dropped to cover 
the surface of plastic coverslip, mica or ozone cleaned SPR sensor for 10 min as an adhesion 
promoter. Any loosely attached PEI was then removed by rinsing with ultrapure water. Then 
CNF dispersion was deposited on the pre-PEI coated substrates and spin coated for 1 min at 
4000 rpm with an acceleration rate of 2200 rpm/s by using spin-coater SX-6NPP-Lite (Laurell 
Technologies Corp., North Wales, PA).  



 

30 
 

LN-521 film 
The LN-521 films were prepared on plastic coverslips by the same adsorption procedure as 
preparing LN-521 coated colloidal probes. The plastic coverslips were immersed in LN-521 so-
lution for two hours at room temperature. Then the LN-521 films were stored in 1 x DPBS+ at 
4 °C until the force measurements to prevent drying.  

3.2.4 Preparation of CLPs 

CLPs were prepared based onthe solvent exchange principle. The Lignin solution was initially 
prepared by dissolving 5 g kraft lignin powder in 90 g mixture of acetone/water with a weight 
ratio of 3:1, while being stirred stirring for 3 h at room temperature. Then, the undissolved 

The 
CLPs solution, followed by dialysing against water using dialysis tubes (Spectra/Por dialysis 

ispersion with a concentration of 3.83 wt % was col-
lected after concentrating under reduced pressure at 45 °C, and filtered by using VWR quali-

 
 

A Zetasizer NanoZS90 instrument (Malvern Instruments Ltd. U.K) was used to characterize 
the size distribution and zeta potential of CLPs. The obtained CLPs had an average particle size 
of 244 ± 4 nm and  

3.2.5 Biomaterial Ink formulations for 3D printing 

TEMPO-CNF/GGMMA hydrogel ink formulation 
TEMPO-CNF/GGMMA hydrogel inks were prepared by mixing TEMPO-CNF hydrogel with 
GGMMA of varying DS in a different compositional ratio (Paper V). The formulations are 
showen in Table 3. Briefly, dried GGMMA was added into CNF hydrogel followed by heating 
at 50 °C for 5 min in a water bath, while gentlely shaking. A 0.5 w/v % photo- initiator (Irgacure 
2959) was added to all the hydrogel inks for UV cross-linking.  
 
Table 3. Formulations of TEMPO-CNF/GGMMA inks 

CNF/GGMMA ink 
 formulations 

CNF/GGMMA  
ratio 

Dry concentrations 
 in the final inks (wt%) GGMMA  

% (w/w) GGMMA CNF type 
CNF / 0 1 / 
IA 1:1 1 1 

GGMMA 0.18 IB 1:2 2 1 
IC 1:3 3 1 
IIC 1:3 3 1 GGMMA 0.25 

 

CNF-alginate-CLPs hydrogel ink formulation 
CNF-alginate-CLPs hydrogel inks were prepared by mixing CNF hydrogel and sodium alginate 
(Sigma-Aldrich) with the addition of varying amounts of CLPs (Paper VI). Five formulations 
were prepared (Table 4). A series with varying weight ratio of CLPs to CNF was designed from 
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0, 1, 5, 10 to 25 wt. % CLPs to CNF. Dry contents of CNF and alginate were kept constant for 
all five formulations at 2 and 0.5 wt. %, respectively. The procedure is shown in Figure 15. 
Alginate powder was first mixed into a CLPs dispersion. The CNF hydrogel was then mixed 

bubbles, all the formulated inks were gently centrifuged at 2000 rpm for 2 min. 
 

Table 4. Formulations of CNF-alginate-CLPs inks 

CNF-Alginate-
CLPs ink         

formulations 

CLPs/CNF CLPs CNF Na-al-
ginate 

water 
content 

(w/w) (% w/w) (% w/w) (% w/w) (% w/w) 
CNFCLP0 0 % 0.00 % 2 % 0.50 % 97.50 % 
CNFCLP5 5 % 0.10 % 2 % 0.50 % 97.40 % 

CNFCLP10 10 % 0.20 % 2 % 0.50 % 97.30 % 
CNFCLP25 25 % 0.50 % 2 % 0.50 % 97.00 % 

 

 
Figure 15. Schematic illustration of CNF-alginate-CLPs hydrogel ink preparation and 3D 
printing (Zhang et al. Biomacromolecules, 2020, Publication VI).  

3.3 Cell culture 

All cell lines used in the thesis were maintained at 37 °C with 5% CO2 in cell incubators with a 
humid atmosphere. The differences in cell culture conditions for each cell line are described 
below. 

3.3.1  Human carcinoma cell line HepG2 

HepG2 cells were ordered from ATCC (HB-8065). They were cultured in DMEM with 10% FBS 
and high glucose and pyruvate content (Gibco). For AFM force measurements, the HepG2 cells 
were maintained on uncoated plastic coverslips kept in a 12-well plate (Papers II and III). To 
ensure good attachment, HepG2 cells were maintained until reaching a confluency over 40%. 
For AFM force measurements with living cells, HepG2 cells were gently washed twice, either 
with 1 x PBS+ or 1 x PBS- depending on the experimental design. For AFM force measurements 
on dead cells, HepG2 cells were first fixed with 4% paraformaldehyde (PFA). The fixation was 
performed at RT for 10 min and followed by washing with 1 x PBS+ three times and kept at 4°C 
until performing the experiments.  
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For the in situ interaction study with SPR and the cell-toxicity test on 3D scaffolds (Papers IV 
and V), HepG2 cells were cultured in 75 cm2 cell culture flasks and passaged twice a week by 
using TrypLETM (GibcoTM, 12604-021) with a ratio of 1:4 or 1:5 when the confluency reached 
around 70-80%. The only difference is 1% of penicillin and streptomycin was added to the cul-
ture cell medium aimed for biocompatibility tests (Paper V).  

