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ABSTRACT 

Freeze-drying is a widely used desiccation method for preservation of protein 
drugs and vaccines in a dry state. In freeze-drying, the specimens are first 
frozen and then dried under a vacuum. The end products are dry products that 
can be preferably transported without a cold chain and stored at room 
temperature for years. 

Despite the common utilization of freeze-drying with proteins and 
vaccines, optimization of the process for more complicated products i.e., cells 
and nature origin biomaterials, for example, extracellular vesicles (EVs), is 
problematic. The special requirements of these complicated samples, 
combined with the old-fashioned trial-and-error approach, yield little success. 

This thesis aims to change the current paradigm in the freeze-drying of 
biomaterials and cells. The research focused on finding new excipients, 
applying new strategies to improve the results, adapting already existing 
process analytical technology (PAT) for the new specimen, and improving the 
current understanding of freeze-drying in general by providing explanations 
of the mechanism of actions of the excipients. 

In the first study (Publication I), the aim was to investigate the 
lyoprotective effect of nanofibrillated cellulose (NFC) hydrogel on 3D cell 
spheroids. Hepatocellular carcinoma (HepG2) cells were used as a model cell 
line. The cells were cultured as 3D cell spheroids in NFC hydrogel and 
subsequently freeze-dried in the same hydrogel with trehalose and glycerol. 
The morphology of the 3D cell spheroids was preserved and 17% of the 
metabolic activity recovered. However, no proliferating cells were observed 
after the freeze-drying and reconstitution and the cell membranes of the cell 
spheroids were damaged. 

The project was continued, and the results obtained after improving the 
process were combined with an extensive literature search and published as 
publication II. The main result was that the actin cytoskeleton of the 3D cell 
spheroids was recovered after the freeze-drying and reconstitution. In 
addition, the recovery of freeze-dried EVs was studied and NFC hydrogel 
appeared to be a beneficial lyoprotectant for the EVs. Unfortunately, no viable 
3D cell spheroids were recovered. However, the understanding of the freeze-
drying of the cells was improved and the importance of mechanical support 
was proposed. 

To change the paradigm, also the standard equipment and methods used 
in the freeze-drying of biomaterials and cells must be improved. The third sub-
project (Publication III) focused on the adaptation of near-infrared (NIR) 
spectroscopy into the freeze-drying of biomaterials and more specifically in 
the manufacturing of NFC aerogels by freeze-drying. The NIR spectra were 
recorded during the secondary drying step of the freeze-drying cycle and a 
predictive partial least square (PLS) regression model was created to monitor 



the residual water content of different biomaterial formulations during the 
freeze-drying. The PLS model was accurate and the nanofibrillated cellulose 
aerogels were characterized in detail with high-end equipment i.e., 
ptychographic-X-Ray computed tomography and X-ray microtomography. 

The final study (Publication IV) applied the freeze-dried NFC aerogels for 
the 3D cell culturing of three different cell types with a one-step seeding and 
reconstitution method. This sub-project aimed to show the suitability of the 
freeze-dried NFC hydrogel for 3D cell culturing and to improve the 
fundamental understanding of the requirements of the mechanical 
environment of the cells. The results proved that the NFC aerogels can be used 
for the 3D cell culturing with one-step reconstitution and that they provide the 
suitable mechanical environment for different cell types. 

This thesis improves the theoretical understanding of freeze-drying, 
especially when considering the complex natural biomaterials and cells. The 
requirements of these specimens were recognized and existing theories of the 
mechanism of the protection provided by the excipients were applied to the 
samples. Furthermore, new theoretical aspects of the protection were 
proposed and the effect of nanofibrillated cellulose as a lyoprotectant was 
shown. In addition to the theoretical improvements, this thesis provided 
adaption of already existing PAT into the freeze-drying of biomaterials and an 
improved method for 3D cell culturing which can be potentially applied later 
for high-throughput screening of drug candidates. 
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1 INTRODUCTION 

Advanced therapy medicinal products (ATMPs) are an ever-emerging group 
of high-end therapies including gene therapy, tissue engineering, and cell 
therapies. ATMPs offer treatments for diseases that have been previously 
uncurable or possessed an overwhelming burden on the healthcare system 
(Seoane‐Vazquez et al., 2019). ATMPs utilize liposomes and extracellular 
vesicles (EVs) for DNA or RNA delivery (Pushparajah et al., 2021), natural and 
synthetic biomaterials for tissue engineering (Abdollahiyan et al., 2021), and 
living cells, such as chimeric antigen receptor T-cells (CAR-T), for cell 
therapies (Depil et al., 2020). All of these above-mentioned treatments require 
a special cold chain for the storage and transportation of the products. 

The standard method for long-term storage and transportation of 
biomaterials and cells is cryopreservation in - 80 °C ultra-freezers or liquid 
nitrogen. These methods require constant maintenance, and their 
transportation requires special conditions. To overcome the storage and 
transportation issues, the possibility to store and transport the products in a 
dry state without the laborious cold chain would be invaluable. Freeze-drying 
is a standard method in the pharmaceutical industry to preserve and formulate 
heat-sensitive drugs and vaccines into a dry solid state (Gervasi et al., 2018). 
Freeze-drying facilitates the storage of the above-mentioned products at room 
temperature or in a refrigerator, and their fast reconstitution prior to the 
administration. 

The literature part of this thesis first introduces freeze-drying in general 
and the physical principles underlying the method. Followed by the basics, 
general formulation strategies and stabilization mechanisms are introduced. 
Lastly in the literature review, the stabilizing mechanisms are expanded to 
answer the needs of biomaterials and cells and the freeze-drying of cells is 
reviewed. The literature review part concentrates on the publications 
published before the beginning of this thesis. After the literature review, the 
new approaches to answer the needs of biomaterials and cells in freeze-drying 
are shown. The biomaterial used as model material in this thesis was 
nanofibrillated cellulose (Laurén, 2018; Paukkonen, 2018). Finally, the 
paradigm change required is discussed, and the future prospects and impact 
of this thesis are summarized. 
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2 REVIEW OF THE LITERATURE

2.1 FREEZE-DRYING PROCESS AND EQUIPMENT

Freeze-drying is a widely used desiccation method in the pharmaceutical and 
food industry (Franks & Auffret, 2008). In pharmacy, freeze-drying is applied 
to remove the water from heat-sensitive products, such as protein drugs and 
vaccines, to improve their storability or to formulate drugs for intravenous 
administration. The idea of freeze-drying is to dry the heat-sensitive samples 
at low temperatures without damaging the product.

The freeze-drying process can be divided into three major steps: 1) 
Freezing, 2) Primary drying, and 3) Secondary drying (Fig. 1A). During the 
freezing step, the liquid sample is solidified. In primary drying, the frozen solid 
sample is dried under vacuum by sublimation. Lastly, in secondary drying, the 
water not sublimated during primary drying is removed by diffusion, 
desorption, and evaporation at elevated temperatures (Franks & Auffret, 
2008). The end product should be a dry robust cake or powder which can be 
stored preferably at room temperature.

In general, the freeze-dryer consists of an air-tight freeze-drying chamber, 
(temperature controlled) freeze-drying shelves, a vacuum pump, and a cold 
condenser (Fig. 1B). In addition, there are a variety of additional parts
including manometers and temperature meters depending on the model. 
Different types of freeze-dryers can be used depending on the application, for 
example, a small tabletop manifold freeze-dryer and a large tray freeze-dryer
are suitable for different needs. Yet, the basic principles of how the machines 
operate, are the same.

Figure 1 A) A typical freeze-drying cycle with freezing, primary drying, and secondary drying 
steps. The schematic vials illustrate the main events in the vial at the specific step of 
the cycle. B) A schematic illustration of the freeze-drying equipment with the most 
important parts of the freeze-dryer. Modified from Kawasaki et al. (2019) by the author 
with BioRender.com.
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2.1.1 FREEZING STEP SOLIDIFIES SAMPLE AND DETERMINES PORE 
SIZE OF END PRODUCT 

The freeze-drying cycle begins with the freezing step, during which the sample 
is solidified. Freezing as a phenomenon, or crystallization in general, can be 
divided into two major phases: 1) nucleation and 2) growth of nucleates 
(Morris & Acton, 2013). Before nucleation begins, the temperature of the water 
can be well below its freezing point. This phenomenon is called supercooling 
and it is fundamental in cryobiology (Mazur, 1970): although the sample is 
cooled below its freezing point, the sample remains in liquid form (Fig. 2A). 
When the cooling is continued, the probability of nucleation increases until 
eventually the nucleates are formed. Commonly the nucleation is 
heterogeneous with biological samples meaning that nucleation begins from 
impurities in the water, such as solid substrates, or even irregularities on the 
surface of the container.  

