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Abstract
Biobased-materials with customized scaffolds have played a prominent role in the success of tissue engineering (TE).
Cellulose nanomaterials (CNM) isolated from the abundant biopolymer, cellulose, is explored in this thesis for TE
engineering due to its versatile properties such as biocompatibility, high specific strength, surface functionality and
water retention capacity. Hydrogel formation capability of CNM at low concentrations (1–2 wt%) and shear thinning
behavior has facilitated its use in 3-dimensional (3D) printing as a fabrication technique for 2-dimensional (2D) and 3D
scaffolds. This technique offers 3D scaffolds with tailored, controlled and complex geometries having precise micro and
macro scaled structures. The current work focuses on CNM-based 3D printed hydrogel scaffolds with tuned composition
and pore structure for cartilage and bone regeneration. Design of CNM hydrogel formulations with suitable rheological
properties, hydrogel inks capable of ex-situ crosslinking, print resolution during printing due to swelling and mechanical
and dimensional stability of the printed scaffolds in moist environment are key challenges that were addressed.

Inspired by the hierarchical and gradient nature of natural tissues 3D printed hydrogel scaffolds with gradient pore
structure and composition are reported for the first time with focus on cellulose nanocrystals (CNC) and TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl radical)-oxidized cellulose nanofibers (TOCNF) based hydrogel ink printing for advanced
and functional scaffolds.

CNC-based hydrogel ink was used to 3D print uniform and gradient porous cubic scaffolds for cartilage regeneration.
This work highlighted the importance of nozzle movement to obtain high resolution scaffolds with higher z-axis. The
anisotropic rigid CNC aligned themselves along the printing direction due to the shear induced orientation that was
quantified between 61–76%. To obtain adequate mechanical properties (0.20–0.45 MPa) suitable for cartilage regeneration,
the hydrogel ink solid content was increased almost two-fold (5.4 wt% to 9.9 wt%) while exhibiting and mimicking the
viscoelasticity of natural cartilage tissues. To improve the bioactivity of the CNC-based 3D printed scaffolds, a surface
treatment through dopamine coating was performed. This coating enhanced the hydrophilicity and capability of 3D printed
scaffolds to bind bioactive molecules such as fibroblast growth factor (FGF-18) for soft TE scaffolds.

Surface functionality of TOCNF was utilized to fabricate functional hybrid scaffolds (CelloZIF-8) through one-pot in-
situ synthesis of Metal-Organic frameworks (MOFs) with varied ZIF-8 loadings (30.8–70.7%). The inherent porosity of
the ZIF-8 was used for loading and stimuli-responsive (pH-dependent) releasing of drug molecule such as curcumin. The
developed CelloMOF system was extended to other MOFs (MIL-100) and drugs (methylene blue). The shear thinning
property of TOCNF was reserved after MOFs hybridization and was used to 3D print porous scaffolds with excellent
shape fidelity. In Cello-Apatite, TOCNF was also used as template for in-situ synthesis of hydroxyapatite (HAP) where the
HAP loading was 67 wt% to mimic the bone composition. In an attempt to address both cartilage and bone regeneration,
a biphasic osteochondral 3D printed hydrogel scaffold has been introduced with tuned composition, pore structure and
mechanical properties.

The work presents a sustainable, cost effective and scalable approach for TE using biobased and toxic free water-based
formulations using low temperature processes that are extendable to other biomaterials as well as to other applications,
such as water treatment.

Keywords: Nanocellulose materials, 3D printing, gradient biphasic hydrogel scaffolds, metal-organic frameworks,
hydroxyapatite, cartilage and bone regeneration, osteochondral scaffolds.
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Abstract 

Biobased-materials with customized scaffolds have played a prominent role in the success of 
tissue engineering (TE). Cellulose nanomaterials (CNM) isolated from the abundant 
biopolymer, cellulose, is explored in this thesis for TE engineering due to its versatile properties 
such as biocompatibility, high specific strength, surface functionality and water retention 
capacity. Hydrogel formation capability of CNM at low concentrations (1–2 wt%) and shear 
thinning behaviour has facilitated its use in 3-dimensional (3D) printing as a fabrication 
technique for 2-dimensional (2D) and 3D scaffolds. This technique offers 3D scaffolds with 
tailored, controlled and complex geometries having precise micro and macro scaled structures. 
The current work focuses on CNM-based 3D printed hydrogel scaffolds with tuned composition 
and pore structure for cartilage and bone regeneration. Design of CNM hydrogel formulations 
with suitable rheological properties, hydrogel inks capable of ex-situ crosslinking, print 
resolution during printing due to swelling and mechanical and dimensional stability of the 
printed scaffolds in moist environment are key challenges that were addressed.    

Inspired by the hierarchical and gradient nature of natural tissues 3D printed hydrogel scaffolds 
with gradient pore structure and composition are reported for the first time with focus on 
cellulose nanocrystals (CNC) and TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical)-
oxidized cellulose nanofibers (TOCNF) based hydrogel ink printing for advanced and 
functional scaffolds.  

CNC-based hydrogel ink was used to 3D print uniform and gradient porous cubic scaffolds for 
cartilage regeneration. This work highlighted the importance of nozzle movement to obtain high 
resolution scaffolds with higher z-axis. The anisotropic rigid CNC aligned themselves along 
the printing direction due to the shear induced orientation that was quantified between 61–76%. 
To obtain adequate mechanical properties (0.20–0.45 MPa) suitable for cartilage regeneration, 
the hydrogel ink solid content was increased almost two-fold (5.4 wt% to 9.9 wt%) while 
exhibiting and mimicking the viscoelasticity of natural cartilage tissues. To improve the 
bioactivity of the CNC-based 3D printed scaffolds, a surface treatment through dopamine 
coating was performed. This coating enhanced the hydrophilicity and capability of 3D printed 
scaffolds to bind bioactive molecules such as fibroblast growth factor (FGF-18) for soft TE 
scaffolds.  

Surface functionality of TOCNF was utilized to fabricate functional hybrid scaffolds (CelloZIF-
8) through one-pot in-situ synthesis of Metal-Organic frameworks (MOFs) with varied ZIF-8 
loadings (30.8–70.7%). The inherent porosity of the ZIF-8 was used for loading and stimuli-
responsive (pH-dependent) releasing of drug molecule such as curcumin. The developed 
CelloMOF system was extended to other MOFs (MIL-100) and drugs (methylene blue). The 
shear thinning property of TOCNF was reserved after MOFs hybridization and was used to 3D 
print porous scaffolds with excellent shape fidelity. In Cello-Apatite, TOCNF was also used as 
template for in-situ synthesis of hydroxyapatite (HAP) where the HAP loading was 67 wt% to 
mimic the bone composition. In an attempt to address both cartilage and bone regeneration, a 
biphasic osteochondral 3D printed hydrogel scaffold has been introduced with tuned 
composition, pore structure and mechanical properties.   

The work presents a sustainable, cost effective and scalable approach for TE using biobased 
and toxic free water-based formulations using low temperature processes that are extendable to 
other biomaterials as well as to other applications, such as water treatment.  



Sammanfattning 
Biobaserade-material med skräddarsydda ställningar har spelat en framträdande roll för att 
vävnadstekniken (TE) ska bli framgångsrik. Cellulosanomaterial (CNM) som isolerats från den 
rikliga biopolymeren cellulosa undersöks i denna avhandling för TE-teknik på grund av dess 
mångsidiga egenskaper, t.ex. biokompatibilitet, hög specifik styrka, ytfunktionalitet och 
vattenhållande förmåga. CNM:s förmåga att bilda hydrogeler vid låga koncentrationer (1–2 
viktprocent) och dess skjuvtunnande beteende har underlättat dess användning vid 
tredimensionell (3D) utskrift som en tillverkningsteknik för 2-dimensionella (2D) och 3D-
ställningar. Denna teknik ger 3D-ställningar med skräddarsydda, kontrollerade och komplexa 
geometrier med exakta strukturer i mikro- och makroskala. Det aktuella arbetet är inriktat på 
CNM-baserade 3D-printade hydrogelställningar med avstämd sammansättning och porstruktur 
för brosk- och benregenerering. De viktigaste utmaningarna är utformning av CNM-
hydrogelformuleringar med lämpliga reologiska egenskaper, hydrogelbläck som kan tvärbindas 
på plats, tryckupplösning under tryckning på grund av svällning samt mekanisk och 
dimensionell stabilitet hos de tryckta ställningarna i fuktig miljö.    

Inspirerade av den hierarkiska och gradienta naturen hos naturliga vävnader rapporteras för 
första gången 3D-printade hydrogelställningar med gradienter av porstruktur och 
sammansättning, med fokus på cellulosanokristaller (CNC) och TEMPO (2,2,6,6,6-
tetrametylpiperidin-1-oxylradikal) -oxiderade cellulosanofibrer (TOCNF) som är baserade på 
hydrogelbläck för utskrift av avancerade och funktionella ställningar.  

CNC-baserat hydrogelbläck användes för 3D-utskrift av enhetliga och gradientporösa kubiska 
ställningar för broskregenerering. Detta arbete belyste vikten av munstyckets rörelse för att få 
högupplösta ställningar med högre z-axel. De anisotropa styva CNC-ämnena riktade in sig 
själva längs tryckriktningen på grund av den skjuvinducerade orienteringen som kvantifierades 
mellan 61–76 %. För att få tillräckliga mekaniska egenskaper (0,20–0,45 MPa) som lämpar sig 
för broskregenerering ökades hydrogelbläckets fasta innehåll nästan två gånger (5,4 viktprocent 
till 9,9 viktprocent) samtidigt som man uppvisade och efterliknade viskoelasticiteten hos 
naturliga broskvävnader. För att förbättra bioaktiviteten hos de CNC-baserade 3D-printade 
ställningarna utfördes en ytbehandling genom dopaminbeläggning. Denna beläggning 
förbättrade den hydrofila karaktären och förmågan hos 3D-printade ställningar att binda 
bioaktiva molekyler som fibroblasttillväxtfaktor (FGF-18) för mjuka TE-ställningar.  

Ytfunktionaliteten hos TOCNF utnyttjades för att tillverka funktionella hybridställningar 
(CelloZIF-8) genom in-situ-syntes av metallorganiska ramverk (MOF) i en enda kruka med 
varierande ZIF-8-belastning (30,8–70,7 %). ZIF-8:s inneboende porositet användes för lastning 
och stimulansresponsiv (pH-beroende) frisättning av läkemedelsmolekyler som t.ex. curcumin. 
Det utvecklade CelloMOF-systemet utvidgades till andra MOF:er (MIL-100) och läkemedel 
(metylenblått). TOCNF:s skjuvtunningsegenskaper var reserverade efter hybridisering av 
MOF:er och användes för 3D-utskrift av porösa ställningar med utmärkt formtrohet. I Cello-
Apatite användes TOCNF också som mall för in-situ-syntes av hydroxyapatit (HAP) där HAP-
belastningen var 67 viktprocent för att efterlikna benets sammansättning. I ett försök att ta itu 
med både brosk- och benregenerering har en bifasisk osteokondral 3D-printad 
hydrogelställning introducerats med avstämd sammansättning, porstruktur och mekaniska 
egenskaper.   



I arbetet presenteras ett hållbart, kostnadseffektivt och skalbart tillvägagångssätt för TE med 
hjälp av biobaserade och giftfria vattenbaserade formuleringar med hjälp av 
lågtemperaturprocesser som kan utvidgas till andra biomaterial samt till andra tillämpningar, 
t.ex. vattenrening.  
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1. Introduction  
 

Regenerative medicine focuses on replacing or restoring tissues and organs that have lost their 
functions due to aging, disease, damage or defects1. Depending upon the extent of damage and 
particular organ or tissue at stake, different regenerative strategies can be employed2: (1) 
substitution of one body part for another; (2) repair of the body with synthetic materials and 
devices; (3) transplantation of an organ from another individual or from a nonhuman species; 
(4) use of an external device to substitute for a non-functioning organ; and, (5) use of living 
cells directly or indirectly to restore, maintain, or enhance the function of tissues and organs, 
which is defined as tissue engineering. 