3.3.2 Human pluripotent stem cell line WA07 

The WA07 cells (WiCell) were cultured in 6-well plates coated with Matrigel in mTeSR1 me-
dium (05850, STEMCELL Technologies). The cell medium was renewed every day. When the 

-90%, cells were split with Versene 1:5000 (Invitrogen, 
15040- For AFM force measurements, the WAO7 cells were seeded 
on Matrigel coated plastic coverslips kept in 12-well plates for at least two days until the con-
fluency reached 40%. The same fixation and washing processes were done to WAO7 cells as for 
HepG2 cells (Papers II and III).  

3.3.3 Human dermal fibroblast cell (HDF) and Pancreatic tumor cell line SW-1990 
cells SW-1990 

HDF and SW-1990 cells were cultured in DMEM with high glucose content, supplemented with 
10 % of FBS, 2 mM L-glutamine and 100 IU/mL penicillin. The cells were split when the 

 

3.4 Characterization methods 

3.4.1 Sample morphology characterization  

AFM imaging 
AFM experiments were conducted by a MultiMode 8 AFM with a NanoScope V controller 
(Bruker, Santa Barbara, CA). For studying the morphologies, all the imaging processes were 
performed in air with an E scanner. Two imaging modes were used. High-resolution images on 
flat films (Papers I-V) were obtained in tapping mode with NCHV-A probes (Bruker). 
ScanAsyst mode with ScanAsyst-air probes (Bruker) were used for imaging biomaterial coated 
colloidal probes (Papers I-II) and air-dried CNF-alginate-CLPs films (Paper VI). The obtained 
images were analysed by NanoScope Analysis 1.5 software (Bruker). No corrections were ap-
plied except flattening. 

3.4.2 AFM force measurements 

The force measurements were conducted using a MultiMode 8 AFM with a NanoScope V con-
troller and a PicoForce scanner (Bruker). After mounting the AFM colloidal probes and the 
sample in the AFM liquid cell, the systems were stabilized for 10 min. The approach-retraction 

were kept in contact with the substrates for 1s, 10s and 30s before retracting. The study on 
CNF-LN521 interaction was conducted in 1 x PBS- at room temperature. CNF and LN-521 in-
teractions with living and dead cells were conducted at 37 °C and room temperature, respec-
tively.  
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The obtained raw interaction data was converted into force-versus-separation curves by using 
the AFM Force IT software (ForceIT, Sweden). The force curves were normalized by the radius 
of the colloidal probes. Adhesion energies were obtained by integrating the closed area between 
the zero baselines and retraction force curves. 
 

0.05. 

3.4.3 Surface Plasmon Resonance (SPR) 

The effect of cell medium components on HepG2 adsorption on CNF-coated SPR sensors was 
monitored with a multi-parametric SPR Navi 200 (BioNavis Ltd, Tampere, Finland) instru-
ment with an electrochemical flow-cell (SPR 321-EC, BioNavis). All the measurements were 
done in angular scan mode with a flow rate of 50 μl/min at 37 °C with two incident laser wave-
lengths (670 nm and 785 nm). Experiments were conducted in ultra- pure water when studying 
the effect of PLL and 1 x PBS+ in the case of LN-521. Respective buffer solution (ultrapure 
water or 1 x PBS+), was first injected in the flow cell for 20 to 70 min to obtain stable baselines. 
In the following steps, PLL or LN-521 solutions, and cell medium (CM) supplemented with 
10% fetal bovine serum (FBS) were injected sequentially. Then HepG2 cells suspended in ei-
ther CM or CM supplemented with 10% FBS (FBS-CM) were injected after injecting the corre-
sponding cell medium. Control experiments without PLL and LN-521 were also carried out. All 
SPR data were processed using the MP-SPR Navi Data viewer 4.3.3 software.  

3.4.4 Rheology of hydrogels 

The rheological profiles of TEMPO-CNF/GGMMA inks and CNF-alginate-CLPs inks were 
tested on a Physica MCR 301 Rheometer (Anton Paar, Austria) with a cone-plate geometry 
(ø=50 mm and 1°). The shear viscosity properties were studied with a shear rate ranging from 
0.01 to 100 s 1 at room temperature.  

 
To evaluate the mechanical strength of the hydrogels, the linear viscoelastic region (LVR) was 
first determined by conducting an oscillatory strain sweep from 0.01-100%, while the fre-
quency was kept at 1.5 Hz and 1 Hz for TEMPO-CNF/GGMMA and CNF-alginate-CLPs hydro-
gels, respectively. A strain of 1% and 0.1% were found to be within the LVR region for TEMPO-
CNF/GGMMA and CNF-alginate-CLPs hydrogels, respectively. Oscillatory measurements 
were conducted to record the storage modulus changes.  

 
For TEMPO-CNF/GGMMA hydrogel, after 2 min- measurement, a UV spotlight with a power 
of 10 mW/cm2 were added to study the impact of UV-aided gelation on the hydrogel strength. 
The strain and sweep frequency were kept constant at 1% and 1.5 Hz, respectively. For CNF-
alginate-CLPs hydrogels, the oscillation frequency measurements were conducted between 
0.01 and 650 rad/s, at both a constant strain and sweep frequency 0f 0.1% and 1 Hz, respec-
tively.  
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3.4.5 Printability and shape fidelity test 

The printability of the TEMPO-CNF/GGMMA hydrogel inks was tested with a 3D bioprinter 
from ROKIT INVIVO (ROKIT, South Korea). A screw-driven extrusion nozzle connected with 
10 cm3 syringes was used to print all the constructs. All the scaffolds were printed at a printing 
speed of 5 mm/s, with an infill of 15% and input flow of 120% controlled by the Creator K 
software (South Korea). A drop of 5% Ca2+ solution was added to crosslink the first printed 
layer. The whole scaffolds were exposed to a UV light source (Bluepoint4 ecocure, Germany) 
for UV-crosslinking for 5 min with a power of 10 mW/cm2. To check the printability and shape 

geometry with a dimension of 30 mm × 30 mm × 4.5 mm were printed.  
 