Figure 2 A) Freezing of sucrose-water solution. 1. Degree of supercooling can be observed as 
the lower temperature of the sample than the freezing point/melting point temperature 
(Tm). 2. Nucleation is an exothermic phase transition and released heat is observed 
as an increase in the temperature curve. 3. Nuclei growth occurs rapidly after nuclei 
formation. The freezing point depression of sucrose is observed as a slightly lower 
freezing point than that of pure water. The sample and shelf temperature differ slightly 
due to the position of the thermometer. B) Illustration of random ice nuclei growth 
during the freezing. Local ice front velocities differ and ice crystal size range is wide. 
The increase in solute concentration is illustrated by the color gradient. Tm: 
Melting/freezing temperature. Tg’: Glass transition temperature of maximally freeze-
concentrated sample. Data from III. Figure B created by the author with 
BioRender.com. 

After nucleation is initiated, the nucleation is followed by ice crystal 
growth. The degree of supercooling affects the number of ice nuclei, rate of ice 
growth, and size of ice crystals (Kasper & Friess, 2011). A lower degree of 
supercooling results in a lower number of ice crystals, but their size is larger. 
Contrary, a higher degree of supercooling favors the formation of a high 
number of smaller ice nucleates. The size of the ice crystals and the whole 
freezing step has a major impact on the primary drying and secondary drying 
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steps. The high number of small ice crystals leads to longer primary drying due 
to the high resistance of the dry layer but facilitates faster secondary drying 
(Pikal et al., 1990). Contrary, larger ice crystals are sublimated faster but they 
lengthen the secondary drying. The size of ice crystals affects not only the rate 
of drying and length of the freeze-drying cycle, but it also has a major impact 
on the morphology of the end product, for example, the porosity. Especially, 
when considering biomaterials and cells, on one hand, ice crystals can have 
the desired effect as they form the pores for freeze-dried biomaterial aerogels 
and thus facilitate mass transfer in aerogels (Haugh et al., 2010). On the other 
hand, ice crystals can damage the labile structures of biomaterials and cells. 

Freezing can be defined as isotropic or directional freezing (Gutiérrez et al., 
2008). In isotropic freezing, the growth rate of ice crystals varies and the 
direction is random (Fig. 2B). Contrary, in directional freezing the local ice 
front velocity is similar between ice crystals and the direction is uniform. 
Directional freezing can be performed by establishing temperature gradients 
across the sample. In isotropic freezing, the temperature gradients are random 
and thus the growth of ice crystals is random. As described above, the ice 
crystals can have the desired effect on the porosity of aerogels, yet, they can 
damage the cells and biomaterials. With directional freezing, the growth and 
direction of the ice crystals can be controlled which facilitates more precise 
control of the desired properties of the biomaterial aerogel or prevents the 
damage caused to cells (Christoph et al., 2016; Pawelec et al., 2014). Thus, 
directional freezing can be considered beneficial for biomaterials and cells due 
to the more precise control of ice growth resulting in the possibility to avoid 
damaging the biomaterials and cells. 

Temperature used in the freezing step and later in the primary drying is 
determined by the collapse temperature (Tcollapse). In freeze-drying, the 
collapsing of the specimen must be avoided. Tcollapse is the temperature 
above which the sample will collapse i.e. the structures of the sample cannot 
support the weight of the sample. In other words, the temperature of the 
sample must be below Tcollapse during the freeze-drying process. However, 
determining Tcollapse directly is laborious and can be done by microscopic 
observation only. Thus, for optimization of a freeze-drying cycle, usually, the 
glass transition temperature of maximally freeze concentrated sample (Tg’) is 
determined. During the ice crystal growth, the solutes begin to concentrate in 
the remaining water because practically all solutes are insoluble in ice. This 
leads to an increase in solutes’ concentration and the viscosity of the unfrozen 
material. The temperature after the sample cannot freeze anymore is 
determined as Tg’ and it is 1-2 °C below Tcollapse. This temperature binds the 
freezing and primary drying steps together and determines the required 
temperature for both steps. 
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2.1.2 PRIMARY DRYING IS THE LONGEST PHASE OF FREEZE-
DRYING CYCLE 

Primary drying, the longest phase of the freeze-drying cycle, begins after the 
freezing step (Franks & Auffret, 2008). During the primary drying, the frozen 
water (ice) is sublimated from the sample as water vapor and collected again 
as ice in the condenser. At the beginning of the primary drying, the pressure 
in the freeze-drying chamber is decreased near-vacuum. The most important 
parameters that can be controlled during the primary drying are temperature, 
pressure, and time. The temperature in the freeze-drying chamber must be 
kept below the Tg’ of the sample and the condenser temperature must be as 
low as possible as the driving force of sublimation comes from the vapor 
pressure difference between ice in the sublimation front of the sample and ice 
in the condenser. This difference is eventually a result of the temperature 
difference between the sample and the condenser (Franks & Auffret, 2008). 
The pressure of the freeze-drying chamber must be kept below the saturation 
vapor pressure of ice to enable sublimation in the first place. 

Sublimation is an endothermic phase transition requiring energy to take 
place. Heat (energy) is necessary for the sublimation; however, the product 
temperature must remain relatively unchanged to prevent collapsing. 
Radiation, conduction through the glass vials and shelves, convection, and 
conduction through the gas can be recognized as the major ways of heat 
transfer during the primary drying (Ganguly et al., 2013) (Fig. 3). The heat 
transfer methods can be divided also into pressure-dependent and pressure-
independent mechanisms of heat transfer: Radiation and conduction through 
the surfaces (vials, shelves) are pressure-independent mechanisms while 
convection and conduction through the gas are dependent on the chamber 
pressure. 
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Figure 3 Heat and mass transfer during the primary drying. Qin = Energy supplied for sample. 
Kv = heat transfer coefficient from shelf to the sample. Tshelf = Shelf temperature. 
Tproduct = product temperature. Qout = Energy required to sublimate water. Hs = latent 
heat of sublimation. dm / dt = mass transfer of ice over time. Modified from Merivaara 
et al. (2021). Originally modified from Franks & Auffret, (2008) and Pikal et al., 1984. 

Convection and conduction through gas are hard to separate from each 
other and it is unclear, what is the role of convection in the freeze-drying 
(Ganguly et al., 2013; Pikal et al., 2016; Scutellà, Passot, et al., 2017). The heat 
transfer by convection is commonly neglected in the very low pressures used 
in the freeze-drying, yet, it can have minor effects depending on the chamber 
pressure. Especially if the pressure is increased, convection might have a 
higher role in the heat transfer. Conduction through the gas molecules at the 
bottom of the vial can be considered an important heat transfer route 
especially above the extremely low pressures (at pressures above 37 mTorr (5 
Pa)) (Brülls & Rasmuson, 2002; Scutellà, Passot, et al., 2017). At the lowest 
pressures, radiation and contact conduction had a major role in heat transfer. 
In research by Ganguly et al. (2013) radiation was shown to be the major heat 
transfer mechanism independent of the pressure, but the role of gas 
conduction and convection increased when the pressure was increased. 

By interpreting the mechanisms of the heat transfer, the effects of the 
sample, sample vial, and process parameters on the primary drying can be 
concluded. First, the sample vial geometry and the vial bottom curvature have 
a major impact on the gas conductivity and contact conductivity (Brülls & 
Rasmuson, 2002; Pikal et al., 1984; Scutellà, Passot, et al., 2017). 
Furthermore, the bottom area affects also the sublimation area which in turn 
impacts the sublimation rate. The pressure of the freeze-drying chamber 
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affects the gas conduction and the potential convection, if not considered 
negligible. The primary drying temperature affects the vapor pressure 
difference between the sublimation front and the condenser. In addition, a 
higher primary drying temperature allows higher pressure in the freeze-drying 
chamber, which in turn facilitates higher heat transfer by conduction of gas 
molecules.  

The position of the vial in the freeze-dryer affects the heat transfer, 
especially by gas conduction and radiation (Pikal et al., 2016; Scutellà, Plana-
Fattori, et al., 2017). This so-called edge vial effect is an important factor to 
take into account especially when the lots are large in quantity. In addition to 
heat transfer, different material properties (viscosity, density, water content) 
and sample-specific properties (fill depth, heat transfer capacity) affect the 
rate of sublimation (Pikal et al., 1984). 

2.1.3 SECONDARY DRYING REMOVES THE UNFROZEN WATER AND 
LEAVES RESIDUAL WATER 

After the primary drying, especially for the amorphous samples, the amount 
of unfrozen water can be as high as 20-50% which is removed during the 
secondary drying (Franks & Auffret, 2008). The secondary drying can begin 
locally already during the primary drying, if all ice is sublimated at some parts 
of the sample, before actually beginning the secondary drying from the process 
perspective by increasing the shelf temperature (Pikal et al., 1990). However, 
low values of residual water are not achieved before the end of sublimation.  

The water still present in the sample after primary drying is located in 
amorphous samples inside the amorphic material and in crystalline materials 
as a thin layer on top of the crystals (Franks & Auffret, 2008). Thus, during the 
secondary drying, the water is removed more readily from crystalline samples 
than from amorphous samples. With proteins and polymers, especially natural 
polymers, the water still present can also be bound unfrozen water in the 
proximity of the polymer chains (Gun’ko et al., 2017). 

