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Nanoparticles play an essential role in the development of modern drug 
administration as delivery platforms. They provide specific delivery paths for 
pharmaceuticals and biomolecules to target tissues and cells. In addition, they 
allow controlled release via outer activation methods, such as light activation. 
Traditionally nanoparticles are delivered to patients via injection. However, 
due to the rapidly growing market and variety of new applications, new 
delivery methods and carriers should be investigated. 

Anionic nanocellulose is a hydrogel produced from nanosized cellulose 
fibers. The aim of this thesis was to prove that nanocellulose hydrogels are 
suitable for the controlled release of a wide range of pharmaceuticals and 
nanoparticles. This requires stability from the carrying matrix in vivo, high 
biocompatibility and preferably clearness for possible light-induction 
applications. We used the hydrogels to administer model pharmaceuticals and 
model nanoparticles from standard release well systems and custom-made 
implant type devices to learn that the concentration of the nanocellulose fiber 
in the hydrogel affected the drug release rate for most drugs, proteins and 
nanoparticles. The diffusion coefficients were significantly smaller for large 
molecules and nanoparticles when higher concentration of nanocellulose was 
present which indicates that the amount of fiber in the hydrogel can be utilized 
to control the drug release rates. 

The implant type devices used in the work were 3D printed with specific 
geometries to regulate the release rate of the chosen pharmaceuticals. The 
main benefit of the devices is that the release rate of any nanocellulose 
compatible drug or particle can be modulated in addition to fiber content by 
modulating the inner geometry of the PLA capsule. The methodology was 
shown to be well suited for preclinical development and can be further 
enhanced to pursue medical applications. In addition, we studied the effects 
of freeze drying in the release of human growth factors from the nanocellulose 
hydrogel.  

Freeze drying is an extremely stressful process for any living organism. 
In the process, the sample is frozen, and water is extracted through 
sublimation. This is achieved by lowering the air pressure. Moreover, the 
freeze drying was studied from another perspective to see if the nanocellulose 
could aid in preserving the outer structures of human cell spheroids.  

To conclude, we demonstrated the suitability of nanocellulose 
hydrogels as a delivery platform for a wide range of pharmaceuticals and 
nanoparticles. In addition, we demonstrated nanocelluloses compatibility 
with freeze drying when correct lyoprotectans were implemented which 
broadens the application development paths for the production of new drug 
delivery systems.  
 



 
This thesis work was carried out at two universities: at the University of 
Helsinki (Faculty of Pharmacy) and at Tampere University (Faculty of 
Engineering and Natural Sciences). 

I want to first thank prof Timo Laaksonen for supervising my thesis 
work and being flexible when I have had work or health related challenges. I 
also want to thank prof Marjo Yliperttula for introducing me to the world of 
scientific research and always being inspirational. I want to thank my 
supervisors Patrick Laurén and Tatu Lajunen for their intelligence, wisdom 
and perception. I am grateful to my colleagues Arto Merivaara, Jussi 
Isokuortti, Valtteri Virtanen, Sampo Tuukkanen and Boxuan Shen for their 
help with the projects. Also, big thanks to Shirin, Jaakko and Puja for their 
help in the liposome lab. I want to thank Heli Paukkonen for introducing me 
to freeze drying and drug release studies and Timo Oksanen for helping with 
the analysis of my samples and Raili Koivuniemi for teaching me cell work and 
being an instructor. 

Encouraging words and support are important especially at the last 
mile, and I want to thank Emma and Petteri for that. It is important to charge 
batteries after work, and I want to thank biofuksit’09, biofuksit’10, PR-tiimi, 
DnD group, ihmiset, Smash Finland and Plow-tuotanto for all the relaxing 
moments, when I have had bad days at work. I also want to thank Muhis and 
Rikkis for all the recharging time at the gym and for their friendship. 

I would like to thank my thesis committee Artturi Koivuniemi and Heidi 
Kidron for their time and practical tips, and Kati Tuomola, Anu Joki, Teemu 
Miettinen and Laura Suojanen for their energizing peer support during the 
writing process. I also want to thank Zahra, Anna, Puja and Jaakko for 
watering my office plants, when I haven´t been able to travel to the office. I 
also want to thank all other colleagues for fun times. 

Most importantly, I want to thank my family (Riitta, John, Aki, Heidi, 
Osku and Jyri) for their endless support and love.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 created with BioRender.com. 





 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
This thesis is based on the following publications: 
 
I Paukkonen, H., Kunnari, M., Laurén, P., Hakkarainen, T.,  

Auvinen, V. V., Oksanen, T. & Laaksonen, T. (2017). 
Nanofibrillar cellulose hydrogels and reconstructed hydrogels as 
matrices for controlled drug release. International Journal of 
Pharmaceutics, 532(1), 269-280. 

 
II Auvinen, V. V., Merivaara, A., Kiiskinen, J., Paukkonen, H.,  

Laurén, P., Hakkarainen, T., ... & Yliperttula, M. (2019). Effects 
of nanofibrillated cellulose hydrogels on adipose tissue extract 
and hepatocellular carcinoma cell spheroids in freeze drying. 
Cryobiology, 91, 137–145. 

 
III  Auvinen, V. V., Virtanen, J., Merivaara, A., Virtanen, V., 

Laurén, P., Tuukkanen, S., & Laaksonen, T. (2020). Modulating  
sustained drug release from nanocellulose hydrogel by  
adjusting the inner geometry of implantable capsules. Journal 
of Drug Delivery Science and Technology, 57, 101625. 

 
IV Auvinen, V. V., Laurén, P., Shen, B., Isokuortti, J., Durandin, 

N., Lajunen T., Linko V., Laaksonen T. (2022). Nanoparticle 
release from anionic nanocellulose hydrogel matrix. Submitted 
to Cellulose. The submission id is: CELS-D-22-00479. 

 
 
The publications are referred to in the text by their roman numerals.  
 
 
 
 
 
 
 
 
 
 
 



 
Publication I 
The author aided in the planning of the freeze drying part and executed it fully, 
in addition to sample producing and data curation of the drug release 
experiments. The author was responsible for the photographs for the 
publication and aided with the SEM images. Additionally, the author was 
involved in the production of the rheology samples. 
 
Publication II 
The author designed the experiments with the help of Heli Paukkonen and the 
supervisors. The author prepared and performed all cell lab work with Arto 
Merivaara under the supervision of Raili Koivuniemi. Actin and Hoechst 
staining was performed by Arto Merivaara. The author was responsible 
together with Arto Merivaara for coordinating the research, writing the 
manuscript and submitting the final paper commented by the co-authors. 
 
Publication III 
The author designed the experiments together with the supervisor prof Timo 
Laaksonen with the aid of Sampo Tuukkanen. The author performed majority 
of the measurements and most of the data processing with the aid of prof Timo 
Laaksonen. Arto Merivaara aided in two individual measurements. The author 
wrote the manuscript together with prof Timo Laaksonen and prepared the 
final paper with the aid of co-authors. The author was responsible for 
submitting the final manuscript. 
 
Publication IV 
The author designed the experiments with the aid of Tatu Lajunen and the 
other co-authors. The author produced all the nanoparticles for the studies, 
except for micelles being produced by Jussi Isokuortti and DNA origamis by 
Boxuan Shen. The author performed all the measurements and was 
responsible for coordinating the writing of the manuscript and for the final 
submission. 
 
 
 
 
 
 
 



 
2D   two-dimensional 
3D   three-dimensional 
ATE   adipose tissue extract 
ANFC   anionic nanocellulose 
B.C.   before Christ 
BSA   bovine serum albumin 
CAD   computer-aided design 
Calcein AM  calcein acetoxymethyl 
Covid-19  coronavirus disease 2019 
DLS   dynamic light scattering 
DMEM  Dulbecco's modified eagle media 
DNA   deoxyribonucleic acid 
DNA orig  DNA origamis 
DPBS   Dulbecco’s phosphate buffer solution 
FBS   fetal bovine serum 
FD   freeze dried 
FITC-DEX  FITC-dextran 
HepG2  human hepatocellular carcinoma cells 
IL-6   interleukin 6 
in vitro  “in glass”, studies made in laboratory 
in vivo  “within the living”, studies made with living samples 
kDa   kilodalton 
KETO   ketoprofen 
LIPO   liposomes 
LNP   lipid nanoparticles 
LZ   lysozyme 
MCL   micelle 
METO   metoprolol 
mM   millimolar 
mRNA  messenger ribonucleic acid 
MW   molecular mass (molecular weight) 
MZ   metronidazole 
m/m   mass per mass 
NAD   nadolol 
NBD   nitrobenzoxadiazole 
nd   no data 
NIR   near-infrared light 
nm   nanometers 
p   statistical p-value 
pas   pascal second 
PEG   polyethylene glycol 
PFA   paraformaldehyde 



pH   potential hydrogen, a scale representing the relative 
acidity  

or alkalinity  
PI   propidium iodide 
PLA   polylactic acid 
RNA   ribonucleic acid 
s   second 
S.D.   standard deviation 
SEM   scanning electron microscope 
TAE   tris base, acetic acid and ethylenediaminetetraacetic acid 
TEM   transmission electron microscopy 
TEMPO  (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl 
UPLC   ultra performance liquid chromatography 
VEGF-A  vascular endothelial growth factor A 
V   volume 
v/v   volume per volume 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Already in ancient Egypt, cellulose was used as a material for producing plant-
based papyrus ca. 2900 B.C. (Houston, 2016, Tallet, 2012, Bell and Skeat, 
1935). Three thousand years later, common paper was invented in China, and 
two thousand years from that sterilized cellulose newspaper was used as a 
wound dressing in the early 1900´s (Hibbs, 1917). A year later, paraffin paper 
was used as a surgical dressing (Booth, 1918) and in the 1940´s, cellulose 
based dialysis filters saved lives of kidney failure patients (Jacobze, 2005). 
Since then, the potential of cellulose as a biomaterial has been transferred to 
numerous applications in the field of medicine, such as surgical sutures and 
implantable materials (Hoenich, 2006). Cellulose is a biopolymer and is 
typically collected from plant-based sources, such as wood. Cellulose can be 
processed into numerous refined versions, such as nanocellulose hydrogels 
that have lately emerged to the medical fields (Nicu et al., 2021). Conventional 
cellulose hydrogels have larger fibers, whereas nanocellulose hydrogels consist 
of water and nanosized cellulose fibers (Klemm et al., 2011). Single nanofibers 
are typically 3-4 nm in diameter and consist of 30-40 cellulose polysaccharide 
chains (Isogai et al., 2011). As with all nanomaterials, having only particles in 
nano size leads to new interesting properties, such as new matrix kinetics or 
antimicrobial properties.  
 