Tissue engineering (TE) is an emerging area of science to develop biological substitutes that 
overcome the shortcomings with regards to other conventional clinical therapies. The number 
of organs available for transplantation is far exceeded by the number of patients in need. 
Moreover, the conventional clinical procedures are life-saving but associated with certain 
drawbacks such as the need for a second surgery to remove the fixation devices, donor site 
morbidity, need of immunosuppressive therapy and immune rejection3. Autologous tissue-
engineered devices, called a scaffold or matrix, support the proliferation, migration and 
differentiation of cells. For a scaffold to be successful, all or most of the following requirements 
should be met4: i) the scaffold should have interconnecting pores that enable supply of nutrients 
and metabolites as well as cell ingrowth; ii) the pore size should be in the range of 5–10 times 
of the cell diameter, e.g. 100–300 µm; iii) the surface chemistry of the scaffold should favor 
cellular attachment, differentiation, and proliferation; iv) the scaffold should provide the initial 
necessary mechanical support and should degrade at a matching rate of new tissue formation 
and v) the scaffold should be easily fabricated into various shapes and sizes.  

Three basic strategies are implied in TE to restore, maintain, or improve tissue function5,6:  

i) Cell substitution: This approach avoids the complications of surgery and involves the 
transplantation of healthy cells from donor directly into the damaged tissue. The efficiency of 
this approach is less than 10% due to the failure of the infused cells to maintain their function 
in the recipient, and immunological rejection. ii) Scaffold guided regeneration: This surgical 
approach uses tissue-inducing matrix, a scaffold, to be directly implanted into the damaged area 
to direct the growth of new cells migrating from the surrounding tissue and iii) Cell-loaded 
scaffold: This surgical approach combines cells and scaffolds into one. A scaffold is loaded 
with patient’s own cell and directed implanted into the defected location. Prior to implantation, 
the cells can be subjected to an in-vitro environment that mimics the in-vivo environment in 
which the cell–polymer scaffolds can develop into functional tissue. 

Beside the high scientific potential of TE, the 3D models are useful in research practice and can 
also bring advantages in terms of ethical and economic issues. The increasing number of 
existing animal models and the inefficacy on humans of some drugs which are successfully 
tested on animals are indications of animal model inability to effectively recapitulate human 
physiology. Looking at the economic side, for one organ transplant, dual surgeries are required, 
one of the donors and the other of the receiver.  

The field of tissue engineering has witnessed tremendous progress during the last decades. The 
contribution which this thesis has made using the scaffold guided regeneration approach, are 
through i) the advances in bio-fabrication technologies and ii) the development of new 
biomaterials and scaffolds that can result in fabricating better biomimetic tissues.  
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1.1 Advancement in Bio-fabrication techniques 
 

The scaffolds must be processed into an appropriate architecture to support cell growth and 
tissue formation. Porous structure is needed to promote uniform cell distribution, diffusion of 
nutrients, and the growth of organized cell communities7. Their porous network simulates the 
Extra Cellular Matrix (ECM) architecture allowing cells to interact effectively with their 
environment.  Ideal pore sizes vary for different cells and tissues. Pore sizes ranging from 50 to 
710 μm have been suggested for bone regeneration, with many studies stating macropores in 
the range of 150–350 μm are ideal8. On the other hand, the recommended pore sizes range from 
200 to 300 μm for the growth of fibrocartilaginous tissue9. Therefore, macropores on the order 
of hundreds of micrometers with an interconnecting network on the order of tens of micrometers 
have been deemed suitable for tissue regeneration. Typical scaffold fabrication techniques  used 
today to achieve this include6,7: solvent casting, gas foaming, freeze drying, thermally induced 
phase separation, electrospinning, etc. While these techniques are promising there are 
drawbacks with these conventional non-customized techniques such as lengthy processing 
times, lack of control over porosity and the challenges related to complex geometries and 
composition. Moreover, these techniques require an individual with good fabrication skills to 
maintain consistency and reproducibility in the scaffold architecture.    

Additive manufacturing (AM) is an advanced manufacturing technique in which models are 
rapidly created from the visual world (Computer Aided Design (CAD) model) to real world 
with minimum human interaction. Advantages of using AM processes in constructing TE 
scaffolds include customization of the products to meet the individual needs, enabling the 
fabrication of desired delicate features both inside and outside the scaffold, the ability to create 
complex geometries with high-accuracy features, and the possibility to control pore size and 
distribution of pores within the scaffold. In addition, data obtained from computerized 
tomography (CT) or magnetic resonance imaging (MRI) medical scans can be used to create 
customized CAD models. The increased speed and one step AM allows the economic 
production of customized tissue engineering scaffolds. The products can be tailored to match 
the patient's needs and still sustain economic viability compared to traditional techniques which 
require to manufacture great numbers of devices to obtain economic viability. AM methods 
also make it possible to vary the composition of two or more materials across the surface, 
interface, or bulk of the scaffold during the manufacturing. This allows positional variations in 
physical properties and characteristics. American Society for Testing and Materials (ASTM) 
committee has introduced ASTM F42-Additive Manufacturing standards into seven primary 
processes (Figure 1.1). 
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Figure 1.1. ASTM F42-Additive Manufacturing standards10,11.  

 

In stimulus-triggered AM techniques, the bio-functionality of the scaffold could be influenced 
by the nature of the stimulus applied; for this reason, cells and bioactive molecules are usually 
added post fabrication, making them a two-step process. Despite the high processing speeds 
and high spatial resolutions achieved, stimulus-triggered AM techniques does not allow the 
production of multi-material scaffolds12. Among the many printing techniques of additive 
manufacturing, digital projection lithography (DLP), stereolithography (SLA), and direct-ink-
write (DIW) printing are commonly used for printing soft materials13. Both DLP and SLA 
enable high-speed processing with high resolution, but they are limited to photopolymerizable 
inks and are selective in choice of materials. Among AM techniques, direct ink writing (DIW) 
is the most promising method for the production of TE scaffolds as it does not have drawbacks 
associated with other AM techniques such as materials trapped in small internal holes, high 
temperatures, residues, post-processing, sacrificial molds and materials, presence of 
photosensitive materials, etc.  

DIW is an extrusion-based AM technique in which the material such as hydrogel or viscoelastic 
ink is extruded through a deposition nozzle attached to the print head in a layer-by-layer fashion 
to build up the 3D printed construct on a computer-controlled print bed (Figure 1.2). The 
extrusion of the ink through the nozzle is governed by the applied force that can originate from 
a mechanical piston, a screw extruder or pneumatic syringe pressure. After extrusion, ex-situ 
crosslinking, such as ionic or Ultra-Violet curing, is done depending on the composition of the 
ink. The distinct feature of DIW from other AM technologies is that a broad range of materials 
can be used as extrudable inks as long as the ink has suitable rheological properties. The ink 
can be 3D printed with high-resolution patterning, architectural freedom and complex 
geometrical features. Moreover, with multi-nozzle systems, DIW has the ability to produced 
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multi-material constructs through single-step processing. Another versatile feature of DIW is 
bioprinting that is cell-laden inks, to fabricate artificial organs and tissues, which can be 
considered as a breakthrough in tissue engineering. Furthermore in the list, comes the 4D 
printing, where DIW can offer the development of 3D constructs made of shape changing smart 
materials that with time can responds to external stimulation14,15. Considering its versatility and 
continual development, DIW is expected to expand its impact and implementation in various 
industries in the future16.  

 
Figure 1.2. Working principle of DIW.  

 

1.2 Advancement in biomaterials 
 

Typically, three types of biomaterials have been used to fabricate scaffolds for TE: inorganic 
materials, synthetic polymers and natural polymers17.   

The mechanical properties of ceramics along with their bioactivity, including hydroxyapatite 
(HAP), tri-calcium phosphate (TCP) and bioglass (BG), have made them very successful in 
orthopedic and dental applications. Mainly, HAP exhibits excellent biocompatibility due to its 
chemical and structural similarity to the mineral phase of native bone. The interactions of 
osteogenic cells with ceramics are important for bone regeneration as ceramics are known to 
enhance osteoblast differentiation and proliferation18. However, their clinical applications for 
tissue engineering have been limited because of their brittleness, difficulty of shaping for 
implantation, and because new bone formed in a porous HA network cannot sustain the 
mechanical loading needed for remodeling19. Thus, HAP can be used in a composite form, 
usually with a polymer, to retain useful bioactive properties as well as enhancement in 
mechanical properties. The organic soft component toughens the apatite structure and reduces 
the brittleness while the biomimetic structure induces bone colonization and healing20. 

Polymer materials more closely match the chemical and mechanical properties of most 
biological tissues21. In case of synthetic polymers, polylactic acid (PLA), polyglycolic acid 
(PGA), and poly (lactic-co-glycolic acid (PLGA) are among the few synthetic polymers that 
the Food and Drug Administration (FDA) has approved for clinical applications such as surgical 
sutures and some implantable devices22. Synthetic polymers have the advantages of great 
processing flexibility, ease of manipulation, tailored architecture, appropriate mechanical 
properties, and controlled degradation features according to application-specific 
requirements12. However, the major drawback of them is the risk of rejection due to reduced 
bioactivity17.  
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Unlike synthetic polymers, natural polymers are biologically active and typically promote 
excellent cell adhesion and growth and have minimal inflammatory and immune responses12,17. 
Natural biopolymers have attracted attention in the medical field due to their specific 
functionality. They have high biocompatibility, renewability, water-retaining capacity, 
hydrophilic properties, and tunable performance23. Biopolymers derived from plants have 
appropriate properties such as interconnected porosity and preexisting vascular networks for 
tissue engineering requiring minimum chemical processing. Plant cellulose is a green and 
sustainable source, and cellulose-based biomaterials are promising and developing materials 
due to their biochemical and biophysical versatile properties. Nanocellulose has superior 
mechanical properties compared to cellulose itself such as higher strength, special surface area, 
and more flexibility for modifications. Moreover, within the area of synthesizing biomedical 
materials, nanoscale materials play an important role as they can mimic well the cellular 
context. The inherent 3D nature, hydrogel forming ability, biocompatibility and water-retaining 
capacity of nanocellulose provides a proper platform for nutrients and growth factors as well as 
for diffusion and permeability to oxygen. Furthermore, nanocellulose provides an Extra 
Cellular Matrix (ECM) environment which is the building block of all tissues and organs. 
Nanocellulose-based hydrogels have inherent rheological and shear thinning properties which 
makes them an ideal candidate for DIW.   

 

1.3 Nanocellulose materials   
 

Cellulose, a fascinating and sustainable feedstock, is the most abundant polymeric raw material 
on earth. Its annual production is estimated to be between 1010 and 1011 tons24. Cellulose is 
basically constituted by repeating anhydroglucose unit, (AGU, C6H10O5), linked together 
through an oxygen covalently bonded to C1 of one glucose ring and C4 of the adjoining ring 
(1–4 linkage) and so called the b 1–4 glucosidic bond25. These units are linked together to 
produce a crystalline structure of cellulose known as elementary fibrils which are bundled 
together to produce micro-fibrils. Cellulose with at least one dimension in a nanoscale range 
(1–100 nm) is termed as nanocellulose. Two types of cellulose nanomaterials (CNM), namely 
cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF), can be isolated from wood and 
plant-based cellulose25 (e.g., cotton, flax, ramie, potato tubers, soyabean stock) sources using a 
top-down approach.  