The main mechanisms by which the unfrozen water is removed during the 
secondary drying are diffusion, desorption, and evaporation (Pikal et al., 
1990). To facilitate the decrease of residual water, the temperature of the 
freeze-drying shelf is gradually increased and heat is conducted into the 
sample to remove unfrozen water still present in the sample. The heating of 
the freeze-drying shelves must be performed carefully to avoid crossing the 
glass transition temperature (Tg) which would lead to the collapse of the 
sample (Franks & Auffret, 2008). The gradual increase of temperature is 
possible due to the constant decrease of water content which in turn increases 
the Tg of the sample. 

At the beginning of the secondary drying, the residual water decreases 
rapidly, and after a certain time, the residual water content begins to approach 
the plateau residual water levels (Pikal et al., 1990) that depends essentially 
on the formulation (Oddone et al., 2017). Nevertheless, the plateau residual 
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water level can be decreased further by increasing the secondary drying 
temperature (Pikal et al., 1990). Furthermore, a higher temperature facilitates 
a faster decrease rate. This means that a higher secondary drying temperature 
can shorten the secondary drying remarkably which is important from an 
economical perspective. Unfortunately, the process conditions of secondary 
drying (and even the freeze-drying process overall) are in general based on a 
trial-and-error approach or adapted from the previous experiments that lead 
potentially to suboptimal residual water contents and prolonged secondary 
drying (Pisano et al., 2012).  

The rate of decrease of water content is dependent on the product-specific 
surface area – as the surface area increases, the rate of drying increases (Pikal 
et al., 1990). Oddone et al. (2017) showed how vacuum-induced nucleation 
resulted in homogeneous samples and shorter primary drying by forming 
larger ice crystals, but in turn, decreased rate of secondary drying due to 
diminished surface area. However, the overall freeze-drying cycle time was 
shorter with controlled freezing when compared to uncontrolled. 
Interestingly, decreasing the chamber pressure and product thickness is 
shown to have no effect on the secondary drying rate (Pikal et al., 1990). 

Residual water is recognized as a critical quality attribute (CQA) of freeze-
drying (Grohganz et al., 2009; Kauppinen et al., 2013) and, in general, the aim 
is to obtain a dry product with 0.5%-3% of residual water (Franks, 1998). Yet, 
for some biological substances a higher residual water content may be 
beneficial (Ma et al., 2005). However, water acts as a plasticizer in the 
products and decreases the glass transition temperature of the dry substances. 
In addition, high residual water contents pose the risk of degradation reactions 
and microbiological contaminations. 

2.1.4 PROCESS ANALYTICAL TECHNOLOGY UTILIZED IN THE 
FREEZE-DRYING 

Freeze-drying is a multistep process that requires careful control of key 
parameters. To facilitate structured science-based manufacturing of freeze-
dried products (or drug products in general) International Conference of 
Harmonization has introduced principles of quality-by-design (QbD) ideology 
(Guideline, 2009). Briefly, QbD includes recognizing quality target product 
profile (QTPP) comprised of critical quality attributes (CQA), critical process 
parameters (CPP), and critical material attributes (CMA). Followed by that a 
risk assessment must be performed. This leads eventually to implementation 
of statistical analysis to find the impact of CPPs and CMAs on CQAs and finally 
on QTPP. Monitoring the CQA, CPP, and CMA during the process is essential 
to verify the successful process. This requires the utilization of process 
analytical technology (PAT). PAT, as defined by the Food and Drug 
Administration (FDA), is “a system for designing, analyzing, and controlling 
manufacturing through timely measurements (i.e., during processing) of 
critical quality and performance attributes of raw and in-process materials 
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and processes, with the goal of ensuring final product quality” (FDA, 2004). 
A more detailed description of the QbD ideology is left out of the scope of this 
literature review and this chapter focuses on standard equipment and PAT 
used in freeze-drying.  

The two most important CPPs that can be controlled during the freeze-
drying cycle are temperature and pressure. In addition, time can be considered 
a CPP. The temperature of the specimen can be monitored with thermocouples 
and resistance temperature detectors (Nail et al., 2017). Thermocouples are 
recommended best practice in freeze-drying as they can measure the 
temperature at the warmest point at the bottom of the vial. The pressure of the 
freeze-drying chamber can be measured mainly with thermal conductivity 
gauges, Pirani gauges, and capacitance manometers. Measuring the pressure 
is important not only in the monitoring of the process but also in determining 
the endpoint of primary drying. Pirani gauge is sensitive to the gas phase 
composition in the freeze-drying chamber contrary to the capacitance 
manometers which measure the true pressure, independent of the gas 
composition. This means that by comparing the decrease of apparent pressure 
observed with Pirani to the pressure measured with capacitance, the endpoint 
of primary drying can be detected in an inexpensive way (Patel et al., 2010). 

Vibrational spectroscopy offers more advanced technology to monitor 
specimens during freeze-drying. Near-infrared (NIR) and Raman 
spectroscopy are fast non-invasive label-free techniques that have been both 
used as PAT in the freeze-drying (de Beer et al., 2007; de Beer, Vercruysse, et 
al., 2009; de Beer, Wiggenhorn, et al., 2009; Grohganz et al., 2010; Rosas et 
al., 2014). In freeze-drying, NIR spectroscopy is mainly sensitive to ice and 
water, while Raman spectroscopy can be used to obtain information about the 
physical status of the specimen. 

Raman spectroscopy is based on Raman scattering. In Raman 
spectroscopy, monochromatic light is pointed to the sample and a photon 
emitted from the light source interacts with the sample. This leads to the 
emission of a second photon with higher or lower energy which is then 
recorded. NIR spectroscopy in turn is based on the absorption of photons of 
which frequency matches the vibration frequency of the molecules. Typically, 
a tungsten halogen lamp is used to illuminate the sample, the transmitted or 
reflected light is passed through a dispersive element (prism) that is then 
recorded. NIR probes combination and overtone vibration in 780 - 2500 nm 
(12 820-4000 cm-1) region. 

Raman spectroscopy has been applied in freeze-drying for example to 
monitor in-line the morphology of mannitol crystallization during freezing 
and primary drying (de Beer et al., 2007; de Beer, Vercruysse, et al., 2009). 
Different morphologies of α, β, and δ-mannitol could be clearly defined from 
the Raman spectra of the end products. Furthermore, the endpoints of 
different steps (freezing, primary drying, secondary drying) and physical 
phenomena could be monitored in-line with Raman spectroscopy. Grohganz 
et al. (2011) showed that in addition to Raman spectroscopy, multivariate 
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analysis of NIR spectra can be used to observe mannitol polymorphism when 
mannitol is freeze-dried as part of different formulations composed of sucrose, 
insulin, or human growth hormone, and sodium chloride. They concluded that 
both Raman and NIR spectroscopies provide powerful tools for solid-state 
analysis of freeze-dried formulations. However, in that study, NIR and Raman 
were not applied for in-line monitoring of freeze-drying, yet it should be 
technically possible. 

NIR spectroscopy was used in the monitoring of freeze-drying already in 
1989 (Kamat et al., 1989). NIR spectroscopy can be also used to set up a 
general model to predict the residual water content of samples with varying 
excipients and excipient concentrations (Grohganz et al., 2009; Grohganz et 
al., 2010). Kauppinen et al. (2013) showed that a multipoint NIR is a powerful 
tool for in-line monitoring of residual water content of samples during freeze-
drying and to observe the edge vial effect. NIR spectroscopy is suitable also for 
monitoring formulation changes in a multicomponent drug formulation 
during freeze-drying (Rosas et al., 2014). In that study, the suitability of in-
line NIR spectroscopy was shown for monitoring multicomponent drug 
products composed of fenofibrate, mannitol, tertiary-butyl-alcohol, and water.  

 

2.2 EXCIPIENTS AND THEIR MECHANISMS IN FREEZE-
DRYING OF NATURAL BIOMATERIALS AND CELLS 

Excipients also called cryoprotectants and lyoprotectants, are needed in the 
freeze-drying formulations to protect the active ingredient from the stress 
caused by freezing and drying, to form an elegant cake, and for fast and 
homogenous reconstitution. Typically for proteins, during the freezing, the 
specimens experience stress caused by low temperature, freeze-concentration, 
pH changes, phase separation, and dehydration (Arsiccio & Pisano, 2017; 
Privalov, 1990; Wang, 2000). During the drying, part of the hydration shell of 
the proteins is removed causing potential disturbance into the native state of 
the protein followed by denaturation (Wang, 2000). Extrapolating the stresses 
that proteins experience during freeze-drying to the cells, the stress caused for 
example to the lipid bilayer and protein structures of the cells during the 
freezing and drying must be considered. The mechanical damage caused by ice 
crystals, osmotic imbalance, and changes in the phase transition temperatures 
of the cell membrane are important factors to be considered in addition to the 
ones mentioned for the proteins (J. H. Crowe et al., 1984; Ishiguro & Rubinsky, 
1994; Mazur, 1970).  