Due to high biocompatibility, nanocellulose hydrogels have been shown to be 
promising candidates for numerous medical and pharmaceutical applications, 
such as wound dressings, 3D cell cultivations and drug release (Klemm et al., 
2021). For example, controlled drug release from a delivery platform requires 
stability in vivo, high biocompatibility and preferably clearness of the platform 
for possible light-induction applications, biocompatibility, stability and 
transparency for possible light-induction applications. Nanocellulose fulfills 
all these requirements. Therefore, this thesis focuses mainly on three themes; 
modifying the hydrogels to tolerate preserving methods (freeze drying), using 
the hydrogels for drug release, and studying the hydrogels compatibility with 
other nanomaterials (nanoparticles). 
 
The first theme was to modify the hydrogels for efficient rehydration after 
freeze drying while carrying pharmaceuticals, proteins and cells, and 
investigate the hydrogels’ release capabilities after freeze drying and 
rehydration. Freeze drying is an extremely stressful process for any living 
organism. In the process, the sample is frozen, and water is extracted through 
sublimation which is achieved by lowering the air pressure. The freezing step 
might form structure damaging ice crystals, and the drying phase might alter 
the 3D configuration of the biological structures. Moreover, the freeze drying 
was examined from another perspective to see if the nanocellulose could aid 
in preserving the outer structures of human cell spheroids.  



 
The second theme of the literature section revolves around drug capsules filled 
with hydrogels for drug release studies. In addition, nanocellulose hydrogels 
are discussed as drug release platforms for pharmaceuticals and from custom-
made implant type devices. In our observations, the concentration of the 
nanocellulose fiber in the hydrogel affected the drug release rate for most 
drugs, proteins and nanoparticles, and from the devices it was noticed that the 
geometric design of the capsules has an enormous effect on the drug release 
rates. 
 
During the Covid-19 pandemic, nanoparticles have gained an essential role in 
drug administration as delivery platforms (Thi et al., 2021). Nanoparticles can 
provide specific delivery paths for pharmaceuticals and biomolecules to target 
tissues and cells and allow controlled cargo release via outer activation 
methods, such as light activation (Bansal and Zhang, 2014). Nanoparticles are 
delivered to patients typically via injection but due to problems in 
pharmacokinetics, new delivery methods and carrier matrixes should be 
investigated. We saw nanocellulose as a promising candidate, and hence the 
last literature review theme focuses on nanoparticles and their potential in 
drug delivery. 
 
The experimental methodology in this thesis was shown to be well suited for 
preclinical development and can be further enhanced to pursue medical 
applications. We demonstrated nanocelluloses compatibility with freeze 
drying when correct lyoprotectans were implemented which broadens the 
application development paths for the production of new drug delivery 
systems. In addition, we learned the effects of freeze drying on the release of 
human growth factors from the nanocellulose hydrogel. The studied devices 
were 3D printed with specific geometries to regulate the release of the chosen 
pharmaceuticals and body mimicking conditions were used in all 
measurements. The main benefit of the devices is that by modulating the inner 
design of the PLA capsule, the release rate of any nanocellulose compatible 
drug or particle can be modulated in addition to hydrogels fiber content. 
 
To conclude, we systematically investigated and demonstrated the suitability 
of nanocellulose hydrogels as a delivery platform for a wide range of 
pharmaceuticals and nanoparticles in vitro.  
 



 
Sustained drug release formulations and the implementation of 3D printing 
techniques in the field of pharmacy has led to the development of new types of 
oral drugs and drug implants. Latest innovations include printing 
pharmaceutical compounds as bilayers in single dosage oral tablets, tablets 
with porous structures or inner channels and capsules with custom geometries 
(Sadia et al., 2018, Goyanes et al., 2015, Khaled et al., 2015, Skorywa et al., 
2015, Khaled et al., 2014). Such devices are categorized into four main 
categories, biodegradable implants, non-biodegradable implants, dynamic 
and active implants, and passive polymeric implants (Stewart et al., 2018).  
 
Each category can be further classified into four subcategories, such as osmotic 
pumping, passive drug diffusion, matrix degeneration, and controlled swelling 
(Kleiner et al., 2014). For the implantation of such devices, typically three sites 
are used: intra-vesical, intra-vaginal and subcutaneous sites (Stewart et al., 
2018). The subcutaneous installation of drug releasing devices is an invasive 
process and usually leaves minor scars. Nevertheless, it can be a beneficial 
method in some instances, such as for opioid addicted patients who might 
benefit from more complex treatment methods (Itzoe et al., 2017, Ling et al., 
2010). Reservoir type implants are typically based either on passive diffusion, 
controlled swelling on site, or matrix degeneration (Stewart et al., 2018). In 
controlled swelling, the drug release rate is controlled or influenced by 
hydrogel swelling, which is caused by interaction with the elution medium 
(tissue fluids). In matrix degeneration, the drug carrying matrix degenerates 
over time on site, causing the entrapped drugs to be released. Different types 
of drug implant design are compared in Figure 1.  
 
In this thesis, we examine if nanocellulose hydrogel could be used as a 
monolithic type implant and also as a part of a combination type implant. In 
monolithic implants, the implant is thoroughly made from a solid or hydrogel 
matrix, which is carrying the drug and releases its content to every direction, 
as shown in Figure 1. A combination type implant utilizes the same technique, 
but in addition has an outer capsule regulating the implants surface area. In 
the work of Kuzma and colleagues (1996), a similar device made of a 
cylindrical capsule was used successfully in clinical trials. Their capsules were 
filled with hydrogel formulation of 2-hydroxyethyl methacrylate hydrogel and 
used for sustained release of luteinizing hormone-releasing hormone agonist 
histrelin in the treatment of prostatic cancer. 



 
Figure 1. Demonstration of how drugs diffuse out of the following designs: 
reservoir type implant, monolithic type implant (used in study I), osmotic 
type implant and combination type implant (used in study III). 
 
 
For osmotic implants, a non-permeating polymer allows an osmotic gradient 
to form and create a stable inflow of tissue fluids within the implant, which 
leads to an increase of pressure in the device leading to a constant drug outflow 
from the device (Kumar et al., 2018). Monolithic implants can also appear as 
injectable hydrogel formulations without any solid structures. One application 
with nanocellulose hydrogel is a monolithic type injectable implant, which has 
been studied with mice who were injected with a nanocellulose hydrogel 
formulation. The injected hydrogel had a high drug loading capability, and the 



hydrogel did not degrade or relocate even though the studied animals moved 
freely (Laurén et al., 2014).  
 
Many 3D printing methods include heating of the materials or other methods 
that limit their usability with heat sensitive molecules such as proteins and 
structures such as lipids (Alhnan et al., 2016). In addition, especially surfaces 
produced by extrusion or powder printing can be porous or uneven which can 
affect the drug release rate (Pham et al., 1998). Moreover, both of these 
methods and all inkjet-based printing typically need post-operative drying 
that is bringing an additional variable to the final properties (Gaylo et al., 
2006). Nevertheless, some customized capsule designs can be first printed 
from inert biocompatible materials, and then post-processed and separately 
filled with heat sensitive pharmaceuticals (Genina et al., 2017). Printing can 
also be used in post-processing by manufacturing drug dosing caps on the 
capsules which further modify the release rates of the implant (Alhnan et al., 
2016 and Genina et al., 2017). 
 
In this thesis, I study the possibilities emerging from combining these 
techniques with a drug releasing matrix. Typically, in hydrogel-based release 
applications, the rate of drug release can be adjusted via the loaded drug 
concentration and additives (Slaughter et al., 2009). We were able to produce 
a similar effect by modifying the capsules inner geometry. The shape and 
limited exit area physically limited the diffusion from the hydrogel. The drug 
release rate was primarily controlled by the loaded nanocellulose fiber matrix 
which provided a relatively even sustained release profile while the geometry 
of the capsule further modulated the release. 
 

Nanocellulose can be manufactured as bacterial cellulose, cellulose 
nanocrystals and as cellulose nanofibers (Plackett, 2014). Plant based cellulose 
nanofibers are usually manufactured by mechanically fibrillating plant 
cellulose via different methods, such as grinding, homogenization, and 
excessive beating of pulp (Eichhorn et al, 2022). Plant cellulose is a natural 
and renewable polysaccharide which consists of linear chains of hundreds to 
thousands of β (1 4) linked D-glucose sections. The main material in the 
production is typically wood pulp, and the obtained cellulose can be further 
processed into nanocellulose or anionic nanocellulose (Klemm et al., 2011). 
The manufacturing process consists of mechanically performed fibrillation 
combined with chemical or enzymatic process steps to form a hydrogel. The 
fibers of the nanocellulose hydrogel can be further processed with TEMPO 
[(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl] oxidation to add anionic carboxyl 



groups (Saito et al., 2006, Saito et al, 2007). Single TEMPO oxidized 
nanocellulose fibers have a high aspect ratio; they can be several micrometers 
long but typically about 3-4 nm wide (Isogai et al., 2011). The hydrogel 
consisting of water and TEMPO oxidized nanocellulose fibers has electrostatic 
repulsion forces between the anionic fibers. This makes the aqueous 
suspension mechanically more stable when compared to suspensions without 
repulsion forces. The negatively charged nanocellulose fibers have been used 
to immobilize biomolecules electrostatically into the hydrogel matrix 
(Weishaupt et al., 2015). 
  