 
Figure 1.3. Hierarchical structure of cellulose and extraction of nanocellulose. 
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Figure 1.3 shows the hierarchical structure of cellulose obtained from the plant cell wall of the 
wood in the form of microfibrils that is composed of hemicellulose, lignin and cellulose. These 
cellulose macrofibrils (10–100 nm wide, 0.5–10’s µm in length) are composed of disordered 
(amorphous) and ordered (crystalline) parts. CNF presents an entangled network structure with 
flexible, longer and wide nanofibers (20–100 nm wide, 500–2000 nm in length) and are 
produced by delaminating the interfibrillar hydrogen bonding of cellulose microfibrils under 
intense mechanical disintegration using processes25,26, such as high-pressure homogenization, 
cyrocrushing, grinding, high intensity ultrasonic treatments and microfluidization. In addition, 
these mechanical processes can be followed by chemical treatments to either partially remove 
the amorphous parts or chemically functionalize the nanocellulose surface. A common view is 
that the amorphous regions are distributed as chain dislocations on segments along the 
elementary fibril where the microfibrils are distorted by internal strain in the fiber and proceed 
to tilt and twist27. However, more recent studies indicate that amorphous regions may be very 
small, and/or are probably more correctly only “slightly disordered” and not fully amorphous, 
or likely form a shell or outer core around the more crystalline region28,29. The amorphous part 
within the cellulose microfibrils can be minimized by acid hydrolysis to produce anisotropic, 
less flexible and rod-like rigid CNC (5–70 nm wide, 100–250 nm in length, 54–88% 
crystallinity index)30. Sulfuric acid is most typically used during acid hydrolysis as it produces 
a negative surface charge on the particles, leading to more stable suspensions, but other acids 
have also been used (hydrochloric, maleic etc.)25. Mathew et.al. has isolated a special grade of 
cellulose nanocrystals from wood resources consisting of cellulose I using a pilot-scale 
bioethanol (BE) processing unit named as CNCBE31. This process, at the same time, introduces 
carboxylic surface groups which also contributed to its high negative zeta potential.  

One way to functionalize the surface of CNF is to convert the hydroxyl groups into carboxylic 
ones by performing a 2,2,6,6-tetramethyl-piperidinyl-1-oxyl radical (TEMPO) mediated 
oxidation reaction. This method uses TEMPO radical as a catalyst, sodium bromide (NaBr) as 
a co-catalyst and sodium hypochlorite (NaOCl) as a primary oxidant to selectively oxidize 
primary alcohol groups32. In addition, these carboxylic groups on TEMPO-oxidized cellulose 
nanofibrils (TOCNF) can be used for further surface attachment of other molecules. 

CNM endows useful features such as high surface area-to-volume ratio, high Young's modulus 
and high tensile strength, low coefficient of thermal expansion, hydrogen-bonding capacity, 
biocompatibility, eco-friendliness, renewability, purity, surface chemical reactivity, 
biocompatibility and lack of toxicity33.  

 

1.4 DIW of nanocellulose based hydrogels  
 

CNM have the ability of gel formation even at low concentrations and their inherent shear 
thinning property offers excellent rheological properties which are extremely beneficial in 
DIW. CNF are able to entangle with each other to form stable printable hydrogel networks, 
moreover, the introduction of charged functional groups in TOCNF makes the colloidal stability 
very high34. Moreover, the presences of anionic charge on TOCNF can be utilized for the 
incorporation of other bio-friendly materials via in-situ synthesis35, that can enhance the 
functionality and mechanical properties of the hydrogels. Compared to CNF, the inks based on 
CNC can offer higher solid loadings at a given viscosity and storage modulus due to the 
absences of long physical entanglements36. In addition, the incorporation of anisotropic CNC, 
is expected to arise the shear induced orientation during 3D printing, preferably along the 
printing direction36,37. In DIW, introduction of a matrix, can further enhance the hydrogel 
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performance in terms of the rheological properties, compressive stiffness, and shape fidelity of 
the printed hydrogels after crosslinking. Alginate is a popular choice for the polymer/matrix 
phase in 3D printing due to its bio-based origin, fast gelation by the addition of divalent cations 
such as Ca2+ and relatively low cost38. Combined with the advantages of renewability, 
biocompatibility, non-toxicity, high mechanical strength and cell-friendly nature together with 
the printability, CNM-based hydrogels have been used in DIW intended for biomedical 
applications. We have reported DIW of CNM-based hydrogels used for biomedical 
applications19, an updated list is presented in Table 1.1:  

Table 1.1. List of nanocellulose-based hydrogels intended for biomedical applications.  

Composition Printer Post treatment Application 
Alginate-Gelatin-CNC CELLINK® BIOX physical crosslinking Tissue engineering39 

TOCNF customized 3D-printer 
KIMM SPS1000 

Bioplotter, 

CaCl2 and 1,4-
butanediol diglycidyl 

ether (BDDE) 
crosslinking 

Wound healing40 

Alginate-CNC-AgNP in-house printer CaCl2 crosslinking 
 

Study of the 
Antimicrobial and 

Cytotoxicity 
Efficacy41 

TOCNF-pectin Discovery bioprinter 
(RegenHU, Switzerland) 

CaCl2 crosslinking  Tissue engineering42 

CNC-alginate-gelatin Discov3ry Complete 
(Structur3D) 

CaCl2 crosslinking Tissue engineering37 

CNF/sodium alginate/ 
spherical colloidal lignin 

particles (CLP)  

BIOX 3D printer 
(Cellink, Sweden) 

CaCl2 crosslinking Soft Tissue 
engineering43 

TOCNF-GelMA KIMM SPS1000 
Bioplotter (Machtronics 
4 Technology, Korea) 

CaCl2 crosslinking 
and UV curing 

Wound Healing 
Application44 

 
TOCNF-Metal-Organic 

frameworks 
Discov3ry Complete 

(Structur3D) 
CaCl2 crosslinking Biomedical 

applications35 
CNF- 

galactoglucomannan 
methacrylates 

ROKIT INVIVO 
(ROKIT, South Korea) 

UV curing Tissue engineering45 

CNF/polyurethane (Regenovo 
Biotechnology, China) 

Freeze-drying Tissue engineering46 

CNC-CNF- N-isopropyl 
acrylamide 

EnvisionTEC 
(Bioplotter 

Manufacturing Series, 
Germany) 

UV curing Biomedical 
applications47 

CNC or cinnamoyl 
chloride grafted CNC- 

Irgacure 819 

3D-Bioplotter 
“Manufacturer Series,” 

Envision TEC, Germany 

UV curing Biomedical 
prosthetics48 

CNF or TOCNF or 
Acetylated  

CNF 

 BIO X (CELLINK, 
Gothenburg, Sweden) 

Freeze-drying Tissue engineering49 

TOCNF- poly (ethylene 
glycol)  

customized LulzBot 
mini 3D-printer  

CaCl2 crosslinking 
and UV curing 

Tissue engineering50 

CNC-Xanthan gum BIOX (CELLINK, 
Sweden) 

freeze-drying/ air-
drying/ thermally 

crosslinked 

Tissue engineering51 
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TOCNF-alginate- 
polydopamine 
nanoparticles 

3D bioprinting system 
(KIMM, Daejeon, 
Republic of Korea) 

CaCl2 crosslinking Bone tissue 
engineering52 

 
 

1.5 Commercialized nanocellulose hydrogels  
 

Recent advancements in fabrication technologies, recyclability and widening end-use 
opportunities have given nanocellulose market a boost. MarketsandMarkets forecasted global 
nanocellulose market for years 2021-2026, where nanocellulose market was valued to USD 346 
million in 2021 and is projected to reach USD 963 million by 2026, growing at a compound 
annual growth rate CAGR of 22.7%53. According to this report, Europe is expected to account 
for the largest share of the global market during the forecast period where pulp and paper 
accounts for the largest share of the overall market, together with composites, biomedical 
appliances, electronics and others. In another report by Global Market Insight Inc. on August 
2022, it was estimated that nanocellulose market to exceed USD 2.4 billion in revenue by 2030 
at a CAGR of 27% from 2022 to 203054. According to them as well, the nanocellulose market 
outlook from paper processing applications will remain positive until 2030. A systematic 
analysis of patents involving nanocellulose was conducted by Charreau et al. for the years 2010-
2017 and found 950 documents involving CNC and about 1700 documents involving CNF, 
with 70% of the published patents were within years 2015-201755.  

Nanocellulose is commercialized by a handful of companies and research institutes in various 
products, such as powders, beads, foams, suspensions, suspensions or nanocellulose-based 
hydrogels for different applications, which are summarized in Table 1.2.  

Table 1.2. List of companies commercializing nanocellulose-based products.  

Company 
name 

Country Product type Application 

Biofiber Stockholm, Sweden Compacted and hydrophobic 
wood fibers in granulate 

format 

Diverse 
 
 

Nanocrystacell Slovenia (EU) 2-5 wt% CNC aqueous 
suspension and 

powder 

Diverse 
 

Finecell  Linköping, Sweden CNF hydrogel and powder  Diverse 
 

Borregard Norway 
 

EXILVA, 2 wt% CNF 
suspension and 10 wt% CNF 

paste 

Diverse 
 

Fiberlean 
Technologies 

United Kingdom Fiberlean Microfibrillated 
Cellulose composite 

Paper making and 
packaging 

CelluForce Canada CNC Diverse 
Cellfion Stockholm, Sweden Nanocellulose membranes Batteries, electrolyzer 

and fuel cells  
CELLINK Sweden, Singapore, 

USA, etc 
Bioink, containing CNF or 

CNF/alginate 
Biomedical  

Nanografi 
Nanotechnology 

Estonia, Germany 
and Turkey 

6 wt% CNC suspension,  
CNF and CNC powder  

Diverse 

Ioncell Finland Ioncell CNF fibres Textile 
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Storaenso Sweden and 
Finland 

CNF Packaging 

Norske Skog Norway  CEBINA – CNF Paper mill 
UPM 

Biomedicals 
Finland GrowInk series 

CNF, anionic CNF,  
CNF and alginate 

Biomedical 
 
 

 

1.6 Scope of the thesis 
 

As per Brundtland Report, “sustainable development is a development that meets the needs of 
the present without compromising the ability of future generations to meet their own needs” 
(International Institute of Sustainable Development, IISD). Hence, a sustainably developed 
society should aim to develop their products using materials, chemicals, synthesis routes and 
fabrication techniques which have the least negative impact on the society.  In September 2015, 
the United Nations General Assembly formally accepted a new set of seventeen measurable 
Sustainable Development Goals (SDGs), ranging from ending world poverty and hunger to 
combating climate change by 2030 (https://sustainabledevelopment.un.org/). In this regard, the 
mission of tissue engineering using biopolymers aligns well with SDGs, especially SDG 12 that 
states to ‘ensure sustainable consumption and production patterns’.  

The purpose of this work was to design and prepare nanocellulose-based hydrogels and use 
them to fabricate into porous scaffolds using the 3D printing technique, intended for use in 
biomedical applications. The fundamental targets of the project as shown in Figure 1.4 were:  

Ø To formulate nanocellulose-based hydrogels with optimized rheological properties to 
have a smooth printable ink for ex-situ crosslinking that can produce scaffolds with good 
resolution and high shape fidelity. Keeping in mind the intended application of the 
scaffolds, the matrix should be a biopolymer.  
 

Ø To design and optimize a 3D architecture of the porous scaffolds model with optimal 
pore size using the available softwares. Prepare a print file which can lead to a 
continuous smooth printing of the 3D scaffolds with satisfactory print resolution. The 
strategy for pore design should be flexible enough to produce scaffolds with uniform as 
well as gradient porosity in either X or Z direction. 
 