The printability of CNF-alginate-CLPs hydrogel inks was tested with a BIOX 3D printer (Cel-
link, Sweden). A pneumatic-driven print head equipped with a 3 mL cartridge (CSC010311101) 

with an 
OpenSCAD or Thinkercad software was used to design G-  
 
To test the shape-

mediately cross-linked by dipping in the 90 mM of aqueous calcium chloride (CaCl2). Then, 
al changes in 

both height and cross section were measured immediately after crosslinking and after storing 
in DPBS+ for 1-week (Publication VI).  

3.4.6 Compression test  

The compressive strength of TEMPO-CNF/GGMMA cast discs were conducted by a Shimadzu 
EZ-L universal testing machine equipped with a 10 N load cell. The cast discs were prepared 
by injecting the TEMPO-CNF/GGMMA hydrogel inks into a disc mold with a diameter of 8.0 
mm followed by 5 min UV crosslinking. Prior to the compression test, the cast discs were stored 
in 1× DPBS+ for 24 h at room temperature. The compression test was conducted at a constant 
compression speed of 0.5 mm/min and a constant displacement of 2 mm. The compressive 
Young’s modulus was calculated according to the equation: 

 = F x A x L 

 
where F is the recorded compressive force from TRAPEZIUMX software, L0 is the original 
height of the cast discs, A is the contact area between discs and the upper compression plate, 
and  was the constant displacement of 2 mm 

 
The compressive strength of CNF-alginate-CLPs scaffolds was tested on printed scaffolds with 
diameters of 1.5 cm, height of 3 mm. The scaffolds were printed with an infill density of 100% 
and were stored in 1× DPBS+ for 24 h at 4 °C before compressive strength testing. The com-
pression tests were conducted with a universal testing machine (Instron 5944) equipped with 
a 50 N load cell at compression speed of 1 mm/min. Prior to the tests, the initial dimensions of 
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a were recorded with the Bluehill 
software (Instron).  

3.4.7 Cell cytotoxicity and cell proliferation tests  

Cell cytotoxicity tests on TEMPO-CNF/GGMMA scaffolds 
TEMPO-CNF/GGMMA scaffolds with a dimension of 2.5 x 2.5 x 3 mm3 were used for biocom-
patibility tests (Paper V). The relative cell viability of HDF cells and SW-1990 cells on TEMPO-
CNF/GGMMA scaffolds was tested by the MTT assay (Sigma-Aldrich) according to the manu-
facturer’s instruction. HDF cells and SW-1990 cells with a density of 4× 104 cells/mL and 3 × 
104 cells/mL, respectively, were seeded into 96-well plates. After a 16 h incubation period, dif-
ferent TEMPO-CNF/GGMMA hydrogel inks were added to the well plates and incubated with 
cells for 24 hours. The optical density (OD) was read out at 570 nm using a microplate reader.  
 

Cell proliferation tests on CNF-alginate-CLPs scaffolds 
 
CNF-alginate-CLPs scaffolds with a height of 3 mm and a diameter of 8 mm were printed di-
rectly into 12-well plates and used for the cell cytotoxicity tests. The scaffolds were maintained 
in 1× DPBS+ at 4 °C overnight, followed by sterilization with UV light for 25 min in a laminar 
flow cabinet (KOJAIR Biowizard Silver SL-130 Blue Series) before testing (Paper VI). 
 
Two millilitres of HepG2 cells with a density of 3 x 105 cells/ml were seeded on each formulated 
scaffold from the top. The WST-1 (Sigma-Aldrich, 11644807001) assay was used for in vitro 
cytotoxicity and proliferation tests according to the supplier’s manual. When the cell incuba-
tion periods reached 1, 2, 3 and 5 days, the cells were washed with 1 x PBS- (Corning,21-040-

-1 reagent was dropped to each 
-containing well. In 2 hours, the assay solution was transferred into a new 96-well plate 

with an equal 
multimode microplate reader (Biotek, Bad Friedrichshall, Germany). To subtract the back-
ground signal, scaffolds with the same amount of cell medium without seeding cells were tested 
in the same way. 

Fluorescence microscopy imaging (Paper VI) 
Fluorescence microscopy was used to test the viability of HepG2 cells incubated on all the for-
mulated CNF-alginate-CLPs scaffolds for 1, 3 and 5 days. Calcein AM (148504-34-1, Sigma-
Aldrich) and 

once with 1 x PBS-. The mixture of 0.5 v/v% calcein AM and 0.25 v/v% PI in 1 x PBS- was added 
to the scaffolds and kept for 20 min in the cell incubator. An Axio Observer Z1 microscope (Carl 
Zeiss, Jena, Germany), equipped with an iXon Ultra 888 EMCCD camera (Andor Technology, 
Belfast, United Kingdom) and automated stage was used to acquire fluorescence images. The 

PI was obtained by an excitation wavelength range 

and ImageJ. 
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4. Results and discussion  

4.1  Interactions between CNF, LN 521 and cells 

4.1.1 Morphologies of CNF and LN-521 films on flat substrates and colloidal probes 

The successful coating of biomaterials on both the substrates and colloidal probes are essential 
for reliable measurements of biomaterial-biomaterial and biomaterial-cell interaction by CPM. 
The high-resolution height images revealed successful adsorption of LN-521 and CNF on both 
flat substrates (plastic coverslip and mica, respectively) and on spherical glass colloidal probes. 
The LN-521 coated flat substrate and colloidal probe showed similar mesh-like structures. 
(Figure 16a and Figure 16c) The CNF coated flat mica surface and colloidal probe had obvious 
fibral networks. (Figure 16b and Figure 16d). The roughness of LN-521 (7.2 ± 1.1 nm) and CNF 
(17.7 ± 1.5 nm) coating on the spherical glasses probes is larger than those on the flat substrates 
(3.22 ± 0.22 nm and 10.9 ± 1.1 0.6 nm for LN-521 and CNF respectively) due to the roughness 
of the  glass spheres used as probes (Publication I).  