 In general, excipients can be divided by their function into stabilizers, 
bulking agents, buffers, preservatives, tonicifiers, surfactants, and co-solvents 
(Baheti et al., 2016). The stabilizers protect the specimen by specific 
mechanisms (direct interactions, vitrification, preferential exclusion) while 
bulking agents form the bulk of the end product especially when the amount 
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of active ingredient is low. Despite the categorization, one excipient can have 
a wide effect on the formulation and act as a stabilizer and as a bulking agent. 
The most commonly used buffers and tonicifiers in the freeze-drying of cells 
are sodium chloride and PBS. Table 1 summarizes the most used stabilizers, 
bulking agents, and cryoprotectants in the freeze-drying of cells. 

Table 1. The excipients used in the freeze-drying of cells. Trehalose is the most commonly used 
excipient in the freeze-drying of cells followed by the serum albumin. The excipients are 
categorized as cryoprotectants (CP), bulking agents (BA), and stabilizing agents (SA) as 
their most common intended use. Excipients that mainly improve the glass transition 
properties are categorized as bulking agents in the table. BA: Bulking agent. BSA: 
Bovine serum albumin. CP: Cryoprotectant. EGCG: Epigallocatechin gallate. HES: 
Hydroxyethyl starch. HSA: Human serum albumin. PVP: Polyvinylpyrrolidone. SA: 
Stabilizing agent. For polysaccharides, the molecular weights (MW) of the repeating 
unit monomer are reported. 

 
 Excipient Categorization MW Tg’ (°C) Tg (°C) 

Disaccharide 

Trehalose 
dihydrate BA, SA 378.3 -28a 107b 

Sucrose BA, SA 342.3 -32a 61b 
Lactose BA, SA 342.3 -28a 102c 

Maltose BA, SA 342.3 -29a 70a 
Monosaccharide Glucose BA, SA 180.2 -43a 39a 

Polyol Glycerol CP 92.1 -109.6d -93a 
Polyphenol EGCG SA1 458.4 / 163e 

Polysaccharide 

Dextran BA 504.42 -14a 81a 
PVP BA 111.12 / 94f 

Sodium Alginate BA 216.12 -80g -81h 
HES CP, BA 580.62 -12a 44j,3 

Protein HSA, BSA BA, SA ~66 kDa -73j 180k 
Sugar alcohol Mannitol BA 182.2 -28a 11a 

1 EGCG is also an antioxidant. 2 Molecular weights of the repeating monomer. 3 Estimated values between 
25-60 °C, vary in the literature.  
a (Franks & Auffret, 2008); b (Roe & Labuza, 2005); c (Haque et al., 2006) d (D.-X. Li et al., 2008); 
e (Cao et al., 2017); f (Turner & Schwartz, 1985); g (Nakamura et al., 1991); h (Swamy et al., 2010);  
i (Chen et al., 2002); j (Shinyashiki et al., 2009); k (M. Zhang et al., 2017).  

2.2.1 EXCIPIENTS 
Disaccharides are the most used excipients in the freeze-drying of cells and out 
of that group trehalose is the most studied one (See table 2 in chapter 2.3.2). 
Trehalose acts as a bulking agent and as a stabilizer in freeze-drying 
formulations. Trehalose is a disaccharide formed from two glucose molecules 
via α-(1-1)-linkage and it has excellent glass transition temperatures and 
properties for freeze-drying: Tg’ of trehalose water solution is reported to be  
-28 °C and Tg of anhydrous trehalose is 106 °C (Franks & Auffret, 2008). 
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Trehalose is a nonreducing disaccharide that is beneficial in freeze-drying 
because no Maillard reaction (Browning reaction) occurs. Trehalose provides 
hydrogen bonds to the cell membranes during freeze-drying and replaces the 
hydrogen bonds that water has made with the membranes, stabilizing the dry 
cell membrane (J. H. Crowe et al., 1984; L. M. Crowe et al., 1985). This 
mechanism is called the water replacement hypothesis and it is discussed in 
more detail in the next chapter. Interestingly, trehalose is also found to be 
present in naturally desiccation-tolerant organisms such as yeast cells (J. H. 
Crowe et al., 1992). However, it is worth mentioning that despite the relevance 
of trehalose in desiccation-tolerant organisms, other important factors, such 
as intrinsically disordered proteins, are recognized as well (Boothby et al., 
2017). 

Sucrose is another widely used disaccharide in freeze-drying and the most 
used disaccharide in freeze-dried protein drug formulations (Gervasi et al., 
2018; Roe & Labuza, 2005). Sucrose is formed from glucose and fructose 
molecules linked together with a glycosidic α1 β2 linkage. Sucrose behaves 
similarly to trehalose in freeze-drying i.e. it can act as a stabilizer and as a 
bulking agent in the formulation. The Tg’ of a sucrose-water solution is 
reported to be -32 °C and the Tg of anhydrous sucrose is 70 °C making it a 
suitable excipient for freeze-drying (Franks, 1998). As trehalose, sucrose is a 
nonreducing disaccharide.  

Lactose is a commonly used excipient with small molecule drugs as a 
bulking agent and it has been studied also as a protectant with the cells (Baheti 
et al., 2016; X.-L. Zhou et al., 2007). However, lactose should be avoided in the 
freeze-drying of proteins and amino acids because it will react with primary 
amines through a Maillard reaction (M. J. Akers, 2002). The same problems 
occur with the disaccharide maltose and monosaccharide glucose, and their 
usage should be avoided with proteins. Indeed, the Maillard reaction is a 
potential problem also in the freeze-drying of biomaterials and cells, which 
makes lactose, maltose, and glucose, in general, all reducing sugars, 
potentially suboptimal options. 

Polymers, such as polysaccharide dextran and protein albumin, have 
excellent glass transition temperatures and can be used as excipients in freeze-
drying formulations (Imamura et al., 2002; Shinyashiki et al., 2009). For 
example, the Tg of dextran, depending on the molecular weight, varies from 
120 °C to 170 °C for 1.5 kDa dextran and 20 kDa dextran, respectively 
(Imamura et al., 2002). In general, excellent glass transition properties are 
beneficial in freeze-drying as they facilitate higher primary drying temperature 
and thus faster freeze-drying cycle. In addition, the glass transition properties 
facilitate the embedding of the specimen into the amorphous matrix. In 
addition to the glass-forming properties, polymers, especially polysaccharides, 
form viscous materials with water which can potentially decrease the damage 
caused by water efflux and osmotic stress (Stolzing et al., 2012). Furthermore, 
polymers can have a high ratio of unfrozen water which is potentially beneficial 
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when considering the freeze-drying of cells and biomaterials (Kocherbitov, 
2016). 

Polymers can be also used in the reconstitution of the samples. Slower 
water penetration during the reconstitution has been shown to be beneficial 
for the red blood cells (Arav & Natan, 2012). Higher recovery of red blood cells 
was obtained when 20-40% dextran solution was used in the reconstitution. 

Even though the polymers appear to be beneficial as excipients, they are 
seldom alone sufficient protectors. Yet, in combination with sugars various 
benefits can be obtained such as higher Tg’ and Tg or even loading of 
intracellular excipients (J. H. Crowe et al., 1987; Goodrich et al., 1992; Lynch 
et al., 2011; Sydykov et al., 2017).  

Amino acids are another group of excipients that is widely used with 
protein drugs and small molecule drugs. Glycine is the most used amino acid 
with small molecule drugs and histidine is the most used with freeze-dried 
protein drug formulations, followed by glycine (Baheti et al., 2016; Gervasi et 
al., 2018). Amino acids can have stabilizing effects, as they act as bulking 
agents and stabilize the pH and tonicity. Furthermore, amino acids can have 
antioxidative effects.  

In the freeze-drying of cells, the protective effect of glycerol and 
dimethylsulfoxide (DMSO) have raised interest (Damjanovic et al., 1975; 
Wikström et al., 2012). Glycerol and DMSO are widely used cryoprotectants 
that protect cells from the damage caused by extracellular and intracellular ice 
crystals as well as from osmotic imbalance (Dashnau et al., 2006; Mandumpal 
et al., 2011). The potential of glycerol and DMSO as cryoprotectants makes 
them attractive to experiment with in freeze-drying. However, the extremely 
low Tg’ of DMSO and glycerol water solutions hinders their usability in freeze-
drying. The Tg’ of DMSO-water and glycerol-water solutions are -120 °C and  
-110 °C, respectively, which are extremely low Tg’ temperatures and unsuitable 
for many commercial freeze-dryers (D.-X. Li et al., 2008; Sydykov et al., 2018).  

Certain common properties of all above-introduced excipients are 
beneficial: 1) The glass transition properties and the suitability of the excipient 
to form a glass, 2) Hydrogen bonding potential, i.e. does the molecule have 
enough hydrogen bond donors/acceptors, and 3) Bulk forming properties, can 
the material form the “bulk” of the sample especially when the amount of 
active ingredient (biomaterial/protein/cells) is low. Self-evidently, when 
considering the excipients for cells, toxicity or lack of biocompatibility prevent 
the use of the excipient. In the following chapter, the above-mentioned 
properties are explained in more detail and theories about the stabilizing 
mechanisms of excipients are reviewed.  