Ø To optimize the hydrogel composition to achieve the required mechanical properties for 
the intended application, such as cartilage regeneration. Moreover, plan a strategy to 
improve the acceptance of the 3D printed scaffolds through surface functionalization 
and evaluate the cell attachment and proliferation through in-vitro studies.  
 

Ø To explore the possibility of in-situ synthesis of bio-friendly materials, such as Metal-
Organic Frameworks, on TOCNF to produce advanced functional 3D scaffolds. The 
inherent porosity of MOFs can be utilized for the loading and releasing of drug 
molecules.  
 

Ø Finally, to build a biphasic hidrogel scaffold (one scaffold with two targets), with 
different ink composition, pore size and mechanical strength to target osteochondral 
tissue engineering.  
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Figure 1.4. Schematic overview of the thesis work. 
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2. Experimental work 
2.1 Materials 

 

Two types of CNM were used in this work: i) CNCBE, a special grade isolated using the 
bioethanol processing plant (will be referred to as CNC in the thesis) and ii) TOCNF, 2,2,6,6-
tetramethyl-piperidinyl-1-oxyl radical (TEMPO) oxidized cellulose nanofibers. 
The raw material used for the processing of CNC was supplied by SEKAB (Örnsköldsvik, 
Sweden) in the form of 17 wt% cellulose suspension obtained by using bioethanol processing 
plant. CNC gel from cellulose suspension was obtained according to the procedure  previously 
reported by our group31. Briefly, diluted suspension was sonicated using ultrasonication and 
then passed through a APV 2000 high-pressure homogenizer (Denmark) at a pressure of 500 
bars. To obtain thick gel of CNC with carboxyl functional groups (charge density 0.5 mmol g-

1), the suspension was passed through the homogenizer 10 times with a batch size of 2 liters. 
The obtained 1.5 wt% CNC gel showed flow birefringence under cross-polarized light and a 
nanoscaled morphology with diameters below 10 nm that was confirmed by atomic force 
microscopy (AFM) imaging (Figure 2.1). This 1.5 wt% CNC gel was used in papers I-III.    
 

 

Figure 2.1. (a) 1.5 wt% CNC flow birefringence under cross-polarized light. (b, c, d) AFM 
images of CNC confirming diameters below 10 nm. 

 

For paper IV, 1 wt% TOCNF aqueous suspension with carboxylate content of 1.5 mmol g-1 was 
obtained from Mathew group that was prepared according to the previously reported 
procedure56.   

For paper IV, 0.7 wt% TOCNF aqueous suspension with carboxylate content of 1.44 mmol g-1 

was obtained from Yuan group from Stockholm University that was prepared according to a 
previously reported protocol57.  

The matrix sodium alginate (SA) (alginic acid sodium salt from brown algae, Mw = 
120 000−190 000 g/mol) and gelatin (Gel) (Bloom 225, Type B, Mw = 40 000-50 000 g/mol) 
purchased from Sigma-Aldrich (Germany).  

Metal-Organic Frameworks (MOFs) precursors Zn(NO3)2·6H2O,  FeCl2·4H2O,  trimesic  acid  
(H3BTC), 1-Hexyl-3-methylimidazolium (Hmim), sodium  hydroxide  (NaOH) and 
trimethylamine (TEA) (density 0.70 g mL−1, 7.0 mL) were  purchased  from  Sigma-Aldrich  
(Germany).   
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Hydroxyapatite (HAP) precursors calcium nitrate tetrahydrate (Ca(NO3)2.4H2O Mw = 263.15 
g/mol), ammonium phosphate dibasic ((NH4)2HPO4 Mw = 132.06 g/mol) and base ammonia 
solution (25 % NH4OH) were purchased from Sigma-Aldrich (Germany). 

The drugs curcumin and methylene blue were purchased from Sigma-Aldrich (Germany).   

The crosslinkers calcium chloride (CaCl2, Mw = 110.98 g/mol) and glutaraldehyde (50 wt% in 
H2O, Mw = 100.12 g/mol) were purchased from Sigma-Aldrich (Germany). 

Deionized water was used for the preparation of all solutions. 

 

2.2 Processing of hydrogel inks 
 

CNC-based hydrogels 

For paper I, 1.5 wt% CNC gel obtained through homogenization was concentrated to 6 wt% by 
centrifugation using a Fiberlite™ F12-6 × 500 LEX Fixed Angle Rotor with Auto-Lock at 
12000 rpm. The matrix in the form of aqueous solution of 3 wt% Gel and 6 wt% SA, was mixed 
into 6 wt% CNCs to obtain a wet wt% composition of CNC/SA/Gel/water 3.76/1.09/0.55/94.5.  

For papers II and III, the same protocol as paper I was followed but the solid content was 
increased to 11 wt% CNC, 6 wt% SA and 12 wt% Gel to obtain a wet wt% composition of 
CNC/SA/Gel/water 6.87/1.50/1.50/90.12. 

TOCNF-based hybrid hydrogels 

For paper IV two types of MOFs were in-situ synthesized to obtain CelloMOFs.  

Synthesis of CelloZIF8: Zn(NO3)2·6H2O solution (0.8 mL, 0.67 mmol, 0.84 M) and TEA (0.1 
mL) was added to TOCNF (15 g) suspension under stirring upon which white precipitates of  
ZnO were formed. To this Hmim solution (3.0 M) was added with Hmim:Zn molar ratio of  
≈35, 40, 50, 65, 70, and 90. The reaction solution was made up to 40 mL with deionized water 
and stirred for 30 min to complete the reaction.  

Synthesis of CelloMIL-100(Fe): FeCl2·4H2O solution (11.4 mmol, 97.2 mL) was added to 
TOCNF (15 g) under stirring. H3BTC solution (7.6 mmol H3BTC in 23.72 g 1 M NaOH) was 
added. The reaction solution was stirred overnight at room temperature.  

In case of drug loaded CelloMOFs, curcumin and methylene blue aqueous solutions (1 mg mL-

1) were added to the mixture before the addition of linker solution. The products were collected 
using centrifugation (13500 rpm, 30 min) and washed using water (2×30 mL) and ethanol (2×30 
mL). 

(Paper V) Synthesis of Cello-Apatite: 7ml of distilled water was added to 10 g of 0.7 wt% 
TOCNF aqueous suspension. The dispersion was stirred at 80 °C at 500 rpm for 10 minutes. 
Calcium precursor (3 ml, 1 M) was added to the suspension together with NH4OH to obtain a 
pH of 10 and stirred for 10 minutes. After that, a mixed solution of phosphate precursor (3ml, 
0.6 M) and NH4OH (to obtain a pH of 10) was added dropwise and white precipitate of HAP 
starts to form immediately. The solution was kept stirring for 4 hours at 80 °C and another 20 
hours at room temperature. The solution was washed via centrifugation (13500 rpm, 30 min) 
with water until neutral pH to obtain mineralized TOCNF hydrogel (TOCNF-HAP) with a solid 
content of 10.9 wt%.  
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In case of one pot in-situ synthesis, after washing the hybrid hydrogels, relevant amount of the 
matrix SA was added to obtain printable hydrogel inks. 

Processes performed by co-authors in collaborative work:   

Dopamine coating: Prior to dopamine coating, 3D printed hydrogel scaffolds were washed with 
ethanol, acetone and distilled water followed by room temperature drying. Dopamine solution 
was prepared by dissolving 20 mg mL-1 of dopamine hydrochloride in 10 mM Tris buffer of pH 
8.5 and coating was achieved via direct immersion technique at room temperature for 16 hours. 
Afterwards, the scaffolds were washed with ethanol and distilled water. 

FGF-18 immobilization: Fibroblast growth factor-18 solution (FGF-18) was prepared in 5 mM 
Tris pH 8.0 to a concentration of 50 ng mL-1, in which 3D printed hydrogel scaffolds were 
immersed for 5 hours at 40 °C with gentle stirring. Afterwards, the scaffolds were washed with 
distilled water. 

 

2.3 3D printing 
 

The 3D printer used was Ultimaker 2+ (http://www.ultimaker.com) equipped with Discov3ry 
Complete paste printing system from Structur3D Printing (http://www.structur3d.io) as shown 
in Figure 2.2. A CAD model in a Standard Triangle Language (stl) file was converted to a gcode 
file to be read by the printer. 

 
Figure 2.2. Discov3ry Complete paste printer.  

 

Prior to 3D printing, syringes filled with hydrogel inks were gently centrifuged to remove air 
bubbles and then loaded into the cartridge. For all prints, a nozzle diameter of 410 μm, a 
flowrate of 70–120 % and a printing speed of 10–80 mm/s were used. 

Keeping the same parameters, two types of nozzle movements (NM) were used: 

Nozzle movement-A (NM-A): In NM-A, the walls of each pore were printed twice. During 
forward printing, all the four sides of each pore are printed. After finishing printing in the 
forward direction, the nozzle jumps to start printing in the backward direction where only three 
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sides of each pore are printed (the fourth side being already printed during the forward 
direction). In this way, each pore has its own walls and between two pores there are two walls.  

Nozzle movement-B (NM-B): In NM-B, the nozzle printing pattern is alternating 90° 
perpendicular lines (that form squares). In this way, the walls of each pore are printed once and 
each pore shares its bridge and junction positions with its neighboring pores. Also, between two 
pores there is only one wall.  

3D printing CNC-based hydrogel inks 

For paper I, 2D and 3D hydrogel scaffolds were printed. Seven different 2D scaffolds (L×W×H 
40×10×1 mm) were 3D printed: one was the reference with no pores, four uniformly porous 
scaffolds having 0.5 mm, 1 mm, 1.5 mm and 2 mm pore size, and two gradient porous scaffolds 
with pore sizes of 0.5–2 mm and 1–2 mm. Five 3D cubic (20 mm3) scaffolds with a uniform 
pore size of 0.5 mm, 1 mm, 1.5 mm and 2 mm were printed and one gradient porous scaffold 
was printed with pore sizes of 1–2 mm. In this work, the gradient was in the x-direction. 

In case of paper II, four cubic scaffolds (20 mm3) were 3D printed, one reference with no holes, 
two with uniform pore sizes of 0.6 mm and 1.0 mm and one z-axis gradient scaffold with pore 
sizes of 0.5–1 mm.  

For paper III, two cubic scaffolds (20 mm3) were 3D printed, one with uniform pore sizes of 
0.4 mm and one z-axis gradient scaffold with pore sizes of 0.1–0.6 mm.  

After 3D printing, the hydrogel scaffolds were crosslinked with 3 wt% CaCl2 solution for 24 
hours, washed properly and stored in distilled water. In case of double matrix, (SA and Gel), 
the scaffolds were crosslinked again with 3 wt% glutaraldehyde (GA) solution for another 24 
hours. After double crosslinking, the 3D printed scaffolds were washed properly and stored in 
distilled water until further characterization. 

3D printing TOCNF based hybrid hydrogel inks  

3D printing CelloMOFs hydrogel ink: Cubic scaffolds were printed (20 mm3) with pore size of 
1 mm and pore wall thickness of 0.5 mm.  
3D printing Cello-Apatite: Mineralized hydrogel ink was used to print cubic scaffolds (20 mm3) 
with target porosity of 450 μm.  
Non-mineralized hydrogel ink: 4.2 wt% TOCNF and matrix SA was used to print cubic 
scaffolds (20 mm3) with target porosity of 200 μm.  
3D printing biphasic hydrogel scaffold: Rectangular biphasic hydrogel scaffold (L×H 2×1.5 
cm) was 3D printed. For the bottom 0.75 cm bone phase of the biphasic scaffold, mineralized 
TOCNF hydrogel ink was used to print pore size of 450 μm and for the top 0.75 cm cartilage 
phase, non-mineralized TOCNF hydrogel ink was used to print pore size of 200 μm.  
 