 

 
Figure 16. AFM height images and the corresponding cross-section profiles of LN-521 and 
CNF films on both flat substrates (a-b) and on spherical colloidal probes (c-d). The scale bar 
is 200 nm in all images. The corresponding cross-section profiles of the white lines are shown 
in (e-h), respectively. Reproduced from Publication I. 
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4.1.2 CNF and LN-521 interactions with living cells 

The retraction force curves between biomaterial-coated colloidal probes and cells seeded on a 
flat substrate showed that the adhesion of CNF and LN-521 to both HepG2 cells and WA07 
cells was time dependent. The adhesion energy increased with increased contact time (Figure 
17). LN-521 showed strong adhesion to living HepG2 and WA07 cells with a long range up to 
12 ion to cells with a shorter range of 
That indicated a different adhesion origin. LN-521, as one of the ECM proteins, is expected to 
interact with cells through the membrane protein integrins.203 Both HepG2 and WA07 cells 
express laminin binding integrin subunits , among other integrin subtypes.204,205 On 
the other hand, other cell surface-associated molecules like dystroglycans and syndecans can 
interact with laminin directly. These interactions could be the reason for the observed strong 
adhesion of LN-521 to both cell types. The negligible interactions between CNF and the cells 
are in line with the reported results that polysaccharides generally have weak interactions with 
cells.206  

 
Figure 17. Representative normalized retraction force curves (normalized by the colloidal 
probe radius R) between different biomaterials and living cells after different contact times 
(1 s, 10 s, and 30 s): (a) HepG2-LN521, (b) HepG2-CNF, (c) WA07 - LN-521, and (d) WA07 - 
CNF.  

Role of integrins on cell-biomaterials interactions 
A further study was conducted to investigate the role of integrins in the cell-biomaterial inter-
action forces in our systems. A common approach to ascertain the specificity of integrin-medi-
ated interactions is the use of blocking antibodies.207,208 However, the cells used in this work 
express different types of integrins for laminin, which makes it very difficult to efficiently block 
all specific bonds using antibodies. Instead, a different approach was used in this work. The 
formation of specific integrin-laminin bonds was inferred from the effect of cell viability and 
divalent cations on the cell-biomaterial adhesion.  
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Integrin conformation and activation depend on cell viability. Thus, if integrins play a main 
role in cell-biomaterial interactions, adhesion trends are different for living or dead cells The 
interactions of LN-521 and CNF with dead and living cells were compared (Figure 18). Remark-
able differences in the maximum detachment force and the adhesion energy were observed for 
LN-521 between dead and living cells. The adhesion of LN-521 was considerably stronger to 
living cells, in line with the larger amount of activated integrins on the membrane of those cells. 
Thus, the dependence on cell viability suggests that the interactions between LN-521 and cells 
are mediated by integrins. In contrast, interactions between CNF and cells were not affected 
by cell viability, indicating a non-specific interaction. Interestingly, the adhesion energy be-
tween LN-521 and dead HepG2 and WA07 cells was of similar magnitude as for CNF-cells, 
suggesting that the interactions between LN-521 and dead cells were mainly non-specific, that 
is, not mediated by integrins. 

 
Figure 18. Effect of cell viability on cell-biomaterials interactions. Retraction force curves 
(normalized by the colloidal probe radius R) between LN-521 or CNF-coated colloidal probes 
and living or dead HepG2/WA07 cells measured in PBS+ after 30 s contact time (a-c). Mean 
values of adhesion energy and maximum detachment force after 30 s contact time are com-
pared in (d) and (e), respectively. 

 0.05) are marked with *. A number of 55, 66, 34, 26, 18, and 27 force curves 
were analyzed for dead HepG2-CNF, dead HepG2-LN-521, dead WA07-LN-521, living 
HepG2-CNF, living HepG2-LN-521, and living WA07-LN-521 systems, respectively. For the 
dead HepG2-CNF, dead HepG2-LN-521, living HepG2-LN-521, and living WA07-LN-521 sys-
tems, two experiments were performed on different days. 

Cations plays an important role in cell adhesion. Mg2+ ions have been reported to promote 
integrin activation, while Ca2+ may either hinder or promote integrin activation depending on 
the concentration.128,129 Therefore, we can get information about the activation of integrins and 
the formation of specific integrin-ligand bonds by studying the effect of Ca2+ and Mg2+ ions on 
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biomaterials-cells interactions. Thus, force measurements between LN-521 or CNF-coated 
probes and living HepG2 cells were carried out in the presence (1 x PBS+ with a concentration 
of 0.49 mM Mg2+ and 0.9 mM Ca2+) and in the absence (1 x PBS-) of Ca2+ and Mg2+ in the 
medium. As shown in Figure 19, the adhesion between LN-521 and HepG2 cells was enhanced 
by the presence of Ca2+ and Mg2+. In contrast, CNF showed similar low adhesion to living 
HepG2 cells both in the presence and absence of divalent cations. These observations support 
the hypothesis that CNF-cell interactions are non-specific and thus, not affected by Ca2+ and 
Mg2+, whereas specific integrin-mediated bonds dominate the interaction of LN-521 with living 
HepG2 cells. 
 

 
 

Figure 19. E ect of divalent cations Mg2+ and Ca2+  Retrac-
tion force curves (normalized by the colloidal probe radius R) between LN-521 or CNF-coated 
colloidal probes and living HepG2 cells measured in PBS+ and PBS- after 30 s contact time 
(a,b) Mean values of adhesion energy and maximum detachment force after 30 s contact time 
are compared in (c) and (d), respectively. Error bars are standard errors of mean, and 

 0.05) are marked with *. 