Drying of nanocellulose hydrogels creates irreversible hydrogen bonding 
between individual nanofibrils, known as hornification (Diniz, 2004). 
Production of dried nanocellulose aerogels that can be rehydrated has been a 
challenge without changes in the nano-scale dimensions. Several drying 
methods, such as freeze drying, oven drying, spray-drying and supercritical 
drying have been studied (Peng et al., 2012). One of the aims of this thesis was 
to overcome this challenge by optimizing lyoprotectants and a freeze drying 
cycle for anionic nanocellulose hydrogels. Lyoprotectants are additive 
compounds that aid in the preservation of the nanostructures during freeze 
drying. We will focus more on the freeze drying in section 2.2.3. 
 
 

 
Nanocellulose has various biomedical applications, such as in regenerative 
medicine and in controlled drug delivery (Peppas et al., 2006, Slaughter et al., 
2009, Gupta et al., 2002, Eichhorn et al., 2022). New wound treatment 
applications have formed a growing application area for nanocellulose 
materials, as nanocellulose strongly retains its moisture content and has 
biodegradable and biocompatible properties (Zhang et al., 2013, Chinga-
Carrasco et al., 2014, Lin et al., 2014, Hakkarainen et al., 2016, Powell et al., 
2016, Koivuniemi et al., 2020). The studies by Hakkarainen and Koivuniemi 
revealed highly beneficial properties in native nanocellulose as a material in 
wound treatment. In the future, the patients could possibly receive 
corticosteroids, antibiotics, or even growth factors directly from the used 
nanocellulose matrix.  
 
Native nanocellulose hydrogel is non-toxic and has been shown to function as 
a scaffold in 3D cell culturing, as its fiber matrix mimics human collagen 
matrix (Bhattacharya et al., 2012, Malinen et al., 2014). When cells are placed 
in the native nanocellulose hydrogel, they autonomously form cell spheroids 
in the next few days (Bhattacharya et al., 2012). We will discuss this 
phenomenon and its applications in more detail in section 2.2.4. Other 



proposed applications for nanocellulose include in situ softening cortical 
implants, soft-tissue implants, and cartilage replacements (Jorfi and Foster, 
2015). The applications are based on mechanically adaptive cellulose 
nanocomposites that can controllably and selectively be switched between soft 
and stiff states. 
 
The main aim of this thesis was to focus on the drug release properties from 
nanocellulose hydrogels for selected drug molecules and nanoparticles in 
order to create a future paradigm for release applications. The chosen drug 
molecules in the release experiments represented small and large molecules. 
The small molecules were nadolol (NAD), metronidazole (MZ), and 
ketoprofen (KETO) with molecular masses below 500 MW. The molecules 
with higher molecular masses were lysozyme (LZ), 4 kDa FITC-dextran (FITC-
DEX), and bovine serum albumin (BSA). Our interest was to observe if the 
charges of the smaller molecules had an impact on their release. Several 
concentrations of anionic nanocellulose hydrogels were tested in the drug 
release studies. 
 

 
Another aim of this thesis was to evaluate the suitability of anionic 
nanocellulose hydrogels for freeze drying, how to lyoprotect the hydrogels and 
to study how these factors affect the rheological, morphological and diffusive 
properties of the hydrogels. Freeze drying is a commonly used preservation 
process in pharmacy, especially for solid dosage forms (Tang et al., 2004, 
Carpenter et al., 1997). In freeze drying, the material is first commonly 
processed with cryo and/or lyoprotectants, then frozen and finally dried 
through sublimation in a high vacuum (Tang et al., 2004, Franks et al., 1998). 
Freeze drying can be used to preserve protein pharmaceuticals, vaccines, 
human plasma, platelets, red blood cells and even sperm cells (Flood et al., 
2016, Dufresne et al., 2017, Wolkers et al., 2001, He et al., 2007, Wakayama et 
al., 1998). As a method, it is commonly used for drying biological and other 
heat sensitive materials. Nevertheless, for most living micro-organisms, the 
subprocesses of freeze drying (freezing, drying and rehydration) are highly 
stressful steps. 
 
In the freezing step, the sample's osmotic pressure increases radically as all 
free water crystallizes, and the formed ice crystals may cause mechanical 
damage to three-dimensional biological structures. The stress from random 
crystal formation can be reduced or even avoided by vitrification, which is a 
phenomenon reducing crystal formation. Vitrification is the transformation of 
a substance into a non-crystalline amorphous solid and may be achieved 
through either rapid cooling of the sample or product (Antinori et al., 2007, 



Smith et al., 2010) or by usage of additives (cryoprotectants) (Fahy et al., 
1984). The second damaging part - dehydration - can be reduced or even 
avoided by using additives called lyoprotectants (Wang et al., 2000). 
 
Freeze drying of nanocellulose hydrogels results in nanocellulose aerogels, 
which is a preferable form for storing purposes, as it extends the products shelf 
life by stopping the hydrolysis of sensitive pharmaceuticals as no free water is 
present. It is possible to rehydrate the stored aerogels without changes in the 
hydrogel’s rheology (Paukkonen et al., 2017). Preserving the original 
rheological properties after storage is important for many applications, as this 
is related to the mesh size of the nanocellulose hydrogels fiber matrix, which 
affects the diffusion of molecules and particles in the matrix. 
 
Some recognized lyoprotectants for the successful reconstitution of freeze 
dried nanocellulose hydrogels are sucrose and trehalose (Koivunotko et al., 
2021, Paukkonen et al, 2017). The amount of trehalose is naturally high in 
anhydrobiotic organisms (Crowe et al., 1984). This has led to discovering the 
importance of additive trehalose in successful freeze drying of liposomes, 
platelets and red blood cells (Wolkers et al., 2001, He et al., 2007, Crowe et al., 
1985). Additive intracellular trehalose appears to protect mononuclear cells, 
but also protects DNA integrity in retinal pigment epithelial cells (Miao et al., 
2017, Natan et al., 2009, Wikström et al., 2012). The formation of ice crystals 
can be reduced by for example additive glycerol, which clusters water into 
tinier compartments and hence reduces the formation of large ice crystals 
(Towey et al., 2012). Other additives, such as polyethylene glycol (PEG) can 
provide mechanical support to the dried aerogel. Both PEG and nanocellulose 
fibers themselves are hygroscopic polymers and increase the uptake of water 
at the rehydration phase and support the aerogel mechanically (Cherian et al., 
2010, Jeon et al., 1991). In addition, the fibers of nanocellulose provide 
physicochemical support during the freezing and sublimation steps due to 
cellulose fibers’ strong carbon bone and numerous hydroxyl groups 
(Jagannath et al., 2010, Al-Hussein et al., 2015).  
 

 
Adipose tissue extract (ATE) is a human derived, growth factor-rich yet cell-
free preparation and collected through lipoaspiration (Lopez et al., 2016). If 
found suitable with nanocellulose hydrogels, ATE could have potential in 
wound treatment applications, as ATE has been shown to promote wound 
healing properties in in vitro studies (López et al., 2018, Sarkanen et al., 2012) 
and also in animal models (Fu et al., 2007). Two of the key proteins in ATE 
related to wound healing are interleukin 6 (IL-6, ~neutrally charged at pH 7) 
and vascular endothelial growth factor (VEGF-A, anionic at pH 7). Both of 



them are growth factors and promote angiogenesis (Sarkanen et al., 2012, 
Carmeliet, 2005). In addition, ATE has been studied with a model for human 
vascularized adipose tissue (Huttala et al., 2018). In the work of Huttala and 
colleagues, new models for studying obesity and type 2 diabetes were 
developed and ATE enabled serum-free adipogenesis which means the process 
by which preadipocytes get differentiated into adipocytes. 
 
Generally in drug testing, 3D cultivated carcinoma cell spheroids act as models 
for drug studies (Pampaloni et al., 2007, Breslin and O’Driscoll, 2013, Lou and 
Leung, 2017) and reveal toxicity of drugs more accurately than traditional 2D 
cell culture models (Ramaiahgari, 2014). Flat 2D cultured cell models can 
produce altered cell phenotypes that differ from 3D tissues which might lead 
to misleading results (Lou and Leung, 2017). As 2D cell cultures are partially 
missing cell to cell signaling and have less signaling between cells and 
extracellular matrix, their cell differentiation and proliferation are affected 
(Breslin and O’Driscoll, 2013). Despite 3D cell systems slowly becoming a new 
standard in drug toxicity testing and several cell models, their production and 
upkeep consumes more resources and time than 2D cell culturing methods.  
 
Moreover, storage and transportation of cell models is expensive and limited, 
which is why one of the aims of this thesis was to study freeze drying of 3D cell 
models (HepG2) in anionic nanocellulose for good storage properties, as the 
rigid nanocellulose aerogels fiber network could lock the cell spheroids in 
place. For optimal results, known lyoprotectants trehalose, PEG6000 and 
glycerol were optimized in the freeze drying of HepG2 cell models. The 
metabolic and enzymatic activity of the cell samples were compared before and 
after freeze drying in native nanocellulose hydrogel. In addition, any changes 
in cell morphology were tracked.  
 

 
Nanoparticles can be classified as having at least one of their dimensions in 
the range of 1-100 nm. The tiny size allows unique characteristics which 
macro-scale would not allow. Nanoparticles typically spontaneously form 
from smaller subunits through self-assembly into well-organized patterns. 
Lately, several new nanoparticle drug carriers (nanocarriers) have emerged for 
several drug delivery applications. Solid lipid nanoparticles, liposomes, 
micelles and many other nanocarriers have been studied for targeted delivery 
of new drugs, such as biological compounds, that have limitations in delivery 
due to their natural properties, or special requirements set by the targeting site 
(Wahlich et al. 2019).  