After the completion of 3D printing hybrid hydrogels, the scaffolds were immersed in 3 wt% 
CaCl2 solution for 24 hours and then washed and stored in distilled water until further 
characterization. 
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2.4 Characterization 
 

Rheology 

The printability of the matrix, CNC-based hydrogels inks as well as hybrid hydrogel inks was 
assessed through rheology measurements using a Physica MCR 301 rheometer (Anton Paar) 
(Austria) equipped with a smooth cone-on-plate geometry (CP25-2-SN7617, diameter 25 mm, 
2° nominal angle and gap height 0.05 mm). The shear thinning property was analyzed by 
plotting viscosity as a function of shear rate. For the measurement of storage moduli (G′) and 
loss moduli (G′′), a logarithmic shear stress sweep was plotted at a frequency of 1 Hz. All 
measurements were carried out at a temperature of 25 °C. To compensate for drying effects, an 
aqueous solvent trap was used in all measurements. 
 
Fourier-Transform Infrared Spectroscopy (FTIR) 
 
FTIR spectra were recorded on a Varian 670-IR FTIR spectrometer equipped with ATR 
accessory (Specac, U.K.) at room temperature with a resolution of 4 cm-1 and an accumulation 
of 50 scans in the spectral range of 390–4000 cm-1. The presented FTIR spectra were baseline 
corrected and normalized according to the peak corresponding to C–O bond stretching at 1031 
cm-1 for cellulosic materials.  
 
Powder X-ray diffraction (PXRD) 
 
The PXRD data were collected on an X’Pert PRO (PANalytical, Malvren, UK) using copper 
ka radiation λ=1.54056 Å, at a current of 40 mA and a tension of 45 kV.  
For paper V, the crystallite size of hydroxyapatite was calculated from the full width at half of 
the maximum intensity (FWHM) of (002) and (310) peaks using the Debye Scherrer formula: 
 

𝐷 =
0.9𝜆
𝛽𝑐𝑜𝑠Ɵ 

 
where D is the average crystallite size, λ is the X-ray wavelength of diffractometer CuKα 
(0.154056 nm), β is the full width at half maximum intensity in radians and Ɵ is the diffraction 
peak angle in radians. 
Crystallinity of mineralized hydroxyapatite hydrogel was calculated as:  
 

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 =
𝐴𝑟𝑒𝑎	𝑜𝑓	𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒	𝑝𝑒𝑎𝑘𝑠

𝐴𝑟𝑒𝑎	𝑜𝑓	𝑎𝑙𝑙	𝑝𝑒𝑎𝑘𝑠
∗ 100 

Porosity measurement  
 
The volume fraction of voids (Vν) was used to define the porosity of CNC-based hydrogel 
scaffolds and was calculated using the following equation:  

𝑉ʋ = 1	 −	
⍴𝑒
⍴𝑡 

where ρe is the experimental density of the porous scaffold which is calculated by dividing the 
weight of the scaffold by its volume, and ρt is the theoretical density of the non-porous scaffold. 
The theoretical densities of CNC, SA and Gel were taken as 1.54, 1.64 and 0.98 g cm-3, 
respectively and was calculated based on the rule of mixtures. 
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2-Dimensional wide angle X-ray scattering (2D-WAXS) 
 
For the identification and quantification of the CNC alignment in the 3D printed CNC-based 
hydrogel scaffolds, 2D-WAXS was performed. The data was collected on an Oxford Xcalibur 
3 (UK) with molybdenum radiation (λ= 0.71073 Å, 40 mA, 50 kV, beam diameter 0.5 mm). 
The sample to detector distance was 50 mm, which resulted in a 2θ range of 0° to 41.848°. Four 
dark frames were collected for each measurement (120 seconds). The data were collected on 
freeze-dried 3D printed scaffolds at three different positions. The scaffolds were mounted using 
brass-mounting pins, perpendicular to the beam direction. The CrysAlisPro (RED) software 
was used to calculate the radial and azimuthal curves from the two-dimensional images for the 
most intense reflection corresponding to the 200-lattice plane and for less intense reflection 
corresponding to the 110-lattice plane. A Gaussian fitting of the profile was performed and used 
to calculate the full width at half maximum which was then used in the following equation to 
determine the degree of orientation, π 

𝜋 =
180	ͦ − 𝐹𝑊𝐻𝑀

180	ͦ 	 
 
where FWHM is the full width at half maximum.  
 
UV-Vis Spectroscopy   
 
In case of paper V (CelloMOF), the curcumin concentrations were determined using a UV-vis 
spectrophotometer (Perkin Elmer, Lambda 2S, Sweden) using a wavelength of 425 nm.  UV-
vis spectra were first measured for standard curcumin solutions with different curcumin 
concentrations, from which a calibration curve was obtained and used to estimate the curcumin 
content in the scaffolds. The curcumin concentrations in the scaffolds were estimated from the 
solutions into which the curcumin from the 3D scaffolds was released.  The solutions were 
prepared in acidic conditions and the UV-vis measurements were carried out at different time 
intervals until equilibrium. The percentage release of curcumin as function of time was 
evaluated. 
 
Optical microscope 
 
To observe the alignment and birefringence of CNC within the 3D printed CNC based hydrogel 
scaffolds, an optical microscope (Olympus stereomicroscope Model SZX12, Japan) equipped 
with a cross-polarizer was used. The same microscope was used to measure the pore size of the 
3D printed scaffolds of CNC-based hydrogel and CelloMOFs.  
The dimensions and the pore size of 3D printed Cello-Apatite hydrogel scaffolds were imaged 
using a Dino-liteEdge 3.0 Digital USB microscope (Taiwan). 
ImageJ was then used to do quantitative measurements from the images. 
 
Scanning Electron Microscopy (SEM) 
 
JEOL JSM-7401F (Japan) was used to study the morphology and cell wall structure of the 3D 
printed scaffolds after freeze-drying. For the imaging of the cross section, freeze-dried scaffolds 
were dipped in acetone and liquid N2 before cutting. All the SEM samples were gold coated 
(JFC-1200, JEOL) for 30 seconds at 30 mA to avoid charge-up effects. 
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Energy Dispersive X-Ray spectroscopy (EDX) 
 
For the elemental analysis and Ca/P ratio of the mineralized TOCNF hydrogel EDX was 
performed using a Hiatchi TM-3000 (Japan) SEM. The hydrogel was diluted 10 times, of which 
2-3 drops were poured onto double sided carbon tape mounted onto aluminum stubs and air-
dried before imaging. 
 
Transmission Electron Microscopy (TEM) 
 
To analyze MOF and curcumin in CelloMOF hybrid inks, TEM was carried out on a JEM 2100 
(JEOL, Japan) at an accelerating voltage of 200 kV. In case of Cello-Apatite, the in-situ growth 
of HAP particles onto TOCNF fibers was analyzed using Thermo Fisher Scientific Themis Z 
operating at an accelerating voltage of 300 kV.  
In both cases, the diluted aqueous solution of hydrogel inks was air dried onto carbon supported 
Cu TEM grid. SAED diffraction patterns of HAP were recorded on a Gatan OneView camera. 
STEM EDX maps were collected using SuperX EDX detector on Themis Z. 
 
Mechanical properties 
 
Instron 5960 (US) with 100 N load cell was used for compression testing of 3D printed hydrogel 
scaffolds. For paper II, the compression test was performed using a BioPlus bath system (in 
water at 37 °C) at a rate of 2 mm/min. Atleast 6 cubic (20 mm3) samples were tested for each 
system.  
In case of paper V, the scaffolds stored in PBS medium were pat dry with tissue paper to remove 
excess water. The samples were tested at a speed of 2 mm/min without preloading. Atleast 6 
cubic (20 mm3) samples were tested for each system. 
Stress-strain data was computed from load-displacement measurements. The compressive 
modulus was determined based on the slope of the stress-strain curve in the elastic region. 
 
Thermogravimetric analysis (TGA) 
 
The thermal stability of hydrogel inks as well as the weight percentage of hydroxyapatite in 
mineralized TOCNF hydrogel was analyzed using TA Instruments Discovery (US) in the 
temperature range 25 °C to 1000 °C with a heating rate of 10 °C /min. The air flow rate was 25 
mL/min. 
 
Characterizations performed by co-authors in collaborative work:   

Matrix-assisted laser desorption/ionization: MALDI analysis was performed on Voyager-
DE™ STR mass spectrometer (Perspective Biosystem, Framingham, MA, USA), equipped 
with a nitrogen laser (337 nm), in reflector mode and positive ionization. The acquisition was 
performed with an accelerating potential of 20 kV, grid voltage set at 94 % and a delay time of 
100 ns. Spectra were processed and calculated by the Data Explorer V4 software (Applied 
Biosystems Inc., Foster City, CA, USA).  
 
In-vitro antimicrobial activity and blood compatibility study: Antimicrobial activity was 
performed by disc diffusion method to measure the zone of inhibition method. Two strains were 
selected, Gram positive S. aureus and Gram-negative E. coli. 10 mL of overnight grown cultures 
were prepared (1×106 cfu mL-1) and from this 10 mL were uniformly spread on Luria broth 
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agar plates. After that scaffolds were placed on the plates in triplicates followed by incubation 
for 24 hours at 37 °C and the zone size were measured. 
Red blood cells (RBCs) aggregation study was carried out to understand the blood compatibility 
of the dopamine coated protein immobilized scaffolds. The blood samples were collected from 
healthy volunteers and transferred to a tube containing 3.8 % sodium citrate at a ratio of 9:1 
(blood: anticoagulant). CNC, Dop-CNC and Dop-CNC-FGF-18 were cut in to small pieces of 
1×1 cm2 and sterilized for 20 minutes under UV irradiation. Further the sterilized samples were 
incubated with diluted RBC at 37 °C. After the incubation the samples were observed under a 
phase contrast microscope (Leica DMIRB, Germany). 
 
Biocompatibility and cell proliferation: Cartilage like cell line MC3T3-E1 were obtained from 
NCCS (Pune, India) and used to perform in-vitro cell studies. For the cell proliferation study of 
the CNC-dop and CNC-protein loaded scaffolds, the cells were drop seeded onto the scaffolds 
at a density of 5×104 cells per well in 1 mL of media. Cell proliferation was determined at 
different time intervals. The cytotoxicity and cell proliferation were evaluated by using the 
MTT assay (n = 4) and live dead staining assay respectively. The absorbance of the medium 
was measured at 450 nm using a microplate reader (ELISA, Bio-Rad, and Hercules, CA, USA). 
After 72 hours of proliferation, cells were stained with PI nuclear stain and observed under the 
fluorescent microscopy at 405 nm. 
To study the chondrogenic differentiation stem cells were seeded on CNC scaffolds at a density 
of 1×104 cells per well and incubated at 37 °C, 5% CO2 for 3 h in DMEM containing 10% FBS 
and antibiotics. After that 1 mL of medium was added to each well then incubated for 24 h. 
After the incubation, scaffolds were placed in a new culture plate to remove the dead cells. 
Culture medium changed 3 times a week. 
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3. Discussion 
 

The discussion is divided based on the CNM type used. See Figure 3.1. CNC used in this work 
are obtained from the bioethanol processing plant, having carboxylic surface groups (charge 
density 0.5 mmol g-1). CNC are anisotropic rigid crystals as shown in Figure 3.1a and the CNC-
based hydrogels were used for 3D printing process and has the advantage of shear induced 
alignment during printing. TOCNF (Figure 3.1b) with carboxyl groups has higher charge 
density (1.5 mmol g-1) and was used for the in-situ growth of other molecules and to prepare 
hybrid inks suitable for 3D printing. The higher charge density is beneficial for higher loadings 
of molecules during in-situ synthesis.  
 