Correlations between force measurements and in vitro cell culture tests 
The in vitro 2D cell culture on both LN-521-coated and CNF-coated plastic coverslips are 
shown in Figure 20. A clear correlation between the in vitro 2D cell culture tests and the force 
measurement results was observed. A higher confluency and ideal cell morphology were ob-
served on LN-521 coated plastic coverslips. On the contrary, neither HepG2 nor WA07 grew 
on CNF coated plastic coverslips. The 2D cell culture tests and the AFM force experiments 
indicated that a strong adhesion energy is needed for successful cell proliferation on a material 
in 2D cell cultures. The results are meaningful for 3D cell cultures as well, since cells in 3D 
structures interact with the surrounding biomaterial with similar interactions. Cells have been 
successfully cultured in 3D CNF hydrogels.49,209 CNF is an ideal biomaterial to keep and carry 
undifferentiated spheroids.209 Our findings suggest that the low adhesion between CNF and 
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cells can favour cell-cell contact over cell-CNF contact, facilitating the formation of 3D sphe-
roids within the CNF hydrogel network. The low adhesion of cells to CNF also means negligible 
signalling to trigger stem cell differentiation, which can explain why CNF hydrogels can keep 
the 3D spheroids undifferentiated for long time.209 On the other hand, for the design of 3D cell 
culture models where cell differentiation is intended, modifying CNF with ECM proteins like 
laminin may provide a solution for the low adhesion between cells and CNF. 

 
Figure 20. HepG2 and WA07 cells cultured on a control matrix (plastic and Matrigel respec-
tively), on LN-521 and CNF after 20 hours culture. Reproduced from Publication II. 

4.1.3 CNF-LN521 interaction 

As aforementioned, the use of CNF in 3D culturing may be limited by its poor adhesion with 
cells.209 Coating with ECM proteins may promote the cell adhesions. Thus, it is essential to 
study how CNF interact with ECM proteins, like laminin. In this thesis, CNF-LN521 interac-
tions were quantified by AFM force measurements and compared with CNF-CNF interactions. 
The adhesion energy increased with an increasing contact time. At 30s contact time, the ob-
served adhesion energy between a CNF coated probe and LN-521 films (0.044 ± 0.018 nJ/m), 
was similar in magnitude to the self-adhesion energy of CNF (0.028 ± 0.015 nJ/m Publication 
I). Nevertheless, that adhesion could be strong enough to successfully coat CNF with LN-521. 

 
Figure 21. Representative retraction curves between CNF and LN-521 films and CNF films 
at different contact times. 
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4.2 Effect of LN-521 and poly-L-lysine on the HepG2 interaction with cellulose 
nanofibrils  

As indicated in the previous section, LN-521 displayed a low adhesion energy to CNF. Despite 
that, it was hypothesized that LN-521 could be used to modify CNF to enhance cell adhesion 

at least to some extent , since cells grew well on LN-521 films but not on pure CNF. PLL, a 
cationic protein, has been used to increase the adhesion of negatively charged wax particles to 
CNF,210 and to facilitate cell adhesion on other substrates.158,211,212 Thus, PLL could be an alter-
native candidate to enhance cell adhesion to CNF. Hence, the effect of LN-521 and PLL, to-
gether with other factors in cell culture medium, on HepG2 attachment to CNF films was stud-
ied by SPR experiments.   

4.2.1 Morphologies of CNF films on the SPR sensors 

All the SPR experiments were carried out on CNF coated SPR sensors. To ensure successful 
coating, high-resolution AFM images were taken at different places of the spin-coated CNF 
film on an SPR sensor. A typical fibrillar network of CNF that fully covered the gold surface of 
the SPR sensors is shown in Figure 22. The CNF films had a root mean square (RMS) rough-
ness of 4.4 ± 0.1 nm and a thickness around 8 nm. The thickness of the CNF films was in the 
same range as previously reported for CNF films prepared with the same protocol.213,214 

 
Figure 22.(a) AFM height image of CNF spin-coated on a SPR sensor; and (b) cross-section 
profile corresponding to the white line in (a). 

4.2.2 Effect of LN-521 on HepG2 adsorption on CNF films 

The effect of LN-521 and fetal bovine serum (FBS) on HepG2 adsorption on CNF films is shown 
in Figure 23. After equilibration of CNF films in PBS+, a stepwise introduction in the SPR 
chamber of LN-521 solution, cell medium (CM) or FBS containing CM (FBS-CM), HepG2 cells 
in the previously introduced cell medium (CM or FBS-CM), and a final rinsing with the corre-
sponding cell medium were conducted. Control experiments were also done in the absence of 
LN-521 and FBS. 

 
The initial adsorption of HepG2 cells in CM and FBS-CM on LN-521 coated CNF was observed 
to be similar (Figure 23a). However, some of the adsorbed HepG2 cells were detached during 
rinsing in the system with FBS. Figure 23b showes the net changes in the peak minimum angle 
(PMA) due to the adsorption of HepG2 cells after rinsing with the corresponding medium. 
Compared to the control experiment, the adsorption of HepG2 suspended in FBS-free CM on 
CNF films was enhanced by the presence of LN-521. The reason might be the formation of 
specific bonds between laminin and HepG2 integrins.204 In contrast, the adsorption of FBS 
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from the cell medium reduced the HepG2 adsorption, indicating that FBS could block the lam-
inin-integrin binding and, consequently, hindered HepG2 attachment to LN-521 modified CNF 
films. 
 

 

Figure 23. Effect of LN-521 and FBS on HepG2 adsorption on CNF-coated SPR sensors. (a) 
SPR sensograms showing the peak minimum angle (PMA) as a function of time during the 
sequential adsorption of LN-521, CM components (with and without FBS) and HepG2 cells 
suspended in CM (with and without FBS, purple and orange lines, respectively). A control 
experiment without LN-521 and FBS is also shown (black line). The times of injection of LN-
521 solution, CM (with and without FBS) and HepG2 cells suspended in CM (with and without 
FBS) are indicated with arrows (LN-521, CM or FBS-CM, and HepG2 (CM) or HepG2 (FBS-
CM), respectively), as well as the rinsing with PBS+. (b) Change in PMA at 670 nm and 785 
nm wavelengths due to the adsorption of HepG2 cells on different CNF films with and without 
adsorbed LN-521 and FBS. Mean values and standard deviations (error bars) of 2 to 4 inde-
pendent experiments are shown. (Publication IV). 