 
In this thesis we focus on three nanoparticles: micelles, liposomes and DNA 
origamis. The first two nanoparticles, micelles and liposomes, share some 
properties. Both are vesicular structures composed of amphipathic molecules, 
can be produced in various sizes and both can carry cargo, such as drugs. 
However, they do have significant differences: micelles are structurally 
composed of a monolayer of amphipathic molecules, whereas liposomes are 
typically composed of a bilayer of amphipathic molecules. For micelles, the 
hydrophobic tails typically point towards the inner core, whereas for 
liposomes they point towards the core of the bilayer. This affects their labeling 
and cargo carrying possibilities as seen in Figure 2. Organic and water soluble 
labels and cargo can be attached to different sites of micelles and liposomes. 
Nevertheless, anchored labels can be attached e.g., via pegylation. Micelles are 
typically 2-20 nm in size and liposomes 20-400 nm. DNA origami can be 
produced in many shapes and sizes (Saccà, and Niemeyer, 2012) and labels 
attached to the DNA backbone. 
 

 
Figure 2. Visualization of how various labels can be attached to several 
nanocarriers for study purposes. 
 
Three kinds of nanoparticles with different variants were chosen for this study: 
micelles, rod-shaped DNA origami nanostructures and liposomes, as they 
represent different sizes, shapes (and surface charges when modified). Each 
can be labeled in various ways, as shown in Figure 2. The particles were 
produced in varying sizes and charges to compare how their size, charge and 
shape affect their release from nanocellulose hydrogels. Especially liposomes 
are known to be versatile and biocompatible nanocarriers and provide 
improved biodistribution of compound and improved targeting when 
compared to traditional drug formulations. Liposomes have been already 



approved for cancer treatment in eight clinical therapies (Kim and Jeong 
2021), and for several other applications, such as age-related macular 
degeneration and management of pain (Yuba 2020). We will discuss their 
usage in drug delivery in part 2.3.2 in more detail. 
 
DNA origami are self-assembled nanostructures, and their scaffold typically 
consist of numerous strands of DNA that are stapled together by 
oligonucleotides (Rothemund 2006). These intelligently placed “staples” 
cause the scaffold strand to fold into a designed shape through Watson-Crick 
base pairing (Dey et al. 2021). The DNA origami can be chemically modified 
rather precisely due to their excellent homogeneity and addressability making 
them candidates for several applications, including drug delivery (Seitz et al. 
2021). Carrier shaped DNA origamis can be loaded with cargo such as 
doxorubicin and methylene blue, which are groove-binding and intercalating 
drugs (Zhao et al. 2012, Zhang et al. 2014, Kollmann et al. 2018, Ijäs et al. 
2021). On top of carrying cargo, DNA origami can be made into dynamic 
nanodevices that respond to external stimuli in order to selectively release the 
encapsulated drug (Douglas et al. 2012, Grossi et al. 2017, Ijäs et al. 2019). 
 
Two kinds of micelles were used in the study (as shown in Figure 2). The 
produced micelles were prepared with either Poloxamer 407 (pluronic F127) 
or Polysorbate 20 (Tween 20). Pluronic F127 micelles have been shown to 
successfully perform as carriers for drug delivery (Batrakova and Kabanov 
2008). Tween 20 is a commonly used excipient and surfactant in 
pharmaceutics and stabilizes proteins and solubilizes low molecular mass 
compounds (Khan et al. 2015).  
As the aim of this thesis was to study the behavior of various nanoparticles in 
nanocellulose hydrogels, several labels were used to track how the shape, size 
and charge affect the release of the nanoparticles from the hydrogels. 
 

 
Custom-engineered nanoparticles are a significant candidate for increasing 
the specificity of pharmaceutical and medical treatments. Conventional drug 
delivery holds limitations, which nanotechnology could help to overcome, 
such as intracellular trafficking and biodistribution (Mitchell et al., 2021). 
With the aid of nanoparticles, molecular transportation to specific organelles 
and cell-specific targeting can be achieved (Mitchell et al., 2021). In addition, 
drug molecules with stability or sensitivity issues, such as messenger RNA 
(mRNA), can be protected with encapsulation into a protective nanocarrier. 
With nanocarriers, better patient compliance and control of drug delivery with 
improved safety can be achieved.  
 



One of the recent application examples are lipid nanoparticles (LNP) used in 
mRNA-based Covid-19 vaccines. Their rapid production and high scalability 
were enabled by recent advances in microfluidic mixing techniques utilizing 
precipitation (Wu and Li, 2021). The LNP-mRNAs were produced with a 
relevantly simple precipitation method, where lipid components were first 
dissolved in an ethanolic solution and then rapidly mixed with an aqueous 
solution containing the mRNA (Corbett et al., 2020). This highlights the self-
assembling nature of the particles. 
 
Biological nanoparticles are typically produced into solutions, and their 
delivery methods have started to gain more interest in the research field. 
Currently, the majority of nanoparticle drug delivery therapeutics consist of 
repeating injections or infusions with cannulas as the delivery method (Blanco 
et al. 2015). As an alternative delivery method, we studied the use of 
nanohydrogels for extended delivery of chosen nanoparticles in study IV. The 
aim was to achieve steadier rates for extended release of chosen nanoparticles. 
 
Future and other dosage applications for nanoparticles include using 
activation methods such as light activation that triggers drug release from the 
nanoparticles (Yang et al., 2021). This kind of quantitative drug release can 
improve therapeutic efficiency and avoid unwanted side effects. Especially if 
using a long-term delivery system for continuous therapy, it is a challenge to 
accurately control the dosing of the drug. Yang and colleagues (2021) have 
developed a photocleavable drug loaded hydrogel system that can be used for 
near infrared (NIR) light triggered quantitative pulsed drug release.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
The overall aim of this thesis was to examine the suitability of nanocellulose 
hydrogels for sustained/controlled release of a wide range of pharmaceuticals 
and nanoparticles intended for the delivery of pharmaceuticals. Such 
information should facilitate the development of drug delivery systems and 
drug implants based on nanocellulose hydrogels, which could be used to treat 
numerous medical conditions in the future. The study was performed using in 
vitro approaches and aims to extend our knowledge on the suitability of the 
studied materials and developed methods in future medical applications. 
 
The specific aims of the thesis were: 
 
1. To examine the suitability of native and anionic nanocellulose hydrogel  

as a carrier matrix for nanoparticles, cells, proteins and pharmaceutical 
molecules (I –IV) 

 
2. To test and modify the hydrogels for efficient rehydration after freeze  

drying while carrying pharmaceuticals, proteins and cells, and further 
investigate the release capabilities of the hydrogels after freeze drying 
and rehydration (I, II) 

 
3. To produce and test nanocellulose hydrogel filled drug capsules  

intended for use as drug implants (III) 
 
4. To study the behavior of various nanoparticles in nanocellulose  

hydrogels and study how their shape, size and charge affect their 
release rates (IV) 

 
 
 
 
 
 
 
 



 
Native and anionic nanocellulose hydrogels and GrowDase™ cellulase enzyme 
mixture were obtained from UPM, Finland (TEMPO-oxidized anionic 
nanocellulose hydrogels 2.7%, 3%, 3.2 %, 6.55% and 6.8 % and native hydrogel 
“GrowDex'' 1.5%). Lysozyme from hen egg white was purchased from Roche, 
Germany. 4 kDa FITC-dextran was purchased from Merck, Sweden. 
Ketoprofen was purchased from Orion Pharma, Finland. Metronidazole was 
purchased from Merck, China. Bio-Rad Protein Assay reagent was purchased 
from Bio-Rad, USA. Human adipose tissue extract (ATE) was obtained from 
Tampere University Hospital, Tampere, Finland, with written consent from a 
single patient during one operation of liposuction and an approved permission 
by the Ethics Committee of the Pirkanmaa Hospital District, Tampere, Finland 
(permit number R15161). All the materials used in the cell work were of 
analytical grade and sterilized either by UV light, autoclaving or filtration prior 
use. Low adhesion 96-well inertGrade BRANDplates®, Cellstain double 
staining kit, fetal bovine serum (FBS) and glycerol (99%), Human IL-6 ELISA 
Reagent Kit, Human VEGF-A ELISA Reagent Kit, nadolol and metoprolol 
tartrate were purchased from Merck, USA. The human liver hepatocellular 
carcinoma HepG2 cells (passage number 100, ATCC HB-8065) were 
purchased from ATCC®, USA. The 10 ml sterile syringes were purchased from 
Terumo, Japan. TrypLE Express, ProLong Diamond Antifade Mountant by 
Life Technologies, Chamber Slide™ system 8-well Permanox slide plates by 
Nunc™ Lab-Tek™, alamarBlue® Cell Viability Reagent by Invitrogen and 
Alexa Fluor 488 phalloidin were purchased from Thermo Fisher Scientific, 
USA.  
 
BODIPY-C12 was synthesized using a previously published method (Kupnik et 
al., 2020). Single-stranded scaffold DNA (p7560) was purchased from Tilibit 
Nanosystems. Both the synthetic staple strands and Atto-488-modified oligos 
were purchased from Integrated DNA Technologies (IDT).  
 

 
The used nanocellulose hydrogels were all high quality and homogenous. One 
of the goals of this thesis was to produce hydrogel formulations where added 
nanoparticles and other compounds were distributed homogeneously to the 
nanocellulose hydrogels. The formulations were prepared by mixing as 



follows: the hydrogels were placed with the added compounds to two plastic 
syringes whose nozzles were connected with a rubber hose and the contents 
were pushed from one syringe to the other repeatedly, as shown in the middle 
of Figure 3. After mixing, a homogenous end product was established (I). All 
the studied molecules in the hydrogel formulations were purchased and of 
analytical grade, whereas all the nanoparticles were produced during the work 
for use in the experiments. 

Figure 3. A chart displaying the main methods in the hydrogel formulation 
production.