 

Figure 3.1. Atomic force microscopy images of a) CNC and b) TOCNF.  
 

3.1 CNC based hydrogels 
 

Figure 3.2 shows the processing route to obtain CNC-based hydrogel scaffolds, i.e., i) first to 
concentrate (Con.) CNC suspension via centrifugation and mix with the matrix phases; ii) 3D 
print porous hydrogel scaffolds and iii) crosslink printed scaffolds as shown in Figure 3.2. 3D 
printed CNC-based hydrogels were explored as potential scaffolds for cartilage regeneration. 
Furthermore, the biocompatibility of these printed scaffolds was improved through surface 
functionalization.  

The CNC gel showed flow birefringence under cross-polarized light (Figure 3.2i) and a 
nanoscaled morphology with diameters below 10 nm which was confirmed by AFM imaging. 
Two types of biopolymers, sodium alginate (SA) and gelatin (Gel), were used as matrix phases. 
The hydrogel inks were characterized for their rheological properties to evaluate their 
printability. A variety of 2D and 3D scaffolds (Figure 3.2ii) with uniform and gradient porosity 
were printed and ex-situ crosslinked with calcium chloride (CaCl2) and glutaraldehyde (GA) 
solutions (Figure 3.2iii). After crosslinking, the scaffolds were kept in water until further 
characterization. 
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Figure 3.2. Schematic representation of the processing route for 3D printed CNC-based 
hydrogel scaffolds.  

 

3.1.1 3D printing of hydrogel scaffolds 
 

The foremost requirement of a hydrogel to be printable is to meet the appropriate rheological 
properties. Shear thinning is a characteristic of non-Newtonian fluids in which the viscosity 
decreases with increasing shear stress. This shear thinning property is an important factor that 
allows the ink to flow during extrusion-based 3D printing and keep the shape of the print intact 
after extrusion. Figure 3.3a shows that for the CNC-based hydrogel with a solid content of 
5.4%, the apparent viscosity of 6.92 × 104 Pa.s at a low shear rate (10-3 s-1) drops by four orders 
of magnitude to a value of 8.80 Pa.s at a shear rate of 50 s-1 (≈50 s-1 being a typical shear rate 
experienced during 3D printing)58. When the viscosity of the hydrogel ink drops at higher shear 
rates during extrusion, the ink behaves more like a liquid rather than a solid. This behavior was 
ascribed to the assumption that as the shear rate increases, the hydrogel network becomes 
disturbed, weakens and releases the entrapped liquid and thus induces a decrease in the apparent 
viscosity59. However, as soon as the shear rate drops, the viscosity of the ink increases 
immediately, making the print more solid-like.  

With the increase in the solid content of CNC-based hydrogel ink from 5.4 to 9.9 wt% through 
concentrating the aqueous suspensions (CNC:SA:Gel from 6:6:3 wt% to 11:6:12 wt%) the 
viscosity and the shear thinning property of the ink were also improved by an order of 
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magnitude (Figure 3.3a). Furthermore, with the concentrated CNC-based hydrogel ink the 
apparent viscosity of 1.55 ×105 Pa.s at a low shear rate (10-3 s-1) drops by five orders of 
magnitude to a value of 22.60 Pa.s at a shear rate of 50 s-1.  

 

 
Figure 3.3. Rheological properties of CNC-based hydrogels. a) Viscosity vs shear rate and b) 
storage and loss modulus vs shear stress.   

 

Following the same trend, an enhancement in the viscoelastic solid behavior was also observed 
with the increased concentration of the hydrogel ink. The storage modulus, G′, of 1.98 × 104 Pa 
was increased to 4.42 × 107 Pa while the loss modulus, G′′, of 3.02 × 103 Pa increased to 8.26 
× 106 Pa, at low shear rates, as shown in Figure 3.3b. In both cases the G′ is an order of 
magnitude greater than their respective G′′, indicating that the hydrogels are highly structured. 
This solid-like behavior of the hydrogel is highly desirable for 3D printing of constructs, 
especially for subsequent ex-situ crosslinking, as it crucial to render dimensional stability and 
shape fidelity until the completion of the print. 

A variety of 2D hydrogel scaffolds were printed and their microstructure and directionality were 
analyzed. In general, it was observed that the measured pore size was different compared to the 
pore size entered in the input file used for printing. But to some extend this difference was 
expected due to the gel nature of the ink, moreover swelling is also expected during aqueous-
based ionic crosslinking.  

The printed 2D hydrogel scaffolds together with wet and freeze-dried pore sizes are presented 
in Table 3.1. The pore sizes under wet and dry conditions were measured and generally, the 
pore size was larger in the dry state due to reduced swelling in the pore walls, once the water 
was removed. There are also some studies showing that the pore sizes between 250–500 μm are 
beneficial for chondrocyte proliferation and extra cellular matrix (ECM) secretion60. The pore 
structures obtained in the current 3D printed hydrogel scaffolds for 0.5 mm and 1 mm pore size 
were close to the ones required for cell growth. Hence, 3D printed scaffolds with the optimal 
hydrogel ink composition and the pore size can indicate their potential use in tissue 
regeneration. 
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Table 3.1. Table for visual appearance of printed CNC-based 2D hydrogel scaffolds and data 
for pore sizes before and after freeze-drying.  

 

 

3.1.2 Crosslinking mechanism 
 

Two types of matrices were used in the CNC-based hydrogel system, sodium alginate and 
gelatin and they were crosslinked with calcium chloride solution and glutaraldehyde, 
respectively. Cellulose and SA both are polysaccharides with a similar chemical structure that 
provide good chemical compatibility in the resultant composite. SA in the presence of divalent 
cations as Ca2+ can crosslink through ionic interaction between Ca2+ and the carboxyl groups 
of two adjacent alginate chains, resulting in the formation of a 3D network61 (Figure 3.4a). The 
ease of gelation of alginate with divalent cations under normal physiological conditions is one 
of its most important features besides biocompatibility and biodegradability properties62. 
Calcium ions replace sodium ions in alginate binding long chain alginate molecules, resulting 
in the formation of a 3D gel assembly called “egg box”, non-thermo-reversible59. According to 
the model presented by Grant et al., the divalent cations can bridge the negatively charged units 
on the alginate polymer chain and can form an egg-box structure63. 

Gelatin is a gel-forming biomacromolecule obtained by the hydrolysis of collagen, the most 
abundant protein in the skin, connective tissue, bone, and cartilage of animals. Glutaraldehyde 
is by far the most widely used cross-linking molecule due to its low cost and excellent efficiency 
on the stabilization of collagenous materials, reducing its cytotoxicity when used at very low 
concentrations64. The mechanism of gelatin crosslinking mediated by glutaraldehyde can be 
explained through the reaction of the aldehyde functional groups with free non-protonated 
amino groups (-NH2) of lysine or hydroxylysine through a nucleophilic addition-type reaction 
as shown in Figure 3.4b. 
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Figure 3.4. Crosslinking mechanism of a) sodium alginate with CaCl2 and b) gelatin with 
glutaraldehyde.  

 

3.1.3 Shear Induced alignment of CNC 
 

An important aspect of using hydrogel inks based on anisotropic discrete CNC in DIW, is the 
shear induced alignment of crystals preferably along the printing direction. This was first 
investigated by optical microscopy in cross-polarized light mode. This optical characteristic 
provides a qualitative indication of strong CNC orientation within the 3D printed scaffolds. The 
optical microscopy image of the freeze-dried (FD) 3D printed hydrogel scaffolds is shown in 
Figure 3.5a. The image shows strong birefringence, confirming the anisotropy in the 3D printed 
scaffolds that arise due to the shear-induced orientation of CNC during extrusion. The self-
assembled liquid crystalline order was even maintained in the wet state and shows birefringent 
regions when they are aligned at an angle to the analyzer as shown in Figure 3.5b. The 
emergence of the birefringence due to the different indices of refraction associated with 
different crystallographic directions is a property of crystalline materials such as CNC, whereas, 
alginate and gelatin do not possess this property. Figure 3.5c shows the cross section of the 
freeze-dried scaffolds where the bridge and junction positions can be identified and the layered 
morphology and the strong printing directionality in the bridge region can be seen. To quantify 
this shear induced alignment of CNC, 2-Dimensional wide angle X-ray scattering was 
performed. The measured degree of orientation for planes 200 and 110 is between 61–77%, 
being highest in the middle junction position.  
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Figure 3.5. Cross-polarized optical microscopy images of 3D printed CNC-based hydrogel 
scaffolds. a) Freeze-dried state and b) wet state. c) Freeze-dried image of 3D printed CNC-
based hydrogel scaffold used for 2D-WAXS measurement at three different positions. 

 

3.1.4 Optimization of nozzle movement 
 

To obtain scaffolds with higher z-axis and good print resolution the movement of the nozzle 
was optimized to print minimum number of walls around the pores. Without optimization the 
nozzle was moving in such a manner (nozzle movement-A (NM-A)) that multiple walls were 
printed around one pore and after a few layers the print resolution was lost. Figure 3.6a 
represents the illustration of NM-A and it can be noted that each pore of the scaffold is 
composed of similar blocks (each block is shown with one color) that are connected to each 
other. The black arrow indicates the start of the printing in the forward direction where all the 
four sides of each block are printed. Once the nozzle reaches the end of the forward direction, 
it jumps (indicated by a black dotted line) to start printing in the backward direction where only 
three sides of each block are printed (the fourth side being already printed during the forward 
direction). Each block shares its bridge and junction positions with its neighboring blocks. In 
this way, the walls of each pore are printed twice. Therefore, a new nozzle movement, nozzle 
movement-B (NM-B) (Figure 3.6b), was used to print 3D scaffolds with higher z-axis. Here 
too, each pore of the scaffold is composed of similar blocks (each block is shown with one 
color) connected to each other. But in this case, the nozzle printing pattern is alternating 90° 
angle lines that form squares. In this way, the walls of each pore are printed once, and a higher 
z-axis, as high as 20 mm, was successfully achieved with good print resolution. From this point 
onwards, NM-B was used for all the 3D printings done in this thesis work.  
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Figure 3.6. Illustration of a) NM-A and b) NM-B.   

 

3.1.5 Gradient hydrogel scaffolds 
 

Two types of gradient scaffolds were 3D printed using CNC-based hydrogel ink, one along the 
x-axis and second along the z-axis, as shown in Figure 3.7. X-axis gradient scaffold has the 
pore size distribution of 1–1.5–2 mm, while z-axis gradient scaffold 0.3–0.5–0.7 mm. Gradient 
porosity is present in soft and hard natural tissues, such as cartilage, skin and bones. In skin the 
pore size increases while distancing away from the surface. Furthermore, for long and flat bones 
structural gradient is found in radial and axial direction, respectively, introducing variation in 
bone density65. Gradient porosity is also known to promote specific cell migration during tissue 
engineering, which is a requirement, e.g., for the treatment of articular cartilage defects in 
osteochondral tissue engineering66,67. Furthermore, the literature shows that there is no definite 
pore size range that can be considered as a benchmark for scaffolds, e.g. for cartilage tissue 
engineering, some studies showed higher bioactivity with smaller pores while others showed 
better cartilage regeneration with larger pores68. Scaffolds with gradient porosity have the 
ability to better represent the actual in-vivo conditions where cells are exposed to layers of 
different tissues with varying structural properties69,70. Macropores (< 500 mm) facilitate tissue 
ingrowth, nutrient supply, waste removal and bone regeneration while micropores (> 300 mm) 
facilitate cell attachment and proliferation as well as better mechanical properties71. These 
contradictory results may be due to the complexity of 3D structures which may affect cell 
penetration, distribution and nutrient diffusion72. 