4.2.3 Effect of PLL on HepG2 adsorption on CNF films 

The effect of PLL on HepG2 adsorption on CNF films is shown in Figure 24. The experiments 
were conducted in a similar way as for the LN-521 systems. A stepwise introduction of PLL, 
CM with or without supplemented FBS, HepG2 cells in CM or FBS-CM, and a final rinsing with 
the corresponding cell medium were performed (Figure 24a). A control experiment without 
PLL and FBS was also conducted. HepG2 adsorption was indicated by the changes in PMA 
after the injection of HepG2 cells suspended in both CM and FBS-containing CM. There was 
no cell detachment during the final rinsing with the corresponding cell medium, suggesting a 
stronger HepG2 adhesion to PLL coated CNF than the adhesion to LN-521 coated CNF. Simi-
larly, as for LN-521, PLL was observed to enhance the HepG2 adsorption on CNF films in the 
absence of FBS (Figure 24b). That enhancement in cell adsorption can be due to favorable 
electrostatic interactions between the positively charged protein PLL and the negatively 
charged cell membranes. On the other hand, the presence of FBS cancelled the effect of PLL, 
resulting in PMA values for HepG2 adsorption similar or only slightly higher than the ones 
observed without PLL. The capability of serum proteins (especially bovine serum proteins, 
BSA) to reduce non-specific interactions has been extensively used in biological applications 
like immunoassays and targeted biomedical imaging.215,216 The lower HepG2 adsorption in the 
presence of FBS might be a consequence of the antifouling property of BSA, which can reduce 
the non-specific cell-PLL attractive electrostatic interactions and, correspondingly, the HepG2 
adhesion. 
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Figure 24. Effect of PLL and FBS on HepG2 adsorption on CNF-coated SPR sensors. (a) SPR 
sensograms showing the peak minimum angle (PMA) as a function of time during the se-
quential adsorption of PLL, CM components (with and without FBS) and HepG2 cells sus-
pended in CM (with and without FBS, blue and magenta lines, respectively). A control exper-
iment without PLL and FBS is also shown (black line). The times of injection of PLL solution, 
CM (with and without FBS) and HepG2 cells suspended in CM (with and without FBS) are 
indicated with arrows (PLL, CM or FBS-CM, and HepG2 (CM) or HepG2 (FBS-CM), respec-
tively), as well as the rinsing with water. (b) Change in PMA at 670 nm and at 785 nm wave-
lengths due to the adsorption of HepG2 cells on different CNF films with and without ad-
sorbed PLL and FBS. (Publication IV). 

4.3 CNF based 3D printed scaffolds 

The fundamental knowledge of cell - CNF interactions is highly meaningful for the design of 
CNF scaffolds for biomedical applications. The work on 3D printing scaffolds using different 
CNF and additives is presented in this section. Specifically, the role of GGMMAs (Publication 
V) and CLPs (Publication VI) on printability, mechanical properties and the cell cytotoxicity of 
the 3D printed scaffolds is discussed. 

4.3.1 Rheological properties of biomaterial inks 

To ensure printability, rheology tests were done on both the TEMPO-CNF/GGMMA inks and 
the CNF-alginate-CLPs inks. Typical shear-thinning profiles were obtained for all the formu-
lated inks. It has been reported that soluble compounds like alginate and pectin have less effect 
on the hydrogel viscosity than the CNF concentration when the solid content of CNF hydrogel 
is below 4%.217,218 As indicated from Figure 25a and 25b, both the TEMPO-CNF/GGMMA inks 
and the CNF-alginate-CLPs inks showed similar viscosities except for the zero-shear rate vis-
cosity. Inclusion of GGMMAs decreased the zero-shear viscosity, while inclusion of CLPs in-
creased the zero-shear viscosity (Figure 25a and b). The decrease in viscosity observed for inks 
with GGMMA indicates that hemicelluloses interfere with the CNF network while solid CLPs 
had a stiffening effect on the CNF-alginate-CLPs hydrogels.200 
 
As shown in Figure 25c, the crosslinking of GGMMA influenced the storage modulus of 
TEMPO-CNF/GGMMA inks. The higher the degree of crosslinking, the higher G´ was ob-
tained. The UV spotlight was shone on the TEMPO-CNF/GGMMA inks 2 minutes after starting 
the oscillation measurements. The UV-triggered polymerization provoked an increase in the 
storage modulus (G´) until a plateau was reached within 3 minutes (Figure 25b). It can be 
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observed in Figure 25b that higher values of G´ were obtained when the content of GGMMA 
increased from IA to IB and IC inks. On the other hand, when keeping the TEMPO-
CNF/GGMMA ratio constant at 1:3, G´ increased when the DS values of GGMMA increased. 
Additionally, changes in the GGMMA concentration seem to affect G´ values more than 
changes in the DS of GGMMAs. The maximum G´ value assigned to the ink IIC formulated 
with 3% GGMMA 0.25 and 1 wt. % of CNF was 60 kPa. This value is even higher than the G´ 
values of 17.5% GelMA solution in DPBS,219 indicating that the systems of TEMPO-
CNF/GGMMA have great potential to form strong materials.  

 
 

Tan value below one suggested that all the formulated CNF-alginate-CLPs inks had a gel-like 
nature (Figure 25d), enabling the biomaterial inks to maintain the filament structure while 
printing, and recover gel-like structure after printing.220,221 
 
Overall, the series of TEMPO-CNF/GGMMAs inks and CNF-alginate-CLPs hydrogel inks are 
suitable for 3D printing. 