One aspect of the formulation process was to produce freeze dried aerogels. 
The freeze drying process consists of three phases: freezing phase, drying 
phase and post-drying phase. The chosen freezing method was snap freezing 
for all samples, and it was performed with liquid nitrogen, as shown in Figure 
3. For the anionic hydrogels (I), a freeze dryer FreeZone 2.5 manufactured by 
LabConco, USA was used. For the native hydrogels (II) a freeze dryer ScanVac 
CoolSafe by Labogene, Denmark was used.

The freeze drying methods varied slightly for different samples, but similar 
lyoprotectants (trehalose and PEG6000) were used for both the anionic (I) 
and native nanocellulose hydrogels (II). The freeze dried aerogels were 
evaluated using SEM (scanning electron microscope) imagining ensuring that 
no macroscopic collapsing of the aerogels during the process occurred and to 
rule out any uneven sublimation or regional decrease in porosity (I and II). 
The HepG2 cell spheroids used in the freeze drying were cultivated in 
trehalose and their trehalose intake was monitored before the freeze drying 
(II). In addition, glycerol and penicillin-streptomycin solution was added to 
the cell media before the freeze drying. Control samples for the HepG2 cell 
spheroid hydrogels were prepared by digesting the nanocellulose hydrogel by 
enzymatic digestion with cellulase enzymes.



The formulation's behavior was studied after freeze drying, and for these two 
rehydration methods, rehydration and prehydration, were examined. The 
rehydration was studied gravimetrically by adding a designed rehydration 
solution, and the prehydration was studied by first adding vapor and later 
liquid. After the hydration, the formulations were rehomogenized by mixing 
with connected syringes as previously explained. 
 
The hydrogel formulations in study III were prepared similarly to study I by 
homogenizing the model compounds into anionic nanocellulose hydrogels to 
form monolithic dispersions. Then, the formulations were injected into 3D 
printed capsules with regular 19G needles. To ensure complete filling and to 
exclude the presence of air bubbles, the capsules were weighted before and 
after injection.  
 
For study IV, three types of nanoparticles were produced in various sizes and 
characteristics. Micelles were produced with diameters of 7 nm and 18 nm, 
rod-like DNA origamis with design parameters of 24x120 nm (actual length 
around 114 nm), and liposomes with diameters of 50, 80, and 130 nm. All 
particles were anionic, except the Cy-5 labeled 50 nm liposomes had a neutral 
charge. This can be associated with the cationic dye group that resides in the 
hydrophilic part of the modified lipid. The NBD labeled 50, 80 and 130 nm 
liposomes were anionic, as the NBD label is located in the fatty acid chain and 
the charge of the label is masked, unlike in the case of Cy-5 dye. As the charge 
is an important factor in the release studies, the zeta-potentials of the particles 
were measured. The nanoparticle size distributions were measured with 
dynamic light scattering (DLS) using a Zetasizer APS (Malvern) instrument at 
37 °C. The 24HB origami were characterized by transmission electron 
microscopy (TEM, Tecnai 12). The rheological properties (linear viscoelastic 
region and shear viscosity) of the nanocellulose hydrogels (I and IV) at 37 °C 
were measured using HAAKE Rheometer Viscotester iQ (Thermo Fisher 
Scientific, Karlsruhe, Germany), and the collected data processed with 
HAAKE RheoWin 4.63 software (Thermo Fisher Scientific). 
 

 
The cell viability and cell structures were the main markers when studying the 
freeze drying of the cell spheroid hydrogel systems. These markers were 
studied before freeze drying and after the rehydration of the systems. First, the 
HepG2 cell spheroid systems were created by culturing HepG2 cell spheroids 
for 4 to 7 days in 0.8% native nanocellulose hydrogel at 37 °C and 5% CO2. One 
of the main aspects was to achieve as high cell viability after freeze drying as 
possible, so the cells were loaded with trehalose, a lyoprotectant sugar, prior 
to freeze drying. The trehalose intake of the cells was measured and optimized 



by culturing the cells in various concentrations of trehalose media and 
measuring their viability and trehalose intake. In addition, the morphological 
structures of the cell spheroids were imaged with light and confocal 
microscopes before freeze drying. In addition, after freeze drying, the 
morphology of the dried aerogels and spheroids was studied with SEM 
imagining as briefly mentioned earlier for surface structures and for cross-
sections by cutting the samples with a sharp scalpel. This way images of single 
cells and whole cell spheroids were obtained. The SEM samples were imaged 
with platinum coating (I, Agar sputter device, Agar Scientific Ltd., UK) and 
without coating (II). In addition, rehydrated cell spheroids were freeze dried 
again to examine the effects of the rehydration process on the membranes of 
the cells. 
 
After freeze drying, the viability of the cells was studied with rehydration and 
prehydration. In both of these methods, the freshly hydrated HepG2 cell 
spheroids were reseeded to cultivation plates and incubated in 37 °C at 5% CO2 

incubator prior to viability studies. The viability of the freeze dried cell 
spheroids was evaluated via metabolic activity and the integrity of the cell 
membranes versus control samples which were non-treated cell spheroids 
(positive controls) and lysed cell spheroids (negative controls). The integrity 
of the cell membranes was studied with two cell stains (calcein AM and 
propidium iodide (PI)) and the metabolic activity of the cells was evaluated by 
measuring the cells' ability to convert resazurin to resorufin.  
 
The compartmentalization of the calcein AM in rehydrated cells was studied 
with control cells that were permeabilized by Triton X-100. The control cells 
were stained similarly with PI and calcein AM, but the permeabilization was 
done at three different time points and any possible leakage of calcein was 
observed. In addition, a set of samples were simultaneously stained and 
permeabilized to simulate any leakage happening during the staining. Lastly, 
a set of control samples were first permeabilized and then stained to study the 
behavior of calcein AM in porous cell membranes. The morphology of the 
rehydrated cells was also studied via staining the cytoskeleton (F-actin) with 
phalloidin Alexa 488. In addition, the nuclei were stained with Hoechst 33342. 
The cell spheroids were cultured as previously but the nanocellulose fibers 
were enzymatically digested to avoid unwanted binding of the stains. The cell 
spheroids were then fixed with PFA (paraformaldehyde), washed several times 
and finally permeabilized before staining. Remaining unbound stains were 
washed away and the samples imaged with Leica TCS SP5 confocal 
microscope, and the data processed with Imaris 9 software. 
 
 



 
The formulated nanocellulose hydrogels carrying the studied substances (I–
IV) were placed in sample holders (I, II, IV) and inside 3D printed capsules 
(III), as shown in Figure 4. The wells were submerged in buffer, and the 
quantity of particles/compounds diffusing from the hydrogel formulations 
measured from the buffer at chosen time points. Depending on the 
measurement setup, fresh buffer was added to replace the collected buffer (I, 
III), or the hydrogel samples were permanently removed with the collected 
buffer (II), or the analyzed buffer was returned (IV). All release experiments 
were performed in dark and at 37 °C and at constant shaking.  
 
 
In total, five quantification methods were used in the analysis of the collected 
buffer samples: fluorescent labels, auto-fluorescence, Bio-Rad protein assay, 
ELISA kits and UPLC (ultra performance liquid chromatography by Acquity 
UPLC (Waters, USA). In addition to quantity, the size was determined for all 
nanoparticles (IV) with dynamic light scattering (DLS) and TEM 
(transmission electron microscopy) before, during and after the release 
studies. The properties of release system setups for each study (I–IV) are 
compared in Table 1. 
 
 

 
Figure 4. Different release well systems used in studies I–IV. (A) Release 
well filled with anionic hydrogel in study I. (B) Release well filled with 
anionic hydrogel in study II. (C) Release well filled with anionic hydrogel in 
study III. (D) Release well filled with anionic hydrogel in study IV. 



 
All the release experiments were done in triplicate or quadruplicate and the 
release rates were determined with various methods presented in Table 1. The 
diffusion coefficients were calculated with the Higuchi equation for smaller 
particles (I, III) and Fick´s second law of diffusion was used for the larger 
particles (I). The experiments (I, II) were repeated after freeze drying and 
rehydration. 
 
Table 1: Comparison of the in vitro release systems. 

Keto = ketoprofen, Nad = nadolol, Mz = metronidazole, FITC-D = 
fitc-dextran, BSA = bovine serum albumin, LZ = lysozyme, ATE = 
adipose tissue extract, MCL = micelles, Lipo = liposomes, DNA orig 
= DNA origamis. 
 
The used buffer for all the release experiments was 1x Dulbecco's phosphate 
buffered saline (DPBS), except for the DNA Origamis, where TAE-buffer was 
used to ensure the stability of the DNA origamis (Zhao, 2012). 
 
 
 
 
 
 



 
The results reflect the aim to study the suitability of nanocellulose hydrogels 
for the release of various biomolecules, pharmaceuticals and nanoparticles. 
Time periods for the release tests varied from short to long, from one day up 
to one month. The new information created by these results produce a solid 
foundation for the development of new era anionic nanocellulose based drug 
delivery systems and even drug implants. All the results given in this chapter 
are in vitro approach based. 
 
To examine the suitability of native and anionic nanocellulose hydrogel as a 
carrier matrix for nanoparticles, cells, proteins and pharmaceutical molecules 
(I–IV), several release systems were designed (as presented earlier in Table 1). 
A brief summary of the overall results can be seen in Table 2. The results also 
demonstrate the efficiency of the rehydration methods on freeze dried anionic 
cellulose and further represent the release capabilities of the hydrogels after 
rehydration. In addition, drug release results from 3D printed capsules are 
presented, and the results for the release of various nanoparticles from the 
hydrogels. 
 