 

Figure 3.7. 3D printed CNC-based hydrogel scaffolds with gradient porosity along a) x-axis 
and b) z-axis. 
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3.1.6 Mechanical properties 
 

The articular cartilage plays a unique role in dissipating compressive loads, redistributing 
loading forces, and lowering joint frictions. The compressive modulus of natural articular 
cartilage can range from 0.079 ± 0.039 MPa to 2.10 ± 2.69 MPa depending on its depth and 
location73.  

Compressive testing is the preferred mode of mechanical testing for cartilage regenerative 
scaffolds because the role of natural cartilage is to bear loads in compression. To mimic the in-
vivo conditions, scaffolds were tested in water and at 37 °C as shown in Figure 3.8a. Figure 
3.8b represents the compressive data obtained for four porous hydrogel scaffolds with different 
pore sizes: i) reference with no pores, ii) uniform pores of 850–1100 µm, iii) uniform pores of 
480–650 µm, and iv) z-axis gradient scaffold of pores 110–800 µm. At strain rates of 25–30%, 
the highest modulus of 0.45 MPa is obtained for reference scaffold with no porosity. However, 
as soon as the pore size increases, the modulus decreases, due to the decrease in density 
indicating the expected relationship between porosity of the scaffolds and the corresponding 
mechanical properties. In case of the gradient porous scaffolds, the modulus is higher (0.34 
MPa) as compared to uniform porous scaffolds (0.20 and 0.26 MPa) because of the presence of 
smaller pore sizes and more solid walls (Figure 3.8b). Furthermore, the compressive modulus 
of the 3D hydrogel scaffolds increases as the compression rate increases (Figure 3.8c), 
exhibiting and mimicking the viscoelasticity of natural cartilage tissues that is considered 
favorable for load bearing scaffolds74. The compressive modulus of 0.20 MPa at strain rate of 
2 mm/min increases to 0.35 MPa at 5 mm/min and further increases to 0.47 MPa at 120 
mm/min. 

 

Figure 3.8. a) Compression testing of 3D printed CNC-based hydrogel scaffolds in water at 37 
°C. Compressive stress-strain curves for 3D printed hydrogel scaffolds b) at a constant strain 
rate of 2 mm/s and c) at different strain rates for 1 mm pore size scaffold. 

 

3.1.7 Surface functionalization of scaffolds 
 

Surface modification of 3D printed scaffolds improves cellular responses such as adhesion, 
migration, proliferation and differentiation, and hence is important for long-term applications 
in the biomedical field75. Therefore, the surface of the 3D printed CNC-based hydrogel 
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scaffolds was functionalized with dopamine hydrochloride. Dopamine hydrochloride in the 
alkaline environment can form polydopamine layers that can adlayer to various organic and 
inorganic substances due to the oxidation of the catechol groups of dopamine76. The various 
functional groups present on dopamine coatings can further provides a platform to anchor 
growth factors, hormones, peptides and chemicals that can be surface immobilized via chemical 
or physical attachment77. After printing and crosslinking, a uniform coating of dopamine on the 
surface of the 3D printed CNC-based hydrogel scaffolds was achieved by simple immersion in 
buffered dopamine (pH 8.5). This leads to the spontaneous deposition of polydopamine films 
on the scaffold surface through strong covalent and non-covalent interactions with the organic 
surfaces. In case of Dopamine-CNC hydrogel scaffolds, the dopamine solution could be 
absorbed deep into the surface due to its hydrogel nature and therefore the cellulose structure 
was not evident in the PXRD (Figure 3.9a). To improve cartilage tissue regeneration, the growth 
factor (FGF-18) was immobilized on the polydopamine coated surface of 3D printed scaffolds. 
FGF-18 can have a positive influence on chondrogenesis and osteogenesis during skeletal 
development and are actively involved in the cell growth78. The inherent antibacterial activity 
of the CNC-based hydrogel scaffold was increased with each step, first with dopamine coating 
and then with FGF-18 functionalization, and was directly visualized from the agar plates and 
the zone of inhibition (Figure 3.9b). The antimicrobial activity of dopamine discontinued the 
multiplication of both gram positive and negative bacteria and furthermore the immobilization 
of growth factor FGF-18 enhanced the antibacterial activity of CNC-based hydrogel scaffolds. 
Moreover, cell adhesion is the primary event that occurs when cells come in contact with a 
biomaterial and poor cell adhesion can result in failure. The biocompatibility of CNC-based 
scaffolds was improved with surface functionalization when tested with cartilage cell lines 
(Figure 3.9c). The moisture binding capability of cellulose hydrogel scaffolds is considered to 
be an additional advantage for cell attachment and proliferation and supports earlier studies 
where wet surface facilitated the proliferation of mammalian cells79. These observations 
confirm that the growth factors targeted for specific interactions can induce fast proliferation of 
respective cells on the scaffolds for better success and performance after implantation. 

 

Figure 3.9. a) PXRD of dopamine coated CNC-based hydrogel scaffolds. b) Antimicrobial 
activity of CNC-based scaffolds and the table quantifies the inhibition zone and c) cytotoxicity 
of cartilage cells cultured on CNC-based hydrogel scaffolds.  
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3.2 TOCNF based hydrogels 
 

The functional groups present on TOCNF were utilized in TOCNF-based hydrogels for the 
attachment of bio-friendly materials. The carboxylic groups were used to anchor metal ions for 
direct growth of materials (Metal-Organic frameworks (MOFs) and hydroxyapatite (HAP)) 
during one pot in-situ synthesis. MOFs were selected to take advantage of their inherent 
porosity for loading and release of drug molecules, such as curcumin (Cur). HAP was selected 
for intended bone tissue engineering while TOCNF was used for cartilage tissue engineering. 
The synthesis route is shown in the Figure 3.10 in which the hybrid hydrogels were obtained 
after the addition of precursors, washed and centrifuged, mixed with matrix and 3D printed. 
The aim with this approach was to i) to successfully incorporate MOFs and HAP onto TOCNF, 
ii) to obtain pure phase of the materials, iii) to take advantage of MOFs inherent porosity for 
loading and releasing drug molecules and iv) to develop a system which is flexible to 
incorporate other materials or other drug molecules.  

 

Figure 3.10. Schematic representation of in-situ synthesis of MOF and HAP onto TOCNF. 

 

3.2.1 In-situ synthesis onto TOCNF 
 

Zeolitic-Imidazolate Framework (ZIF-8) has been investigated as a MOF model. ZIF structures 
are generated according to tetrahedral units where every metal ion (M) attaches to four organic 
imidazolate linkers. Because zinc is the second most abundant metal in the human body and the 
imidazole group is found in the amino acid histidine, ZIF-8 has good biocompatibility and 
safety to be used in biomedical applications80. The one-pot synthesis route of ZIF8@TOCNF 
(CelloZIF8) hybrid hydrogel, with and without curcumin, is schematically represented in Figure 
3.11a.  Zn2+ ions added to TOCNF under stirring coordinate to the carboxylic groups of TOCNF 
and subsequently modulate the growth of ZIF-8 with the addition of the linker, 2-
Methylimidazole (Hmim). The powder X-ray diffraction (PXRD) pattern of the final ink shows 
the formation of pure ZIF-8 onto TOCNF as shown in Figure 3.11b with characteristic peaks 
of ZIF-8 at 2θ = 7.2°, 10.4°, 12.8°, and 18.1° corresponding to (110), (200), (211), and (222) 
planes. Curcumin, a model of anticancer drug, was used as a model to be loaded into the pores 
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of ZIF-8 and was added before the addition of the linker during one pot synthesis. It was 
observed that the addition of the curcumin resulted in decreasing the particle size of ZIF-8 
crystals decreased as indicated by the peak broadening in PXRD pattern for ZIF8-Cur@TOCNF 
(CelloZIF8-Cur). The synthesis was repeated to load different amounts of ZIF-8 and curcumin. 
Based on the inductively coupled plasma optical emission spectrometry (ICP-OES) data, the 
ZIF-8 loading varied between 30.8–70.7% while the curcumin loading (2.1–4.1 wt%) in the 
hybrids increased with the increase of the ZIF-8 content.  

 

 

Figure 3.11. a) One pot in-situ synthesis route to obtain ZIF8@TOCNF and ZIF8-
Cur@TOCNF and b) PXRD of hybrid hydrogels. 

 

The mineralization of hydroxyapatite onto TOCNF was obtained by the wet-chemical 
precipitation method where HAP was being synthesized in-situ onto carboxylate reactive site 
present on TOCNF in two steps, i.e., nucleation and growth (Figure 3.12a). The concentration 
of HAP precursors was adjusted to obtain a Ca/P ratio of 1.67. The size of HAP crystals was 
related to the available nucleating sites and the shape was governed by the pH. The high density 
of carboxyl groups, led to a large number of nuclei for the heterogeneous growth of HAP 
crystals, resulting in smaller crystal size. With increase in the OH- population, growth of nuclei 
is restricted in the OH- absent planes resulting in flake or rod-like crystals. The PXRD of as 
synthesized mineralized TOCNF matched with the simulated pattern of HAP indicating the 
formation of pure phase (Figure 3.12b). The amount of HAP was quantified through thermo-
gravimetric analysis (TGA) and was estimated to be 70 %. The mineralized TOCNF hydrogel 
was heated till 1000 °C, at which temperature the entire organic component was decomposed 
under this temperature, and the remaining was only HAP (Figure 3.12c). 
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Figure 3.12. a) One pot in-situ synthesis of HAP onto TOCNF. b) PXRD and c) TGA of hybrid 
hydrogel. 

 

3.2.2 Properties of hybrid TOCNF hydrogels 
 

It was observed that with the addition of curcumin in CelloZIF8-Cur, the particle size of ZIF-8 
crystals decreased as indicated by the peak broadening in PXRD. Same results could be seen in 
TEM images that showed decreased ZIF-8 particle size (from ~200 to 50 nm) with the 
increasing amount of curcumin (Figure 3.13). Keeping in mind the intrinsic porosity of ZIF-8, 
the pore volume and surface area of CelloZIF8 and CelloZIF8-Cur were determined. All 
CelloZIF8 inks showed a significant and systematic increase in porosity and surface area 
compared to the TOCNF alone, which indicated the successful incorporation of ZIF-8 onto 
TOCNF. As more and more ZIF8 was loaded onto TOCNF the surface area was increased from 
600 to 900 m2g-1. In case of CelloZIF8-Cur, the lower pore volume and surface area as 
compared to CelloZIF8, confirmed that the curcumin is hosted in the ZIF-8 cages which 
decreased the accessibility of pores. The viscosity and storage modulus of CelloZIF8 follows a 
general trend that the values increased with the increasing amounts of ZIF-8 and curcumin, 
while the highest values were observed for the highest loaded CelloZIF8-Cur (i.e. 1.16 × 106 
Pa.s and 4.8 × 105 Pa).  
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Figure 3.13. TEM images showing decrease of CelloZIF8-Cur crystal size with the increase of 
curcumin.  

 

In case of mineralized TOCNF, TEM images clearly showed the attachment of in-situ HAP 
particles (12–30 nm) onto TOCNF fibers (Figure 3.14a). EDX obtained from TEM showed the 
presence of well-determined peaks associated with the elements Ca, P and O of mineralized 
TOCNF hydrogel validating the synthesis of HAP onto TOCNF (Figure 3.14b). With the 
addition of HAP, the viscosity and storage modulus were improved by one order of magnitude 
(2.7 × 108 Pa.s and 3.8 × 104 Pa) compared to pure TOCNF (6.4 × 107 Pa.s and 5.2 × 103 Pa).  