2.2.2 PREFERENTIAL EXCLUSION, WATER REPLACEMENT AND 
VITRIFICATION THEORY 

Preferential interaction theory is one of the explanations of stabilizing 
mechanisms by which proteins are stabilized in the solutions and during the 
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freezing (Arsiccio & Pisano, 2017; Timasheff, 1993). The water replacement 
hypothesis (thermodynamic stabilization) and vitrification theory (kinetic 
stabilization) are widely used to explain the stabilizing mechanisms of 
excipients during freeze-drying and in the dry state (Chang et al., 2005; Chang 
& Pikal, 2009; Hagen et al., 1995; Manning et al., 2010; Mensink et al., 2017). 
In this chapter, first, the mechanisms are introduced from the protein’s 
perspective and then the scope is expanded to also include cells. 

Preferential interactions are one of the most accepted mechanisms of 
stabilization of proteins in the liquid state (Wang, 2000). In the hydrated state 
with the presence of an excipient the protein prefers to interact with the water 
(preferential hydration) and the excipient is not present in the vicinity of the 
protein (preferential exclusion) i.e. more water and less excipient is found on 
the protein surface. This leads to a thermodynamically unfavorable situation 
since the chemical potentials of protein and excipient are increased 
(Timasheff, 1993). The denaturation of the protein would increase the 
thermodynamical instability even more due to the greater contact surface 
between protein and solvent, making the native state thermodynamically 
favorable. During the freezing, the preferential exclusion is the main 
mechanism together with vitrification explaining the stabilizing mechanisms 
of excipients (Arsiccio & Pisano, 2017). However, the preferential interaction 
mechanism cannot explain the stabilizing mechanisms of excipients during 
the whole freeze-drying cycle and in a dry state because the hydration shell of 
proteins is removed (Allison et al., 1998; J. H. Crowe et al., 1990). This 
explains also the need for more than one excipient unless the one excipient can 
stabilize the specimen with multiple mechanisms, such as disaccharides.  

The water replacement hypothesis explains stabilizing effects of excipients 
by their capability to form hydrogen bonds with the proteins (Chang & Pikal, 
2009). During freeze-drying the number of hydrogen bonds between the 
protein and water decreases which can lead to changes in the native 
conformation of proteins. Contrary to the preferential exclusion mechanism, 
the water replacement hypothesis states that excipients form hydrogen bonds 
with the proteins and stabilize them in a thermodynamically stable 
conformation. This results in increased free energy of unfolding making it 
thermodynamically unfavorable. In the freezing step, water replacement 
occurs when the sample is (mostly) in the solid state (Arsiccio & Pisano, 2017). 
This can be extrapolated to the dry (solid) state despite the difference between 
dryness during freezing and in the anhydrous state to conclude that the water 
replacement hypothesis is an important stabilizing mechanism in the dry 
state. Followed by the water replacement hypothesis there should be certain 
“stability sites” on proteins/cell membranes which would lead to thinking that 
at a certain saturation ratio of the excipient-active ingredient would exist. 
However, the saturation ratio is not always observed which means that other 
explanations of the stabilizing mechanisms of excipients are needed (Chang et 
al., 2005). 
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The vitrification theory explains stabilizing effect of excipients by their 
capacity to form a highly viscous glass state. One can think of this as a fossil 
stored inside amber. As explained in chapter 2.1.1, when a liquid is cooled 
below its melting point, it is called supercooled. When the cooling is continued, 
the viscosity increases, and molecular movement is decreased further 
resulting eventually in the formation of glass (glass transition). The protein to 
be preserved is embedded inside the inert glassy matrix and diluted around. 
This prevents aggregation of the proteins and interactions with each other as 
their mobility is impaired (Chang & Pikal, 2009). In addition, the glassy matrix 
prevents the degradation reactions that require mobility by decreasing their 
reaction rate. The stabilizing effects explained by the glass dynamic hypothesis 
are purely kinetic mechanisms. Not all glasses are the same i.e. how the glass 
is formed affects its properties (Chang & Pikal, 2009). Experimental results 
show how proteins degrade faster when stored in a solid state above their Tg 
supports the glass dynamics hypothesis (Chang et al., 2005). However, no 
difference is observed after that for example between sucrose and trehalose 
despite the Tg of trehalose being remarkably higher than Tg of sucrose. 
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2.2.3 ADAPTION OF THEORIES FOR FREEZE-DRYING OF CELLS
Cells are much more complicated to stabilize during freeze-drying and in a dry 
state than proteins (Fig. 4A). Importantly, the water replacement hypothesis 
and vitrification theory provide valuable insights into how the cells should be 
stabilized in a dry state. If intracellular excipients are used, similar 
mechanisms of stabilization can be considered for the proteins present in the 
cells, as described in the previous chapter. However, slightly different 
considerations are required to stabilize the cell membranes and to consider 
the specificity of the cells.

Figure 4 A) During the freezing step ice crystals are formed and solutes and excipients are 
concentrated in the remaining solution until no more freezing can occur. The 
excipients form a vitrified glassy state. The system involving the cells, ice crystals, 
and solutes is a chaotic system with temperature and concentration gradients and 
shifting pH values in addition to physical forces damaging the cells. B) A more 
detailed description of the water replacement hypothesis and vitrification theory on a 
cell membrane level after the drying. The excipients protect the cell membrane by 
forming hydrogen bonds with the cell membrane and by the formation of the glassy 
state around the cell membrane. Without the excipients, the cell membrane is 
damaged during the rehydration. Adapted from (L. M. Crowe et al., 1985). Created 
by the author with BioRender.com.

The water replacement hypothesis can be used to explain how excipients 
protect the lipid bilayers in the dry state (J. H. Crowe et al., 1984, 1990, 1992; 
L. M. Crowe et al., 1985; Wolkers, Tablin, et al., 2002). The excipients interact 
with the lipid membranes by hydrogen bonding and lower the phase transition 
temperature (Tm) of the lipid membrane (Fig. 4B). Due to the increased 
transition temperatures, the membranes remain in the liquid crystalline phase 
even in the dry state, and when rehydrated below the phase transition 
temperature, they undergo no transitions preventing leakage of the 
membrane. Contrary, if during the rehydration the membrane undergoes a 
phase transition, leakage of the membrane is observed.

Vitrification is important for the stability of lipid bilayers during and after
freeze-drying (J. H. Crowe et al., 1997; Franzé et al., 2018). While the water 
replacement hypothesis explains stabilizing mechanisms of excipients by
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decreased Tm of the lipid bilayers, vitrification theory can be used to explain 
the prevention of the fusion of the cell membranes at temperatures below Tg 
(Fig. 4B). Stability by vitrification has been suggested to be obtained from an 
amorphous glass formed by the excipients on the surface of the lipid 
membranes without directly interacting with the membrane (Koster et al., 
1994). However, this was denied by J. H. Crowe et al. (1997); they stressed that 
both stabilizing mechanisms are needed for lipid bilayers, direct interactions 
i.e. water replacement hypothesis, to decrease Tm, and indirect protection by 
amorphous substances by prevention of fusion i.e. vitrification theory. 
Currently, with liposomes, the same opinion is accepted that both stabilizing 
mechanisms i.e direct interactions (water replacement hypothesis) and 
indirect protection (vitrification) are needed (Franzé et al., 2018). For the cells, 
vitrification theory is more accepted during the freezing step while more 
research is focused on direct interactions in freeze-drying studies. It is worth 
noting that in freezing, vitrification theory explains the prevention of the 
formation of damaging intracellular and extracellular ice crystals by the 
formation of amorphous glass, and it is widely used in cryopreservation of 
oocytes (Loutradi et al., 2008). 
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2.3 APPROACHES TO FREEZE-DRY 
NANOFIBRILLATED CELLULOSE HYDROGEL AND 
CELLS 

2.3.1 FREEZE-DRYING OF NANOFIBRILLATED CELLULOSE 
Nanofibrillated cellulose (NFC) is formed from nanofibrils which length is 
usually on a micrometer scale and width on a nanometer scale. NFC hydrogel 
is a natural biomaterial that is biocompatible in humans and biodegradable in 
nature. NFC can be used for example for 3D cell culturing, wound healing, and 
controlled drug delivery (Bhattacharya et al., 2012; Hakkarainen et al., 2016; 
Laurén et al., 2014). 

NFC has been used to manufacture aerogels already in 2004, however, the 
reconstitution of the aerogels was not studied (Jin et al., 2004). Freeze-dried 
and reconstituted chemically modified nanofibrillated cellulose has been used 
for controlled drug delivery (Paukkonen et al., 2017). Modified NFC hydrogel 
released the embedded drugs before and after freeze-drying with the same 
profile and rate. Another approach to utilizing freeze-dried NFC for drug 
delivery is to apply it as an aerogel. For example, freeze-dried NFC aerogels 
loaded with drugs have been studied to be utilized for oral drug delivery 
(Bhandari et al., 2017). 