 
The size, shape and charge of molecules and particles affect their diffusion 
rates in hydrogels in addition to their hydrophobic or hydrophilic character 
(Hoffman, 2012). In addition, if a drug is loaded to the hydrogel in excess 
amounts, the presence of free water to dissolve the solute molecules is an 
important parameter as well. In out studies, none of the used nanocellulose 
hydrogels (I–IV) showed swelling in standard buffers, so the main mechanism 
of release for the compounds was diffusion. The release mechanisms for small 
molecules can be modeled by Fickian diffusion (Censi, 2012). However, weak 
interactions such as hydrophobic and hydrogen bonding can affect the 
diffusion rates, as can the charge of the model compounds and the hydrogel 
itself.  
 
Table 2 shows how the physico-chemical characteristics of drugs affected their 
release from nanocellulose. Table 2 also shows the same for the studied 
nanoparticles. We will come back to those in more detail in Chapter 5.4. But 
in short, the nanoparticles had similar but slower release profiles as the small 
molecular drugs. 



Table 2. The chosen particles and their properties represent a wide scale of 
pharmaceutical molecules, proteins and common nanoparticles intended for 
use in drug delivery.  

 
The effects of the concentration of nanocellulose on the release was studied in 
vitro (I, III, IV) and the effects of freeze drying on the release of the model 
compounds (I, III) and nanoparticles (IV). 
 



In the study I, the release rates for small molecules (metronidazole, ketoprofen 
and nadolol) were slightly affected by the charge when the pH of the release 
buffer was adjusted to 7.4. Metronidazole, which was in neutrally charged 
form, had the most rapid release rate when compared to the nadolol (cationic) 
and ketoprofen (anionic). The carboxyl groups of the TEMPO-oxidized anionic 
nanocellulose hydrogel causes it to be negatively charged at pH 7. The 
electrostatic interactions between the charged molecules and the anionic 
nanocellulose hydrogel can affect the drug release rates (Weishaupt et al., 
2015, Kolakovic et al., 2013). The delayed release rate of nadolol compared to 
metronidazole could be caused by strong electrostatic interactions with 
nanocellulose hydrogel. As metronidazole is a neutral molecule at pH 7, it has 
minimal interaction with nanocellulose hydrogel, and the release properties 
are mostly affected by the diffusion in the free water phase of the anionic fiber 
matrix.  
 
Other affective parameters are the solubility and the quantity of the loaded 
compounds in the nanocellulose hydrogels. Higher concentration of 
nanocellulose fiber (3% vs 6.5%) in the hydrogel altered the release rates for 
the smaller molecules only mildly. For the small molecules, the fiber 
concentration can be used only moderately to control the drug release. It is 
important to highlight that the drug release was slow and sustained for all the 
studied drug/hydrogel compositions. Thus, the system is a promising 
candidate for sustained drug release applications. For the larger molecules 
(bovine serum albumin, lysozyme and FITC-dextran) the size and the charge 
of the molecule had a notable effect on the release profiles in pH 7.4 (Figure 
5). The neutrally charged FITC-dextran had the most rapid release rate 
followed by anionic albumin bovine serum and cationic lysozyme. 
 
The release study results are presented in Figure 5. The concentration of fiber 
in the nanocellulose hydrogels altered the release rates for different molecules 
and particles. Freeze drying did not significantly alter the release rates: 
rehydrated formulations produced similar release rates as the original 
formulations. 
 
The lysozyme molecule is much smaller than bovine serum albumin and one 
could assume that the release rate would therefore also be faster. However, in 
this case the electrostatic interactions have a more impactful effect delaying 
the release rate of the lysozyme. This indicates that for the larger molecules 
(above 14 kDa), the charge is in a more significant role than the size of the 
molecule when it comes to releasing the molecule from the nanocellulose 
network. Moreover, the release of neither bovine serum albumin nor lysozyme 
reached 100 % cumulative release during the one-week study. Compared to 
the small molecules, the physical entrapment and entanglement in the 
nanocellulose fiber matrix most likely allowed less movement possibilities and 
hence slower diffusion. 



 
In study I, release rates for model compounds were measured from anionic 
nanocellulose hydrogels. However, study II focused on measuring the release 
rates of human VEGF-A and IL-6 growth factors from a mixture of anionic 
nanocellulose hydrogel and human derived adipose tissue extract (ATE) with 
a similar, but smaller scale setting. First, quantities of VEGF-A and IL-6 
growth factor proteins in native human ATE (without nanocellulose) were 
studied and compared before and after freeze drying. The total amount of 
desorpted and sublimated water during freeze drying of natural ATE was 
98.5% (m/m). Then, ATE was mixed with anionic nanocellulose, and the 
release of IL-6 and VEGF-A tracked. Finally, this step was repeated, but the 
mixture was freeze dried and rehydrated first. The obtained release curves for 
non-freeze dried and freeze dried formulations are shown in Figure 5E, 
indicating that no changes in release were obtained despite freeze drying the 
formulations. No swelling of the hydrogels was observed. Freeze drying and 
gravimetric rehydration had no effect on the quantity of IL-6 when compared 
to native samples, but the quantity of VEGF-A decreased. However, there was 
no decline in the quantity of neither growth factor when anionic nanocellulose 
hydrogel was carrying the adipose tissue extract (ATE) samples during freeze 
drying and rehydration. This indicates that anionic nanocellulose might be a 
lyoprotective substance to VEGF-A and provides it with mechanical support. 
The difference in the release rates before and after freeze drying was not 
statistically significant (p>0.05), indicating successful freeze drying. 
 
VEGF-A was released at a similar rate as the ketoprofen (anionic) and BSA 
(anionic) in the study I. However, the obtained release rate for VEGF-A was 
higher than in a study by A. Des Rieux and colleagues (2011), where VEGF was 
released from a gelatinous protein mixture hydrogel. This is possibly becase 
negative charge of the anionic nanocellulose hydrogel supports the diffusion 
of anionic VEGF-A particles. When larger proteins diffuse through anionic 
nanocellulose matrix, the charge of the molecules appears to be in a more 
significant role than the sizes of the molecules. 



 
Figure 5. The release profiles for MZ (metronidazole), NAD (nadolol), KETO 
(ketoprofen), BSA (bovine serum albumin), LZ (lysozyme) and 4kDa FITC-
DEX (fitc-dextran) before and after freeze drying and rehydration and with 
excipients (trehalose and PEG6000). A) 3% nanocellulose hydrogel fiber 
concentration. B) Before and after freeze drying C) 6.5% nanocellulose 



hydrogel fiber concentration. D) Before and after freeze drying. (For A-D: 
mean ± S.D., n = 3) E) Release profiles for IL-6 and VEGF-A before and after 
freeze drying (FD) from 2% anionic nanocellulose hydrogels. The error bars 
represent the range of measured values (n = 6). F) Release profiles for 
nadolol (NAD) and metoprolol (METO) from anionic nanocellulose hydrogel 
packed in three capsule designs (Small, Large, and Tube). All of the 
experiments were performed at 37 °C in DPBS buffer (mean ± S.D., n = 3). 
 
In addition to release rates, we performed rheological measurements before 
and after freeze drying (I) to track any changes in the viscosity of the hydrogels. 
This is because one of the goals was to test and modify the nanocellulose 
hydrogels for efficient rehydration after freeze drying while carrying 
pharmaceuticals without altering its release properties. The motivation for 
freeze drying is extended shelf life and easier storage for the products, so we 
had to ensure it was succesful. Formulations of anionic nanocellulose hydrogel 
with lyoprotectants (PEG6000 and trehalose) were evaluated (I) to observe 
any possible changes in rheology (data not shown). The effects of the freeze 
drying on the drug release properties were compared earlier on Figure 5. The 
basic rheological evaluations for study IV are presented in Figure 6 (dynamic 
viscosity per shear rate).  
 
 

 
Figure 6. Viscosity per shear rate for 1% and 2% anionic nanocellulose 
hydrogels (mean ± S.D., n = 3). 
 
The dynamic viscosity per shear rate was lower for the 1% anionic 
nanocellulose hydrogel when compared to the 2% hydrogel due to lower 
concentration of fiber in the nanocellulose hydrogel (IV). The 2% hydrogel is 
on average 2.9 times more viscous when compared to the 1% hydrogel (IV).  



 
Interestingly, in the study I, when 3% and 6.5% anionic nanocellulose 
hydrogels were freeze dried and rehydrated, their viscosity values lowered 
noticeably (data not shown). This indicates the damaging effects of freeze 
drying on the hydrogels. However, when lyoprotectants trehalose and 
PEG6000 were used, the changes in viscosity values were minimal, indicating 
similar fiber structure networks before and after the freeze drying. When 
comparing original hydrogel samples and control hydrogels with 
lyoprotectants, there was no significant difference in the viscosity values. For 
all samples (1%, 2%, 3% and 3.5%) the viscosity decreased steadily when shear 
rate was increased. Shear thinning has been observed on nanocellulose 
hydrogels with higher fiber concentrations making them pseudoplastic 
materials (Pääkkö et al., 2007). 
 
In the study I, it was clear that the rheological properties were preserved 
during freeze drying when the lyoprotectants were used with TEMPO-oxidized 
nanocellulose hydrogels. Normally when hemicellulose is removed from 
cellulose and the hydrogel is dried, irreversible hornification occurs (Wan et 
al., 2007). Nevertheless, Kekäläinen and colleagues (2014) demonstrated that 
dried anionic nanocellulose hydrogels fibers are redispersible if higher energy 
consumption is involved. This is possible because of the high surface charge 
density on anionic nanocellulose fibers which non-TEMPO-oxidized 
hydrogels lack.  
 
On top of the rheology and data from the release properties before and after 
free drying, SEM micrographs were used to study the porosity of aerogels 
visually (I). The SEM imaging confirmed the freeze dried structures. In 
addition, the added drug molecules did not affect the structure of the aerogels 
noticeably. However, the glycol used in study II was clearly visible in the SEM 
images. In study IV, TEM was used to study the structure of DNA origami 
before and after release studies to exclude any changes in DNA morphology 
during the release studies. 
 