 
Figure 25. Rheology data of the formulated biomaterial inks: dynamic viscosity profile of (a) 
TEMPO-CNF/GGMMA inks and (b) CNF-alginate-CLPs inks; (c) storage modulus profiles of 
TEMPO- -alginate-CLPs inks. Ink of series 
I is composed of 1 wt. % of CNFs and GGMMA 0.18, the GGMMA 0.18/ CNFs ratios are 1:1, 
2:1, and 3:1 for IA, IB and IC, respectively. Ink IIC is composed of 1 wt. % CNFs and GGMMA 
0,25, the GGMMA 0,25 / CNFs ratios are 2:1 and 3:1, respectively. The relative ratio between 
dry CLPs and CNF are 0%, 5%, 10%, 25% in CNFCLP0, CNFCL5, CNFCLP10 and CNFCLP25, 
respectively.  
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4.3.2 Printability and mechanical properties of 3D printed scaffolds 

Printability refers to the print resolution and precision of the scaffold structures. It is an im-
portant aspect to consider when choosing the appropriate printing materials. The scaffolds 
printed from both TEMPO-CNF/GGMMA inks and CNF-alginate-CLPs inks displayed sharp 
visible lines (Figure 26 a, b, and d). The printability of inks formed by 1 wt.% TEMPO-oxidized 
CNFs was demonstrated. The printed scaffolds from ink IA and IIB indicated that the addition 
of GGMMA does not affect the printability.222,223 As shown in Figure 26a, the printed spruce 
tree model demonstrates that the formulated TEMPO-CNF/GGMMA inks are capable of print-
ing big but still intricate structures. In Figure 26c, a more visible grid line was observed in the 
printed scaffolds with rising CLPs concentrations, indicating that the addition of CLPs can im-
prove the print resolution. This result matches the rheology results of the hydrogel inks where 
the zero-shear rate viscosity was observed to increase with the concentration of CLPs. The pos-
sible reason for the enhanced printing resolution is that the added CLPs form hydrogen bonds 
with CNF,200,224 stabilizing physically stabilizing the CNF networks and preventing the aggre-
gation of CNF fibrils during extrusion.  
 
Shape fidelity is crucial, especially when considering scaffold storage for later applications. The 
scaffold printed with ink IA can be lifted even with a spatula, indicating a high mechanical 
strength to keep the structure intact (Figure 26b). In the other system, the comparison of the 
dimensions of CNF-alginate scaffolds immediately after crosslinking in CaCl2 and after storing 
in 1x DPBS+ for one week revealed an obvious improvement in shape fidelity after including 
CLPs in the scaffolds (Publication VI). This could be due to the participation of CLPs in the 
Ca2+-introduced crosslinking between carboxyl groups of alginate. The zeta potential of the 
CLPs used in this work was -37 mV, much higher than -3 mV reported for CNF prepared from 
the same pulp used here.225 This indicates that, compared to CNF, CLPs have more carboxyl 
groups at the surface available for crosslinking with Ca2+. 
 
As mentioned above, the stiffness of the material affects cell behaviours in the cell cultures. 
Biomaterials with different stiffness may induce varying cell phenotypes and cause a different 
cell growth rate.226 The mechanical strength in terms of compressive Young’s moduli of the 
scaffolds printed with all the ink formulations was tested (Publication V and VI). The compres-
sive Young’s moduli were calculated from the collected strain-stress curves. As shown in Figure 
26c, a tuneable compressive stiffness ranging from 2.5 to 22.5 kPa was achieved by varying the 
DS and dosage of GGMMA. In addition, it was also observed that the concentration of GGMMA 
seems to affect the stiffness of the scaffolds more than the DS. Nevertheless, it should be taken 
into account that the difference in DS of the GGMMA used in inks IC and IIC is relatively small. 
Compared to TEMPO-CNF/GGMMA scaffolds, lower compression moduli between 1.3 kPa 
and 1.5 kPa were obtained for CNF-alginate-CLPs scaffolds, with no significant effect of the 
CLPs concentration (Figure 26e). Unmodified and low charged CNF was used in CNF-alginate-
CLPs scaffolds, whereas high charged TEMPO-CNF was used in TEMPO-CNF/GGMMA 
scaffolds. The larger number of deprotonated carboxyl groups in TEMPO-CNF provoked a 
stronger electrostatic repulsion between the fibrils and resulted in a stiffer TEMPO-TEMPO-
CNF/GGMMA scaffolds than CNF-alginate-CLPs scaffolds.227. Interestingly, the moduli ob-
tained here are suitable for live cell culturing.226 The broad spectrum of TEMPO-CNF/GGMMA 
cast disc stiffness demonstrates a great potential for culturing different cell lines. 
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Figure 26. Printed TEMPO-CNF-GGMMAs scaffolds models: (a) by ink IIB after crosslinking 
with a spruce tree model; (b) by ink IA after cross-linking and handling with a spatula. (c) 
Compressive Young’s modulus pro les of the cast disc with all ink formulations. (d) Photos of 
the printed CNF-alginate-CLPs scaffolds taken both after immediately crosslinking in CaCL2 
solution and after 1- week storage in 1 x DPBS+ with scale bars of 0.5 cm. (e) Compressive 
Young’s modulus of CNF-alginate-CLPs scaffolds printed with 100% infill density after stor-
ing in 1 x DPBS+ overnight. 

4.3.3 Cell cytotoxicity and cell proliferation 

Biocompatibility refers to the ability of materials performing desired functions without elicit-
ing local or systemic adverse responses in the recipient of the material. Biocompatibility is de-
manded in designing biomaterials.228 CNF based biomaterial inks have displayed good bio-
compatibility with living human nasoseptal chondrocytes and human bone-marrow-derived 
mesenchymal stem cells MSC).229–231 It was assumed that the inclusion of GGMMA or CLPs 
should not affect the biocompatibility of CNF scaffolds, but experimental confirmation was 
required. 

Cell Cytotoxicity on TEMPO-CNF/ GGMMA scaffolds 

HDF and SW-1990 were seeded on the scaffolds and incubated for 1 day. The cell cytotoxicity 
was evaluated after one day incubation by the MTT assay.  
 
According to the relative cell survival rate shown in Figure 27, both HDF and SW-1990 cell 
lines showed similar cell viability rate on all the formulated scaffolds with the reference CNF 
scaffold. This indicated that all the scaffolds formulated from TEMPO-CNF/GGMMA hydrogel 
inks demonstrated good biocompatibility for the two cell lines. 
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Figure 27. Cell cytotoxicity test on the seeding matrices printed with all the ink formulations 
for HDF and for SW-1990 after 24h of incubation using the MTT assay. A cell seeding density 
of 4 × 103 cells/well and 3 × 103 cells/well were used for HDF and for SW-1990 respectively. 
The reported values are reported as the average of two parallel samples.  