2.3.2 FREEZE-DRYING OF CELLS 
The first report about successful freeze-drying and recovery of cells dates back 
to 1949 when Polge, Smith, and Parkes reported successful freeze-drying and 
recovery of fowl spermatozoa in Ringer solutions with 20% glycerol (Polge et 
al., 1949). Ten years later Meryman and Kafig freeze-dried and recovered bull 
spermatozoa without glycerol (Meryman & Kafig, 1959). Shortly after that 
Meryman (1960) reported success in freeze-drying of red blood cells. 

More recently, most of the approaches to freeze-dry human cells have 
concentrated on the freeze-drying of blood cells i.e. platelets and red blood 
cells (Table 2). Mainly two reasons lie behind the interest in the freeze-drying 
of platelets and red blood cells. First, they have wide clinical applicability for 
example for platelet transfusions to treat hemorrhage, blood transfusions, and 
for cancer patients whose own bodies cannot form platelets. Currently, red 
blood cells can be stored only for up to 42 days and platelets only for 5 days 
without cryopreservation or freeze-drying (García-Roa et al., 2017; Wolkers, 
Walker, et al., 2002). Furthermore, the cold chain needed for storage and 
transportation is expensive and laborious to maintain especially in crisis areas, 
where the need for blood transfusions would be the highest. The second reason 
that freeze-drying of cells has focused on platelets and red blood cells is their 
relative simplicity compared to nucleated human cells. Cryo- and 
lyoprotectants, processes, methods, and mechanisms found suitable for 
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platelets and red blood cells, could be possibly adapted into more complex 
functional nucleated human cells. 

In this chapter, the research performed on the freeze-drying of human cells 
is reviewed, but the experiments performed with gametes are left out. Self-
evidently, research focusing on gametes focuses on preserving the cell material 
needed for reproduction, i.e. DNA, and as it is secondary if the cells are viable 
or dead (Gianaroli et al., 2012). Nevertheless, the research focusing on 
preserving gametes is important and there are various aspects to learn and 
adapt in freeze-drying of more functional cells when the goal is to preserve also 
the viability and not only the DNA of cells. Table 2 summarizes the research 
on the freeze-drying of cells before the beginning of this thesis work. 
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Table 2. Summary of research performed on freeze-drying of cells before the beginning of this 
thesis work. Despite the high recovery percentages, the functionality and proliferation 
capacity of the cells were not as high as the reported recovery. ADSOL: Adenine, 
dextrose, sodium chloride, mannitol. BSA: Bovine serum albumin. EGCG: 
Epigallocatechin gallate. FBS: Fetal bovine serum. HES: Hydroxyethyl starch. HSA: 
Human serum albumin. IHP: Inositol hexaphosphate PVP: Polyvinylpyrrolidone. SUC: 
Sucrose. TRE: Trehalose.   

 
 Excipients Recovery (%) Reference 

Platelets 

12mM TRE (intracellular) + 
30mM TRE, 1% HSA 

85 (Wolkers et al., 2001) 

30 TRE, 1% HSA 85 
(Wolkers, Walker, et al., 

2002) 

150mM TRE, 5% HSA 85 (M. Tang et al., 2006) 

13.2mM TRE (intracellular) + 
26mM TRE, 1% BSA 

91 (X.-L. Zhou et al., 2006) 

528 mM TRE, 1% BSA 93 (X.-L. Zhou et al., 2007) 

1% BSA 75 (Hoshi et al., 2007) 

Red blood cells 

Glucose, PVP, IHP N/A (Goodrich et al., 1992) 

Glucose, PVP, IHP 85 (Weinstein et al., 1995) 

2o% (w/w) HES, 5% maltose 16 (Rindler et al., 1999) 

100 mOsm ADSOL, 100 mM TRE, 
15% HES, 2.5% HSA 

55 (Török et al., 2005) 

100 mOsm ADSOL, 100 mM TRE, 
15% HES, 2.5% HSA, liposomes 

70 
(Kheirolomoom et al., 

2005) 

397 mM TRE 50 (Han et al., 2005) 

30% PVP, 20% TRE, 10% HSA 51 (He et al., 2007) 

63.7 mM TRE (intracellular) 71 (X. Zhou et al., 2010) 

100 mM TRE, 0.09% EGCG 50 (Arav & Natan, 2011) 

300 mM TRE, 10% HSA 75 (Arav & Natan, 2012) 

15% PVP, 1.25% BSA,  
40% (v/v) glycerol 

59 (X. Zhou et al., 2016) 

Mononuclear 
cells 

40% PVP, 20% SUC, 10% 
mannitol, 10% FBS 

62 (J. Li et al., 2005) 

100 mM TRE, 0.09% EGCG 65 (Natan et al., 2009) 

Retinal pigment 
epithelial cells 

0.58% TRE, 20 mM dextran, 
 0.68% SUC, 0.5% glycerol 

10 (Wikström et al., 2012) 

Hematopoietic 
progenitor cells 

6.8% TRE, 2% HES, 5% HSA 40 (Buchanan et al., 2010) 

Mesenchymal 
stem cells 

30% PVP40, 100 mM TRE 69 (S.-Z. Zhang et al., 2010) 

Fibroblasts 250 mM TRE 0 (M. Zhang et al., 2017) 
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2.3.3 FREEZE-DRYING OF PLATELETS 
Freeze-drying of platelets has been successful both on a small (Wolkers et al., 
2001) and large scale (Wolkers, Walker, et al., 2002). The number of recovered 
trehalose-loaded platelets was around 70 to 80%, depending on cell 
concentration. Trehalose was required inside and outside the platelets to 
provide sufficient protection. In addition, human serum albumin (HSA) was 
beneficial in freeze-drying as it increased the Tg and prevented aggregation of 
platelets. Wolkers et al. (2001) used prehydration of dry platelets prior to full 
rehydration of the dry cells to prevent the formation of balloon-shaped cells. 
Yet, the mechanism underlying was not explained. Potentially the 
prehydration decreases the Tm of the dry cell membrane low enough to 
prevent the leakage during the complete hydration. Most importantly, the 
functionality of platelets i.e. clot formation after adding thrombin or other clot 
formation agonists (ristocetin, collagen, ADP), was fast and nearly complete 
(Wolkers et al., 2001; Wolkers, Walker, et al., 2002). Lastly, the number of 
freeze-dried platelets and their responsiveness to thrombin after 22 months of 
storage were not decreased during the storage period. X.-L. Zhou et al. (2006, 
2007) obtained similar results with freeze-drying platelets as Wolkers et al. 
(2001). Bovine serum albumin in combination with trehalose, sucrose, lactose, 
maltose, or glucose yielded promising results (X.-L. Zhou et al., 2007). 
Importantly, the freezing rate was shown to affect the recovery of freeze-dried 
platelets with a rate of 10 °C/min yielding better recovery in number than fast 
freezing with liquid nitrogen or slow gradient freezing with a 0.5 °C/min 
cooling rate. In addition to cooling rate/freezing rate, temperature fluctuation 
during the freezing step due to the crystallization of ice affects the recovery of 
freeze-dried platelets (Hoshi et al., 2007). The increase in temperature was 
prevented by rapidly decreasing the temperature of freeze-dryer shelves to -50 
°C at the determined crystallization temperature. The morphology and 
structure of freeze-dried platelets were preserved better with this method than 
with freezing without the prevention of temperature fluctuation. Furthermore, 
no trehalose or other disaccharide were used in the freeze-drying formulation, 
and yet functionality and effect of platelets on the proliferation capacity of 
hepatocytes were preserved.  

2.3.4 FREEZE-DRYING OF RED BLOOD CELLS 
Even more research has concentrated on the freeze-drying of red blood cells 
than on the freeze-drying of platelets. However, the success in freeze-drying of 
red blood cells is still questionable. Goodrich et al. (1992) reported successful 
preservation of metabolic activity of red blood cells after freeze-drying. They 
used a formulation composed of glucose, inositol hexaphosphate (IHP), and 
polyvinylpyrrolidone or dextran (Goodrich & Williams, 1989). Despite the 
preserved metabolic activity, there were ruptures in the cell membrane leading 
to inhibition of red blood cells’ ability to regulate the volume changes caused 
by rehydration (Goodrich & Sowemimo-Coker, 1993; Scott et al., 2005). Later 
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the freeze-dried red blood cells were used for autologous reinfusion in humans 
(Weinstein et al., 1995). The freeze-dried red blood cells were hematologically 
normal and survived normally in vivo. No adverse effects were observed which 
was expected due to the low volume of infusion. However, the work comprised 
only 4 volunteers and no clinical relevance can be concluded from that study. 
In addition, there have been failures in repeating the work of Goodrich et al. 
about the freeze-drying of red blood cells (Spieles et al., 1996).  