 

 
The studied HepG2 cells were incubated with lyoprotectants to study their 
effect on survivability in freeze drying. The measured control cell spheroids 
incubated in 0, 50 and 100 mM trehalose media had viability of 100%. 
However, all concentrations of trehalose above this decreased the viability and 
lead to the disassembly of the spheroids into single cells or small spheroids. 
The viabilities for the cells in 200 mM concentration of trehalose was 78.7% 



(±1.8), in 500 mM concentration 16.1% (±1.2) and in 1000 mM concentration 
5.1% (±0.9) (Figure 7A–E). Figure 7F shows the estimated relation between 
added trehalose and loss in cell viability. The acceptable loss in cell viability, 
while loading enough trehalose would be somewhere between 100 and 300 
mM depending on the aims of the study or application. In some studies, if less 
viability would be acceptable, more trehalose could be loaded (up to 300 mM, 
where majority of the cells would still survive the trehalose loading). 
 
Freeze dried and rehydrated HepG2 cell spheroids in the nanocellulose 
hydrogel stained with calcein AM and PI after rehydration showed signal 
controversially for both stains (Figure 8). This indicates that the cell 
membranes are damaged, as the PI dye can attach to the nuclei of the cells. 
However, strong green fluorescence implies that the cells also maintain some 
of their cytosol inside with enzymatic activity. Spheroids incubated in media 
without trehalose produced weak fluorescence from calcein (Figure 8A). The 
intensity was higher for cells incubated in media with 50 mM of trehalose 
(Figure 8B). The media with 300 mM of trehalose resulted in the highest 
intensity of fluorescence (Figure 8C) but the spheroids disassembled into 
individual cells. 
 
 

Figure 7. The viability of HepG2 spheroids after trehalose loading (24h). 
The viability was determined with calcein AM staining (green color) and PI 
(red color). The used concentrations of trehalose were A) 0 mM, B) 50 mM, 
C) 100 mM, D) 200 mM and E) 500 mM. (F) As the concentration of trehalose 



was increased, the viability of the HepG2 spheroids decreased (origin set to 
100 mM). Image of the 1000 mM concentration is not shown. 
 
Signals from both dyes were observed after freeze drying and from individual 
cells. However, the imaged fluorescence from calcein was observed in granular 
shapes. This means leakage of the cell membrane, but preservation of inner 
structures. The intensity of fluorescence for calcein was dramatically lower 
when compared to control samples. Changes in the trehalose concentration 
(50–300 nm) or the temperature at rehydration (room temperature vs 37 °C) 
produced similar results. 
 

 
Figure 8. Freeze dried and rehydrated HepG2 cell spheroids in 0.4% native 
nanocellulose. The integrity of the cell membrane was determined by 
staining with calcein AM, which is converted into calcein by cell activity 
(shown as greenly). The other stain is PI (shown as red), which stains cells 
with damaged membrane. (A) no trehalose, (B) 50 mM trehalose and (C) 300 
mM trehalose. The spheroids freeze dried after the incubation in 300 mM 
trehalose media showed higher intensity of green fluorescence. 
 
To tackle possible damage caused by the rehydration step, control samples 
were prehydrated in saturated humidity before gravimetric rehydration. Only 
about 2% (v/v) of original water content was returned despite the used time 
(30, 60 or 90 minutes). Moreover, the freeze dried aerogels physically 
collapsed during the prehydration which led to insufficient rehydration. 
 
When the freeze dried HepG2 cell spheroids were rehydrated, they showed 
18.1% (±6.1, n=8) of the metabolic activity that their control samples had on 
day 1 (Figure 9A) but the metabolic activity decreased on the following days 
rapidly. The control samples kept their metabolic activity stable over the 
experiment (14 days). 
 



Figure 9. Measured metabolic activity in the HepG2 cell spheroids hydrogel 
systems. Observed metabolic activity during the 14-day setup, where the 
values for the fluorescence are normalized to the fluorescence of the day 1 
control cells. The HepG2 spheroids were freeze dried on the 4th day (dashed 
line). Error bars: 95% CI, n=8. 

In microscopic images, the freeze dried and rehydrated HepG2 cell spheroids 
visually resembled the control spheroids. However, immunocytochemistry 
staining with phalloidin Alexa 488 allowed actin detection only before freeze 
drying. Moreover, the nuclear staining with Hoechst 33342 showed that the 
size of the cell's nuclei decreased when the samples were freeze dried and 
rehydrated. The cells were incapable of proliferation after rehydration. 
Therefore, even though nanocellulose hydrogels clearly had a positive effect 
on the lyopreservation of HepG2 cells, the results were not as good as we 
wished. Therefore, the rest of this thesis focuses more heavily on the drug 
releasing properties of anionic nanocellulose.

The overall aim of this thesis was to examine the suitability of nanocellulose 
hydrogels for sustained/controlled release of a wide range of pharmaceuticals 
and nanoparticles intended for the delivery of pharmaceuticals. Based on the 
presented results, anionic nanocellulose hydrogels appear to be excellent 



platforms for drug delivery and tolerate freeze drying well, when correct 
lyoprotectants are present. In study III, the hydrogels were studied inside 3D 
printed capsules manufactured from PLA (polylactic acid) in order to further 
modulate the sustained release profiles of nanocellulose formulations. These 
capsules were designed with specific inner cavities that regulated the surface 
area and diffusion possibilities. The capsules are shown in image 4 of Table 1. 
Only small molecule release kinetics were looked into in this study. However, 
the capsules were not exposed to temperatures above 37 °C during their 
loading and handling, making the methodology also suitable for biomolecules 
such as proteins. 
 
The produced hydrogel formulations contained undissolved drug reservoirs 
and were hence monolithic dispersions with flat release areas. For such 
systems, the rate of release follows the Higuchi equation (Siepmann et al., 
2012). To calculate the diffusion coefficients, Higuchi equation was used for 
most compounds. The equation is designed for the quantification of drug 
release from thin ointment films that contain finely dispersed drug (Siepmann 
and Peppas, 2011). Nevertheless, it is mathematically suitable for our system 
as well. For larger molecules, the diffusion coefficients were calculated with 
the Fickian model and the obtained values were significantly lower than for 
the smaller molecules. As the molecular mass affects the diffusion in the 
nanocellulose hydrogel matrix, this gives further possibilities for drug release 
applications on top of the particle surface charge interactions. When larger 
molecules diffuse through anionic nanocellulose hydrogel, the charge has a 
more impactful effect on the diffusion coefficient values than the 
hydrodynamic diameter of the molecule. Nevertheless, the size still has impact 
on the diffusion coefficients for larger molecules. 
 
The fiber concentration of the nanocellulose hydrogel had an impact on the 
release profile for both smaller and larger molecules. Therefore, the fiber 
concentration can be used to adjust the release rate to some extent. Based on 
these in vitro results, nanocellulose hydrogels are suitable candidates for use 
in drug release. The obtained results in this thesis should facilitate the 
development of drug delivery systems and drug implants based on 
nanocellulose hydrogels. 
 
For applications involving geometry-modulated drug release, three capsule 
designs were produced and 3D printed. The parameters for the designs are 
shown in Figure 10. Each design had a single release channel, and the outer 
measurements were 20 x 10 mm for every design.  
 
 



 
Figure 10. Computer aided designs of the capsules. A: Small opening B: 
Large opening C: Tube capsule 
 
The capsules were successfully manufactured from polylactic acid with FDM 
(fused deposition modeling) and filled with nanocellulose hydrogels carrying 
common beta blockers, metoprolol and nadolol. CAD and 3D printing allows 
for an excessive amount of customization possibilities. The openings of the 
capsules led into inner containers filled with the anionic nanocellulose 
formulations containing either nadolol or metoprolol. The capsules limit the 
drug releasing surface area of the hydrogel as one parameter and adjusting the 
properties of the hydrogel is another parameter. Therefore, the release of 
drugs can be controlled by modifying either of the parameters - or both. 
 
One of the aims of this thesis was to produce and test capsules filled with 
anionic nanocellulose formulations carrying drugs. The main parameters to 
study were the geometric properties of the capsules. The inner shape of the 
capsules cavities had an enormous effect on the release rates, as shown in 
Figure 5F. Especially the contact surface area between the hydrogel and buffer 
was in a significant role. Due to this, the release experiment was extended to 
three weeks. 
 
During the 21-day measurements, sustained release profiles were observed for 
nadolol and metoprolol from all designed capsule models. The model with the 
smallest opening sustained the release the most for both drugs (nadolol and 
metoprolol) as expected. The model with a slightly larger opening sustained 
the release less, as expected, and the tube model sustained the release the 
least, as presented in Figure 5F. There was a faster release period at the 
beginning for each compound, but after that the release profile was linear for 
nadolol during the three-week observation period. The highest achieved total 
release was 96 % at day 14 for metoprolol in the tube design. The anionic 
nanocellulose hydrogels did not swell or collapse, and the release was 
apparently in diffusion control throughout the test period. At measurement 
day 14, the measured amount of metoprolol in the buffer was lower than the 



earlier time point. The decrease is explained by the lengthy measurement 
setup, where the hydrolysis of nadolol and metoprolol is significant in aqueous 
conditions (Wang et al., 2021). For nadolol, the hydrolysis was not clearly 
observable due to the extremely delayed release.  
 
Anionic nanocellulose hydrogel can be freeze dried inside the capsules (data 
not shown). For real applications, the capsule should be post-operated to have 
a smoother surface area for reduced biofilm formation (Sandler et al., 2014). 
In addition, the capsule walls should be thinner for subcutaneous 
implantation to assure patient comfort and compliance. For this in vitro study, 
PLA was the perfect material, but other materials such as bioglass could be 
considered for the applications. For animal models, if PLA was still 
considered, antimicrobial materials such as nitrofurantoin could be mixed 
with the PLA in the manufacturing process preventing the formation of 
biofilms (Sandler et al., 2014 and Water et al., 2015).  
 