 

Figure 3.14. a) TEM images showing the attachment of HAP onto TOCNF and b) EDX of 
mineralized TOCNF obtained from TEM.  
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3.2.3 3D printing of hybrid TOCNF hydrogels 
 

The hybrid hydrogels obtained after one pot synthesis were washed and mixed with SA to be 
3D printed into scaffolds. The camera images of 3D printed CelloZI8 and CelloZIF8-Cur 
(Figure 3.15 a and b) showed that the 3D printed scaffolds retained their shape very well, which 
depicts a successful 3D printing process. Furthermore, the encapsulation of curcumin impacted 
the shape fidelity positively. In agreement with PXRD and TEM images, SEM images also 
revealed that the size of ZIF-8 crystals decreased with the addition of curcumin (Figure 3.15 c 
and d).  

 

Figure 3.15. Camera images of 3D printed hydrogel scaffolds of a) CelloZIF8 and b) 
CelloZIF8-Cur. SEM images revealing the particle sizes of c) CelloZIF8 and d) CelloZIF8-Cur. 

 

TOCNF and mineralized TOCNF hydrogel inks (SA used as matrix) were successfully printed 
into 3D porous scaffolds while the pore sizes were adjusted in the range of cartilage (100–250 
μm) and bone regeneration (300–600 μm) (Figure 3.16 a and b), keeping in mind the intended 
use of these scaffolds. In both case the desired pore sizes and print resolution were achieved. 
The influence of pore size on the formation of cartilage or bone tissue was experimentally 
established in studies which showed that scaffolds of the same composition induced 
chondrogenesis in the presence of smaller pore sizes (80–120μm) and osteogenesis in the 
presence of larger pore sizes (> 300μm) after subcutaneous implantation into rats81. The freeze-
dried scaffolds revealed the mineralization effect, since the exposed surface of the TOCNF was 
now covered with HAP particles which resulted in minor reduction of pore size and formation 
of a rougher surface (Figure 3.16 c and d). This submicron and nanoscale wall roughness is 
beneficial in promoting the differentiation and ingrowth of bone-forming cells82. 
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Figure 3.16. Camera images of 3D printed hydrogel scaffolds and pore sizes distribution of a) 
TOCNF and b) mineralized TOCNF. Freeze-dried SEM images showing the pore morphology 
of c) TOCNF and d) mineralized TOCNF. 

 

3.2.4 Properties of 3D printed hybrid scaffolds 
 

The release of curcumin from CelloZIF8-Cur was studied at three different pH values, acidic 
(5.5), neutral (7.4) and basic (10) (Figure 3.17a). Only under acidic condition (pH 5.5), the 
curcumin was released from CelloZIF8-Cur. The biodegradability of ZIF-8 occurs at pH<6 and 
the mechanism started when the imidazolate ions started to deprotonate under acidic conditions 
thereby the coordination linkage between Zn and imidazolate ions breaks leading to the 
decomposition of ZIF-8 and release of any encapsulated molecules83. The fast release of 
curcumin took place in the first five hours (>90%) and it was proportional to the curcumin 
loading (Figure 3.17b). 

 

Figure 3.17. a) Release of curcumin from CelloZIF8-Cur at three different pH for 150 minutes 
and b) graph for curcumin release.  
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For tissue-engineering applications, the mechanical properties of the hydrogel scaffolds are 
another critical feature that must be considered. As reported in literature, the mechanical 
strength of scaffolds can significantly influence the adhesion, growth, proliferation, and 
differentiation of cells of the osteogenic lineage84. TOCNF hydrogel scaffolds possesses a 
mechanical strength of 0.07 MPa and modulus of 2.8 MPa, which increased to a mechanical 
strength of 0.25 MPa and modulus of 9.4 MPa in case of mineralized TOCNF hydrogel 
scaffolds due to the presence of hard and rigid HAP particles. Stem cells can perceive and 
respond to the mechanical properties of an extracellular scaffold, which provides feedback to 
regulate their differentiation fate (0.020–0.080 MPa for cartilage and 0.110–0.190 MPa for 
osteoblasts)85. The compressive modulus of native osteochondral tissue follows a gradient that 
ranges from 0.079 MPa in the superficial layer of articular cartilage to 5.7 GPa86. These results 
indicated that the TOCNF and mineralized TOCNF hydrogel scaffolds possess the optimal 
modulus for the growth of cartilage and bone tissues, respectively. 

 

3.2.5 Flexibility and versatility of 3D hydrogel scaffolds 
 

The flexibility of the developed system to produce one pot in-situ synthesized CelloMOF was 
proved to be flexible and extendable by incorporating different MOF or guest molecule. 
Another MOF, MIL-100 (Fe) was in-situ synthesized onto TOCNF (MIL100@TOCNF) with 
and without curcumin (Figure 3.18 a and b). The purity of the obtained CelloMIL-100 was 
confirmed with PXRD which matched very well with the simulated pattern of MIL-100. In 
addition to curcumin, the successful incorporation of methylene blue (MB, a hemoglobin 
regulating drug) (Figure 3.18c) also demonstrated in CelloZIF-8 which also showed pH-
dependent release.  

 

Figure 3.18. a) MIL100@TOCNF, b) MIL100-Cur@TOCNF and ZIF8-MB@TOCNF. Scale 
bar 500 µm.  

 

The versatility in the 3D printing of the hydrogel scaffold is showed by printing a biphasic 
hydrogel scaffold. TOCNF and mineralized TOCNF hydrogel inks were used to 3D print a 
biphasic scaffold having gradient structure by varying composition, pore size and mechanical 
characteristics to mimic the native osteochondral structure. In the biphasic scaffold, TOCNF 
hydrogel ink mimics the soft cartilage phase with smaller pores that would expect to promote 
chondrogenesis, while mineralized TOCNF hydrogel ink mimics the hard bone phase with 
larger pores that would expect to promote osteogenesis.  High pore interconnectivity in both 
phases would facilitate adequate cell penetration and the exchange of nutrients and waste 
products86. 
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Figure 3.19, shows the top and side view of the 3D printed biphasic scaffold that maintained its 
shape and dimensions very well and showed no signs of weakness or delamination at the 
interface region. The macro and micro print resolution is satisfactory which can declare the 3D 
printing of biphasic scaffold a success. The two phases were well-integrated with a continuous 
interface to form the coherent structure of the biphasic hydrogel scaffold. The presented 3D 
printed prototype of the biphasic hydrogel scaffold design can serve as the basic of the 
osteochondral hydrogel scaffolds which can also mimic the moist ECM environment found 
inside the host tissue. 

 

Figure 3.19. 3D printed biphasic hydrogel scaffold.  

 

A single scaffold with integrated phases, biphasic scaffold, stands out as an effective and 
practical approach, in which scaffold design features two or more phases potentially with 
unique properties in each phase to match the different regenerative requirements in each 
segment of the osteochondral structure87. More specifically biphasic porous hydrogel scaffolds 
can be considered as preferred option because of their hydrated 3D porous structure can mimic 
the in-vivo properties of ECM for signaling, nutrient transport, as well as support cell ingrowth, 
proliferation, and differentiation and effective integration with the original tissues after 
implantation85,88. 
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4. Conclusions 
 

In this thesis, the potential of using biobased and renewable nanocellulose-based materials for 
the production of 3D printed porous hydrogel scaffolds intended for biomedical applications 
was explored. All the developed hydrogel inks are water-based, prepared at low temperatures. 
Furthermore, they are flexible and extendable with excellent rheological properties and are 3D 
printed using an inexpensive 3D printer. The printed scaffolds retain their dimensions very well 
with no signs of delamination even after being tested under compressive stresses.  

We have successfully reported for the first time 3D printed CNC-based hydrogel scaffolds with 
gradient porosity within one scaffold intended for biomedical applications. The solid content 
of the hydrogel inks can be controlled via the concentration of the precursor’s solution. In 
addition to hydrogel ink composition and its rheological properties, the print resolution and 
pore size control can be controlled through flow rate and print speed. The work also highlighted 
the importance of nozzle movement to obtain 3D printed porous hydrogel scaffolds with higher 
z-axis and acceptable print resolution. The pore sizes varied between 80–2125 μm under wet 
conditions and these pore sizes can be distributed in the scaffold in a controlled manner which 
provides gradient in density and mechanical properties. Moreover, the presences of anisotropic 
CNC have provided shear induced orientation in the scaffolds, preferably along the printing 
direction. The functional modification of the surfaces of 3D printed hydrogel scaffolds with 
fibroblast growth factors (FGF-18) after dopamine coating was found to provide an efficient 
methodology to enhance the scaffold bioactivity and biocompatibility. FGF-18 immobilized 
scaffolds enhanced the cartilage cells proliferation and chondrogenic differentiation. The results 
demonstrate that combining 3D printing with tailored composition, pore size and a biological 
interface provides a viable and universal process to develop tissue specific scaffolds with 
enhanced biocompatibility.  

The surface charges of TOCNF were used for one pot in-situ synthesis of metal organic 
frameworks to produce hybrid functional 3D printed scaffolds. The in-situ growth of ZIF-8 and 
MIL-100 was favored by the coordination of Zn2+ or Fe2+ to the carboxylic groups of TOCNF. 
This one pot synthesis approach can also be used to encapsulate drugs such as curcumin and 
methylene blue into CelloMOF systems. The stimuli-responsive (pH-dependent) release of drug 
molecules from the printed scaffolds was demonstrated indicating their potential in biomedical 
applications to produce customized implants that release drugs which can facilitate healing and 
regeneration of tissues.   

Another novel hydrogel system has been introduced in the form of 3D printed biphasic hydrogel 
scaffolds intended for osteochondral tissue regeneration. The in-situ synthesis of 
hydroxyapatite onto high charge carboxyl groups in TOCNF served as hard tissue engineering 
while only TOCNF was used for soft tissue engineering. SEM and TEM analysis showed that 
HAP particles are tightly bound onto TOCNF fibers which attributed to increased mechanical 
strength of scaffolds fabricated by mineralized TOCNF as compared to non-mineralized 
scaffolds. The biphasic scaffold contained two phases with different composition and pore 
morphologies to match the cartilage and bone segments of osteochondral tissue, which were 
joined with a smooth and continuous interface. The proposed biphasic hydrogel scaffold is 
flexible and can be adjusted to a wide range of composition, pore size and scaffold dimensions 
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to make the scaffold customized according to the needs of the patient, which constitutes a 
promising approach in tissue engineering. 

CNC and TOCNF-based hydrogel inks provide a new proof-of-concept prospect for flexible 
and extendable systems while 3D printing provides a simple and fast platform for producing 
scaffolds. The proposed synthesis and 3D printing technique is scalable and has the potential 
for customization and decentralized processing at the point of need. 
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5. Future outlook 
 

For the work described in this thesis, a 3D printer equipped with single nozzle was used. 
However, using independent muti-nozzle systems, hydrogels with different compositions and 
properties can be printed at different temperatures to fabricate multi-material complex 
scaffolds.  

In addition, 4D structures (3D structures that can change over time) would be interesting to 
explore using nanocellulose. The response of shear-induced alignment of cellulosic fibrils to 
stimulus (e.g., swelling in water), can induce a time-dependent transformation from 3D to 4D 
printed structures.  

In this thesis, we have shown one pot in-situ synthesis of MOFs prior to printing but in the 
future, it is interesting to explore the possibility of synthesis during printing could be explored. 
This idea can be tested in two ways, i) to extrude metal ions in a solution of the linker or ii) to 
extrude the linker into the solution of metal ions. We do have some preliminary data but this 
needs to be explored further.  

In future, the long-term performance evaluation of nanocellulose-based scaffolds needs to be 
explored according to the intended application. In terms of biomedical applications, the 
degradation rate and long-term placement durability inside the body needs to be accessed. In 
this regard, detailed and thorough studies about biocompatibility and biodegradability need to 
be explored.  

The product-specific improvements need to be accessed depending on the applications. The 
mechanical properties need to be improved if the nanocellulose-based scaffolds are to be used 
for load bearing applications.  
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