Research on freeze-drying of red blood cells after the studies of Goodrich 
et al. has mostly focused on finding suitable excipients for freeze-drying and 
understanding the effects of rehydration (Han et al., 2005; Kheirolomoom et 
al., 2005; Török et al., 2005). Török et al. (2005) showed that intracellular 
trehalose decreased hemolysis. In addition, their results indicated that 
extracellular ADSOL (adenine, dextrose, sodium chloride, mannitol) with HES 
and HSA prevented hemolysis to some extent. Furthermore, ascorbic acid 
decreased the amount of dysfunctional (oxidized) methemoglobin potentially 
by its antioxidant effect during the trehalose loading, freeze-drying, and 
rehydration. The results were further improved when lipid vesicles formed 
from unsaturated phosphatidylcholines were used in the freeze-drying 
formulation (Kheirolomoom et al., 2005). With the addition of lipids, 
trehalose-loaded freeze-dried red blood cells were stored for 2 months at +4 
°C and showed only 30% of hemolysis after the storage. Han et al. (2005) 
concluded that extracellular disaccharides had no effect on protection. In 
addition, over 40% concentration of PVP resulted in increased hemolysis 
despite the improved vitrification. Both unsatisfactory effects might be a result 
of osmotic imbalance and high osmotic pressure occurring from the 
extracellular excipients.  

Residual water has a major role in the recovery of freeze-dried red blood 
cells; too high residual water content leads to the collapse of the sample and 
thus damaging the cells, and too low residual water increased hemolysis 
(Török et al., 2005). In addition to residual water content, rehydration 
temperature affected the degree of hemolysis showing that temperatures 
closer to the physiological (+37 °C) temperature resulted in decreased 
hemolysis when compared to +4 °C (Han et al., 2005; Török et al., 2005). One 
explanation is the phase transition occurring in the cell membrane. 

To improve the freeze-drying of red blood cells effects of temperature and 
different freezing methods have been evaluated. Red blood cells have been 
freeze-dried in ultralow temperatures with shelf temperatures as low as -65 °C 
and condenser as low as -190 °C (Rindler et al., 1999). 15.5% recovery was 
reported, however, only one viability assay (Saline test) was conducted and 
SEM micrographs indicated damaged cells. Arav and Natan (2012) 
approached freeze-drying of red blood cells also with a temperature-related 
approach by utilizing directional freezing in the freeze-drying process. They 
used ice front velocities of 1 mm/sec and 0.2 mm/sec which correspond 
approximately to 150 °C/min and 3.6 °C/min if expressed as cooling rates, 
respectively. A faster freezing rate proved to preserve a higher number of red 
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blood cells. They recovered 74.5% of red blood cells after directional freezing 
and subsequent drying. However, the residual water content was remarkably 
high (over 30%) which certainly has a high positive impact on the viability of 
cells, but may impair their storability. Nevertheless, directional freezing 
appears as a promising method to control the freezing step of the freeze-drying 
process of cells. 

2.3.5 FREEZE-DRYING OF OTHER BLOOD CELLS 
As noted earlier, most of the research on the freeze-drying of cells has focused 
on red blood cells. Yet, approaches to freeze-dry more complicated human 
cells have also been made. Continuing with the blood cells, freeze-drying of 
mononuclear cells (J. Li et al., 2005; Natan et al., 2009; Xiao et al., 2004), and 
hematopoietic stem cells (Buchanan et al., 2010) have been studied. A 
formulation consisting of PVP, sucrose, mannitol, and FBS showed protective 
effects on mononuclear cells, and over 75% recovery of cell number with 
almost 100% viability was reported (Xiao et al., 2004). However, no other 
viability experiments than propidium iodide staining (cell membrane damage) 
and no colony-forming unit experiments were performed. Furthermore, the 
follow-up study reveals the condensation of nuclei seen in TEM micrographs 
that potentially indicates apoptosis (J. Li et al., 2005). Taken together, the 
formulation and number of recovered mononuclear cells are interesting and 
valuable information, however, the actual viability and functionality of the 
cells are probably negligible.  

Natan et al. (2009) utilized directional freezing and subsequent freeze-
drying also to the mononuclear cells. The highest number of colony-forming 
mononuclear cells after freeze-drying and reconstitution was obtained when 
EGCG and trehalose were used in the formulation. Ice front velocity of 0.2 
mm/sec yielded the highest viability if freezing was followed by drying. 
However, the interpretation of the reported results is questionable and the 
true number of functional and viable cells is uncertain. Contrary to the ice 
front velocity used with the red blood cells, slower velocity yielded higher 
results with mononuclear cells (Arav & Natan, 2012). The authors believe that 
the correct combination of cryo- and lyoprotectants, number of cells, and 
directional freezing with correct ice front velocity are required to preserve the 
cells (Natan et al., 2009). 

Residual water content was shown to have a major effect on the 
preservation of human hematopoietic stem cells (Buchanan et al., 2010). The 
samples were removed during the freeze-drying cycle at different points of 
primary and secondary drying which means that the samples contained 
different residual water contents and potentially even some frozen water. The 
colony-forming capacities of the cells decreased as the residual water content 
decreased during the freeze-drying cycle. Nevertheless, even at the end of 
secondary drying cells capable of forming colonies were obtained. Again, 
intracellular trehalose was shown to be vital for cells to survive freeze-drying. 
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2.3.6 FREEZE-DRYING OF MORE COMPLICATED CELLS 
Only a few studies have focused on the freeze-drying of cells not related to 
blood. Trehalose-loaded mesenchymal stem cells were shown to recover to 
some extent, but they lost their proliferation capacity and had impaired 
attachment which indicates that despite potentially preserved cell membranes 
the cells were damaged irreversibly (S. Z. Zhang et al., 2010). The observed 
attachment can also be “passive attaching” from partly preserved surface 
proteins. Trehalose was shown to protect the DNA integrity of fibroblasts after 
freeze-drying (M. Zhang et al., 2017). However, no viable cells were recovered. 
Furthermore, protection of DNA has been already achieved earlier in the 
freeze-drying of somatic cells for reproduction experiments (Loi et al., 2008). 

A different approach to preserve cells by freeze-drying was experimented 
with human retinal pigment epithelial cells (ARPE-19), which were 
encapsulated in alginate with starch coating and subsequently freeze-dried in 
a formulation with trehalose, dextran, sucrose, and glycerol (Wikström et al., 
2012). The encapsulated, freeze-dried, and reconstituted cells preserved their 
viability when evaluated with live/dead staining, but their oxygen 
consumption was relatively low compared to viability observed with live/dead 
staining. In addition, the morphology of freeze-dried encapsulated cells 
appeared as collapsed. Apparently, some enzymatic activity of cells was 
preserved which was observed with live/dead staining, but again the actual 
viability of cells observed as decreased oxygen consumption was lost due to 
irreversible damage. However, the approach to freeze-dry cells after 
encapsulation is novel and innovative. 

2.3.7 SUMMARY OF MOST IMPORTANT ASPECTS IN FREEZE-
DRYING OF CELLS 

To summarize, despite some success in freeze-drying of cells, a method to 
freeze-dry and store nucleated cells at room temperature is missing. Most 
successful results have been obtained with platelets and platelet-derived 
products that have been successfully freeze-dried. There is at least one product 
in the Phase 2 clinical trials (Thrombosomes®; ClinicalTrials.gov Identifier: 
NCT04631211. Read online: 31.12.2021). and patent (Gandy & Walker, 2008) 
disclosing the freeze-drying of platelet-rich plasma. The apparent success with 
red blood cells has still led nowhere close to clinical products and no 
breakthrough success was obtained with other cell types. During the decades 
of research, certain aspects have been recognized as vital: 1) Intracellular 
lyoprotectants, 2) Freezing rate/ice front velocity and 3) residual water 
content. Research with intracellular lyoprotectants (trehalose) has yielded the 
most promising results and protected the cells during freeze-drying and 
storage. Introducing trehalose intracellularly has drawn attention, and 
different approaches to improve the loading have been studied. For example, 
electroporation (X. Zhou et al., 2010), utilizing pH-sensitive hydrogels (Lynch 
et al., 2011), and trehalose esterification (Bragg et al., 2017) are potential ways 
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to improve trehalose loading. Approaches using directional freezing led to 
promising results and the research should be continued. Last, but not least, 
the residual water content plays a major role in the successful preservation of 
cells by freeze-drying. 

Freeze-drying of cells has gained interest during the 21st century, but only 
a few articles were published at the beginning of the century about freeze-
drying of mammalian cells (Fig. 5). In addition, freeze-drying of two 
biomaterials used as model biomaterials in this thesis, i.e. nanofibrillated 
cellulose (NFC) and extracellular vesicles, have recently gained increasing 
interest. Only one relevant publication studying freeze-drying extracellular 
vesicles (EVs) was published before the beginning of this thesis work i.e. before 
2018 (J. C. Akers et al., 2016). EVs were freeze-dried in PBS and the number 
of EVs recovered was 37-43% lower than the original number. Freeze-drying 
of NFC and aerogel manufacturing by freeze-drying was published already in 
2004 (Jin et al., 2004). However, the reconstitution of NFC aerogels was not 
studied. Furthermore, new applications of freeze-dried NFC can be invented 
and research to improve the manufacturing of aerogels from biomaterials is 
needed. 