 
The final aim of the thesis was to study the behavior of various nanoparticles 
in nanocellulose hydrogels and study how their properties (shape, size and 
charge) affect their release rates from anionic nanocellulose hydrogels. First, 
we created various micelles and liposomes with a wide range of sizes, anionic 
and neutral charges, and DNA origamis with a rod-like shape. To study the 
effect of size, 50 nm, 100 nm, and 130 nm liposomes in diameter were 
produced with standard film hydration and extrusion methods. Produced self-
assembling micelles were noticeably smaller in size and the produced DNA 
origami had a high aspect ratio  (exact sizes shown in Table 2). 
 
The observed release time for the studied nanoparticles varied between the 
formulations from 7 days (100% release) to nearly 1 month (80% release, 
measurement stopped before full release was achieved). The size and shape of 
the particles played a significant role, and when combined with charge, the 
release could be blocked almost completely. During the 2-month studies, no 
swelling or morphological changes in the hydrogels were visually observed.  
The hydrogels remained extremely stable during the measurements. The 
release profiles of the nanoparticles are presented in Figure 11. Smaller 
nanoparticles (50 nm and less) with anionic charge in the 1% fiber 
formulations were released faster compared to larger particles, as expected, 
based on the observations in study I. The rod-shaped DNA origami showed 
how the shape contributes to the rate of release; despite the long length (120 
nm), their release rate was nearly the same as the small micelles had. The 
diameter of the DNA origami was only 24 nm, which was comparable to that 



of the micelles (7 and 16 nm) and seemed to contribute to the higher than 
expected release rate. 
 
At the end of the measurement, nearly full release was observed for the 
micelles, DNA origami, and 50 nm anionic liposomes in 1% anionic 
nanocellulose hydrogel. For the hydrogel formulations with 2% fiber content, 
notifiable lower rates of release were observed for the large liposomes. The 
higher fiber concentration of the hydrogel particularly reduced the release of 
130 nm liposomes. This is due to the smaller mesh size of the fiber matrix. The 
charge of the particle had a significant role for nanoparticles as well, as nearly 
no cationic 50 nm liposomes were released from either hydrogel. 
 
The size distributions for the released nanoparticles were tracked throughout 
the release studies and compared to the original size distributions to observe 
the effect of the fiber matrix mesh size. For DNA origami and micelles, no 
change in measured size distribution was observed, indicating that the mesh 
network did not capture any specific sizes from the size distribution and all 
sizes were released more or less equally fast. However, for liposomes, the 
measured sizes of the released particles were first smaller (106 nm) than 
original size distributions (130 nm) and only later the distribution started to 
approach the original. This indicates that 1) the smallest particles were 
released first due to the nanofiber mesh filtering and that 2) there was no 
clustering or aggregation of the liposomes. For the largest liposome sizes, a 
cut-off effect was observed as the final size distribution never reached the same 
average particle size as the original nanoparticle solution.  
 



 
Figure 11. ANFC = anionic nanocellulose. The release profiles for 
nanoparticles A) in 1% anionic nanocellulose B) in 2% anionic nanocellulose 
C) Liposomes only (NBD and Cy-5 labeled) in 1% and 2% hydrogel 
formulations (solid and dashed lines, respectively). Error bars: mean ± S.D., 
n = 3. 
 
 
The anionic nanocellulose hydrogel formulations carrying DNA origami were 
imaged with TEM after 77 hours and at the end of the release experiments (168 
h) to prove the intactness of the rod-like structures and to rule out the 
possibility of leaking of the fluorescent dye. Mostly intact DNA origami were 
visible in the TEM images after 77 h (Figure 12A) and 168 h (Figure 12B), 
indicating a successful release.  
 



 
Figure 12. TEM images showing intact DNA origami released at 77 hours 
(A) and at 168 hours (B).  
 
A key factor in the cut-off effect was the fiber content of the anionic 
nanocellulose hydrogels (1% vs 2%). For smaller nanoparticles (both micelles 
and 50 nm liposomes), the two anionic nanocellulose hydrogels behaved 
similarly. However, when the nanoparticle size grew, so did the diffusion 
limiting effect, most likely due to the fiber matrix mesh size. In the 1% anionic 
nanocellulose hydrogel, loaded 130 nm liposomes first released their smallest 
end of the size deviation: 106 nm sized liposomes, but over the times, the size 
deviation started to approach 130 nm. In the 2% anionic nanocellulose 
hydrogel, the mesh effect is even more pronounced; we see only 66 nm sized 
liposomes being released, when 130 nm liposomes were loaded. In addition to 
size, the quantity of liposomes is minimal, as can be seen from Figure 11. This 
seems to indicate that the effective mesh size of the nanocellulose hydrogel is 
between 50 and 100 nm. Also, in this regard the DNA origami-samples with a 
high aspect ratio acted more like the smaller nanoparticles and were not overly 
affected by mesh size effects or increased nanocellulose concentration. The 
slightly cationic liposomes on the other hand produced nearly zero release 
despite their size (50 nm). This can only be explained by strong binding of the 
liposomes to the nanocellulose network, most likely due to electrostatic 
interactions. The diffusion coefficient for the smallest measured 
nanoparticles, micelles, was close to what has been previously measured for 
proteins, and the mesh size did not limit their release. 
 



To summarize the study IV, we were able to pinpoint the effects of the fiber 
network matrix mesh size on the release rates on nanocarriers and have 
further demonstrated that the nanoparticles shape and charge affect the 
release rate dramatically. Especially the smallest dimension of the particle is 
in an essential role, when it comes to diffusion. Small nanoparticles with 
neutral or anionic charge were released from the 1% hydrogels in a similar 
fashion as could be expected based on simple Stokes-Einstein relation, 
whereas it took considerably longer time for larger nanoparticles with 
otherwise similar properties to be released from the 2% hydrogels.  
 
The anionic nanocellulose hydrogel did not release cationic nanoparticles 
practically at all. Moreover, the larger particles got stuck in the 2% hydrogel 
due to their large size. The cut-off sizes appear to be around 100 nm for the 1% 
hydrogel and 70 nm for the 2% hydrogel. Interestingly, rod-shaped DNA 
origami were released rapidly despite their long length. Based on the results, 
anionic nanocellulose hydrogel is a suitable platform for the sustained release 
of the studied nanoparticles with either neutral or anionic surface charge, 
whereas cationic particles get easily stuck in the anionic nanocellulose 
hydrogel and are barely released. On the other hand, this would be a great 
advantage for future applications, if nanoscale drug reservoirs are needed as a 
part of e.g., drug-loaded implants. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
In this thesis, the potential of anionic nanocellulose hydrogels for controlled 
drug delivery applications was clearly demonstrated. The TEMPO-oxidized 
nanocellulose hydrogel formulations can be freeze dried into aerogels and 
later redispersed with gravimetric rehydration into the original hydrogel 
formulations without loss in their rheological properties. However, this could 
only be achieved with the aid of optimized lyoprotectants. Most importantly, 
the release profiles for the studied drug molecules remained the same before 
and after freeze drying. This is a success from the application point of view, as 
it can be used to increase the shelf-life of hydrolysis sensitive drugs and 
compounds. The aerogels can be effortlessly rehydrated and dosed upon need 
and the hydrogels used for drug delivery applications. (I) 
 
Freeze drying nanocellulose hydrogel together with adipose tissue extract did 
not change the growth factor release properties of the hydrogel. The results 
showed that for rehydrated HepG2 cell spheroids, the intracellular structures 
appeared to be only partially intact, and the cell membranes were largely 
damaged. However, the HepG2 cell spheroids showed metabolic and 
enzymatic activity and the 3D morphology of the spheroids was preserved. 
Nevertheless, we believe that the factor preserving the intracellular structures 
was the spheroids and not the presence of nanocellulose fibers. The damaging 
mechanisms were mostly recognized which aids in the planning of future 
studies. If such freeze dried 3D cell systems could be fully rehydrated and 
recovered, it would revolutionize the commercialization of 3D cell toxicity kits. 
(II) 
 
We demonstrated that drugs can be released from 3D printed capsules 
containing anionic nanocellulose. The capsules release channels diameter can 
be effortlessly modified resulting in high control over the drugs release rate. 
We concluded that the two of the capsule designs (large and tube) produce a 
release which can be modeled by the Higuchi equation. As the anionic 
nanocellulose hydrogel formulations were injected into the designed capsules 
after the 3D printing, the drug compounds were not subjected to nozzle 
heating. This way the method is compatible with sensitive compounds such as 
proteins, micelles and liposomes. If taken into industrial production, the 
injection of the hydrogels could be done by 3D printers with multiple nozzles 
instead of manual work and the PLA material replaced by bioprintable 
bioglass. This would increase the light-permeability of the system, opening 
new doors for near-infrared light (NIR) -activation applications, as the 
transparent implant is subcutaneous but reachable with NIR. (III) 
 



In addition to several model compounds, we demonstrated that anionic 
nanocellulose hydrogel is suitable for storage and sustained release of several 
nanocarriers. We studied the release from 1% and 2% fiber concentration gels 
with various sizes and shapes of nanocarriers, and we were able to determine 
the cut-off size for the release caused by the fiber density of the hydrogels. In 
addition, we clearly showed the effect of the shape and charge of the 
nanoparticles on the release profile. Tiny cationic liposomes (50 nm) were 
retained in the anionic nanocellulose matrix for a much longer period of time 
compared to negatively charged or neutral nanoparticles. Each studied 
hydrogel formulation provided a sustained release profile.  
 
The obtained results create a paradigm for future studies in implementing 
water and fiber-based matrices for the sustained release of various 
nanoparticles and nanocarriers. In addition, the observations made with 
cationic nanoparticles getting stuck in the hydrogel can potentially lead into 
therapeutic applications, where light-induced activation releases 
pharmaceutical compounds from the nanoparticles into the nanocellulose 
hydrogel matrix, which then leads to the sustained release of the 
pharmaceutical compounds. The amount of light would operate as a dosing 
mechanism for the sustained release, and such studies are already being 
conducted. (IV) 
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