Cell cytotoxicity of CNF-alginate-CLPs scaffolds 
According to the compression moduli, the series of CNF-alginate-CLPs scaffolds are suitable 
for liver cell cultures. Liver is the main detoxing organ. Thus, HepG2 cells originated from liver 
cancer cells were used to test the cell cytotoxicity of all the formulated CNF-alginate-CLPs scaf-
folds.  
 
HepG2 cells were seeded on the series of CNF-alginate-CNF scaffolds for 5 days. Cell viability 
and proliferation were tested by the WST-1 assay. Since the CNF-alginate based biomaterial 
inks have demonstrated good biocompatibility with several cell lines,229–231 the cell cytotoxicity 
results of CNF-alginate-CLPs scaffolds were compared with those of CNF-alginate scaffolds 
without CLPs (CNF-CLP0). HepG2 displayed extensive growth on all the formulated scaffolds 
(Figure 28a). A double number of HepG2 cells was obtained after culturing in completed me-
dium for 2 days.232 A similar result was obtained on the scaffolds. According to the optical den-
sity, HepG2 cells started attaching to the scaffolds on day 1, and a doubling of cells was ob-
tained on day 2, with an exception of CNF-CLP25. CLPs with considerable amount of carboxyl, 
aliphatic and phenolic hydroxyl groups form hydrogen bonds with CNF, correspondingly re-
ducing CNF interactions with water.200 Thus, scaffolds with CLPs had a denser structure. We 
speculate the CNF-CLP25 of denser structure may demonstrate limited porosity for cell 
spreading and nutrient transportation. Hence, a lower cell proliferation rate was observed on 
CNF-CLP25.  
 
To get more information on the spatial location of cellular proliferation inside the scaffolds, 
fluorescence microscopy images on CNF-CLP25 were taken as an example. By staining with 
calcein-AM and propidium iodide (PI), fluorescence microscopy was able to monitor HepG2 
growth inside the scaffolds over longer periods. 3D reconstruction Z-stack images are shown 
in Figure 28 b and c with a maximum height of 800 . Cells were mainly located on the 
surface of the scaffolds, indicating an initial attachment on day 1. After 5days incubation, a 
significant increased fluorescence signal was detected. In addition, an increased number of 
cells were found at different heights (Z-directions). This result indicates that even with the 
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highest CLPs concentration, cells do not proliferate only on the surface but also inside the scaf-
folds. This is agreement with previous research where lignin particles were found to cause no-

-pectin-poly (acrylic acid) hydrogel.201  

 
Figure 28. Biocompatibility test. (a) HepG2 proliferation on all the formulated CNF-alginate-
CLPs scaffolds on day 1, day 2, day 3 and day 5. 3D reconstruction from Calcein AM and PI 
staining Z-stacks (5 m spacing) of a CNF-CLP25 sca old after 1 day (b) and 5 days (c) of 
incubation, which displays the growth of HepG2 in the horizontal and vertical direction. 

Overall, the obtained results indicate TEMPO-CNF/GGMMA and CNF-alginate-CLPs scaffolds 
are biocompatible and have great potential for biomedical applications. 
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5. Conclusions and outlook  

The general objectives of this thesis work were to elucidate how the interactions between living 
cells and biomaterials influence the cell behaviour, and to develop three-dimensional (3D) cell 
culture models based on this detailed, quantitative information. Thus, the experiments in-
cluded atomic force measurements, real-time monitoring of cell adsorption onto the CNF sub-
strates, feasibility of 3D printing tests and characterization of the 3D printed scaffolds. Natural, 
unmodified and functionalized wood-based biomaterials like cellulose nanofibrils (CNF and 
TEMPO-CNF), spherical lignin nanoparticles (CLPs), and galactoglucomannan methacrylate 
(GGMMA) were studied together with alginate, poly-L-lysine (PLL), and extracellular matrix 
derived laminin 521 (LN-521), due to their non-toxicity and sustainability.  
 
From a methodological perspective, one of the most important advances brought by this work 
was the development of an experimental method based on colloidal probe microscopy 
(CPM)  to quantify the biomaterial-cell interactions that was suitable for delicate stem cells. 
The quantitative analysis of the biomaterial-cell adhesion together with the observations from 
2D cell culture tests revealed that at least 0.23 nJ/m adhesion energy is required for cell at-
tachment and growth. Another advance was the successful application of surface plasmon res-
onance (SPR) to monitor the real time adsorption of cells on CNF substrates. SPR simplified 
the complicated sample preparation procedure in CPM. The last important advance was the 
fabrication of high resolution, stable, biocompatible and tuneable CNF-based scaffolds by the 
3D printing technique. 
 
From the knowledge perspective, one of the main results of this work was that CNF displayed 
non-specific and low adhesion to cells. The low adhesion to cells renders CNF a good candidate 
material to grow cell spheroids and keep stem cells undifferentiated. Moreover, it was found 
that coating CNF with LN-521 or PLL effectively enhanced cell adsorption on CNF substrates. 
Thus, CNF coated with laminin can facilitate controlling cell growth and differentiation. An-
other key finding was that TEMPO-CNF/GGMMA scaffolds can be prepared with a wide range 
of mechanical strength (2.5 kPa to 22.5 kPa) by tuning the dosage or degree of substitution of 
GGMMA. In addition, the CNF-alginate based scaffolds is generally bio-inert, but the inclusion 
of CLPs provided the scaffolds with antioxidant properties.  
 

Since the human body lacks the enzymes to degrade cellulose, CNF based scaffolds are in prin-
ciple limited to in vitro use when degradation is required. Moreover, the bioinert character of 
CNF can also hinder its utilization in certain tissue engineering applications where other nat-
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ural ECM derived material can offer better performance. Thus, the development of biodegrada-
ble, functional CNF composite scaffolds is a hot research line with high potential in biomedical 
applications.  
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