Figure 5 The number of publications per year relevant to the topic of the studies of this thesis 
(MSc started 2017, Ph.D. 2019-2021) from the year 2000 to 2021. Search terms used 
were “Freeze-drying AND extracellular vesicles” (black), “Freeze-drying AND 
mammalian AND cells” (light gray), and “Freeze-drying AND cellulose AND 
(nanofibrillated OR nanofibrillar OR nanofiber)” (dark gray). Source: Scopus®, 
Elsevier B.V. Search performed on 23.11.2021. 
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3 AIMS OF THE STUDY 

This thesis aimed to change the current paradigm of freeze-drying of cells and 
biomaterials to address the requirements of complex natural biomaterials and 
cells. To reach the aim, the problem of preserving natural biomaterials and 
cells by freeze-drying was approached from different perspectives: by 
combining the natural biomaterials and cells in freeze-drying, applying 
sophisticated process analytical technology to monitor the freeze-drying 
process of natural biomaterials, and studying the importance of mechanical 
properties of the protective agents on the preservation of biomaterials and 
cells.  

Specific aims and particular publications in which these aims are addressed 
were the following: 

 To preserve the viability and functionality of 3D human hepatocellular 
carcinoma cell spheroids after freeze-drying and reconstitution by 
providing mechanical and chemical protection by nanofibrillated 
cellulose and excipients (I, II). 

 To evaluate the effects of mechanical and chemical protection by 
nanofibrillated cellulose hydrogel and excipients on extracellular 
vesicles (II). 

 To set up near-infrared spectroscopy for monitoring of manufacturing 
of biomaterial aerogels by freeze-drying and to predict their residual 
water content with a mathematical model (III).  

 To study the structure of freeze-dried NFC aerogel (I, III, IV). 
 To show the applicability of freeze-dried nanofibrillated cellulose 

hydrogel for in vitro 3D cell culture assay development and to study the 
effect of mechanical environment (IV). 
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4 MATERIALS AND METHODS

A detailed description of the used materials and methods is found in the 
original publications (I-IV). The workflow of this thesis is shown in Figure 
6.

Figure 6 Schematic illustration of the workflow. NFC: Nanofibrillated cellulose. NIR: Near-
infrared. 
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The most important chemical, products, and materials used in this thesis work 
are listed in Table 3. 

Table 3. Chemicals, products, and materials used in this study. 

 

Material 
Manufacturer/ 

supplier Publication 

2ml and 6ml ISO Clear Type I Tubular Glass Vial 2 Adelphi II, III, IV 
96-well inertGrade BRAND plates® Sigma-Aldrich I, II, IV 

AlamarBlue™ InVitrogen I, IV 
Alexa Fluor 594 donkey anti-rabbit IgG Life Technologies IV 

Alexa Fluor™ 488 Phalloidin Invitrogen™ I, II, IV 
Anti-rabbit Ki-67 Abcam IV 

Bovine serum albumin Sigma-Aldrich I, II, IV 
Cellstain double staining kit Sigma-Aldrich I, II, IV 
Corning® cell culture flasks Sigma-Aldrich I, II, IV 
D-(+)-trehalose dihydrate Sigma-Aldrich I, II, III 

DMEM with high glucose and L-glutamine Gibco I, II, IV 
DPBS Gibco I, II, IV 

Glycerol Sigma-Aldrich I 
Glycine Sigma-Aldrich I, II, IV 

GrowDase™ UPM Kymmene I, II, IV 
GrowDex® (nanofibrillated cellulose hydrogel) UPM Kymmene I-IV 

Ham’s F-12K Gibco IV 
HEPES Sigma-Aldrich II 

Hermetically sealed T-Zero pans TA Instruments II, III, IV 
Hoechst 33342 Invitrogen™ I 
Human serum Sigma-Aldrich IV 

HYDRANAL™ - Coulomat AG Fluka II, III, IV 
MEM-α Gibco IV 

Methanol Sigma-Aldrich II, III, IV 
Nunc® MicroWell 96 optical bottom plates Sigma-Aldrich I, IV 

Nunc™ Lab-Tek™ Chamber Slide 8-well plates 
Thermo 

Scientific™ 
I 

Paraformaldehyde Sigma-Aldrich I, II, IV 
Penicillin-streptomycin Gibco I, II, IV 

ProLong™ Diamond Antifade Mountant (+DAPI) Invitrogen™ I, II, IV 
PS SensoPlate™ 96 well glass bottom plates Greiner Bio-One I, II, IV 

Sucrose Sigma-Aldrich II, III, IV 
Trehalose Sigma-Aldrich I, II, III 

Triton X™-100 Sigma-Aldrich I, II, IV 
TrypLE™ express Gibco I, II, IV 

Tween® 20 Sigma-Aldrich I, II, IV 
Two-compartment bioreactor, CELLine AD 1000 Sigma-Aldrich II 
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4.1 BIOMATERIALS 

The most important biomaterials used in this study were nanofibrillated 
cellulose (NFC) hydrogel and prostate cell line (PNT2) derived extracellular 
vesicles (EVs).  

EVs are nanometer-scale (<500 nm) biological vesicles (Niel et al., 2018). 
According to the current understanding, all cells secrete EVs. EVs participate 
in a number of normal and pathological functions in the body and they are 
currently a widely studied research topic in theragnostic applications 
(Elsharkasy et al., 2020). EVs were produced in a two-compartment 
bioreactor (CELLine AD 1000 bioreactor, Sigma-Aldrich) and isolated from 
the cell culture medium with differential centrifugation as described in 
(Rautaniemi et al., 2022). No other purification methods were used. After the 
isolation, the EVs were suspended in HEPES buffer with NFC, trehalose, and 
sucrose alone or in combination with glycine (II). 

4.2 CELL CULTURES 

Two different cell lines and one primary cell type were used in this study as 
model cells: hepatocellular carcinoma cell line (HepG2) and prostate cancer 
cell line (PC3) were purchased from American Type Culture Collection (ATCC) 
and human adipose stem/stromal cells (hASCs) from Lonza (Switzerland). 
Cells were cultured at 37 °C in a humified cell culture incubator with 5% CO2. 

4.2.1 2D CELL CULTURING 
HepG2 cells were cultured in DMEM with high glucose and glutamine (Gibco, 
USA) supplemented with 10% FBS in T75 flasks. PC3 cells were cultured in 
Ham’s F-12K medium supplemented with 10% FBS. HepG2 and PC3 cells were 
passaged twice a week with the protocols provided by the supplier or described 
in the publications (I, II, IV). 

HASCs were cultured in MEM-α medium (MEM-α; Gibco, UK) supplement 
with 5% of human serum (Sigma-Aldrich, Germany), and passaged at 90% 
confluency with a ratio of 1:2 or 1:3 with the protocols provided by the supplier 
or described in the publication (IV). The hASCs were used for the experiments 
at passage 5. 

4.2.2 3D CELL CULTURING 
HepG2, PC3 and hASC cells were 3D cultured in 0.8%, 1.0% and 0.125% 
nanofibrillated cellulose (NFC) hydrogel, respectively (I, II, IV). Cell seeding 
to NFC hydrogel was performed as described by Bhattacharya et al. (2012). 
Briefly, the cells were detached with Tryple from the flasks and then seeded 
with 70 000 cells, 100 000 cells, and 100 000 cells per 100 μl densities for 
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HepG2, PC3, and hASCs, respectively. 100 μl of NFC hydrogel with cells was 
seeded on low adhesion 96-well inertGrade BRAND plates® (Sigma-Aldrich, 
Germany). On top of the hydrogel was pipetted 100 μl of appropriate cell 
media supplemented with serum.  

The seeding of cells into aerogel was performed similarly (IV). Dry NFC 
aerogel was directly reconstituted to the correct NFC concentration with a 
mixture of milli-Q®-water, appropriate media, and cells with the correct cell 
density. After reconstitution, samples were homogenized by pipette mixing. 
After mixing, 100 μl of NFC hydrogel with cells was seeded on low adhesion 
96-well inertGrade BRAND plates® (Sigma-Aldrich, Germany). On top of the 
hydrogel was pipetted 100 μl of appropriate cell media supplemented with 
serum and with antibiotics. 1% penicillin-streptomycin (P/S) antibiotics in the 
cell media were used with all cell lines after freeze-drying experiments (I, II, 
IV). 

4.3 FREEZE-DRYING 

Two different freeze-dryers were utilized in this research: ScanVac CoolSafe 
(Labogene, Denmark) in publication I, and LyoStar II (SP Scientific Inc., USA) 
in publications II-IV.  

ScanVac CoolSafe is a benchtop freeze-dryer without temperature 
controllable shelves nor programmable freeze-drying cycles. This kind of set-
up is commonly used for example for freeze-drying of powders. However, due 
to the lack of other equipment, the research on the freeze-drying of cell 
spheroids was begun with this. For the experiments performed with this 
freeze-dryer, the samples were frozen by plunging them directly into liquid 
nitrogen and then transferring them to the freeze-drying chamber (Fig. 7A). 
The pressure was 0.75 mTorr (0.1 Pa) in the freeze-drying chamber and the 
samples were dried for 72 hours (I). 

LyoStar II allows programmable freeze-drying cycles, temperature control 
of the shelves, vacuum control, and stoppering of vials into a dry nitrogen 
atmosphere (Fig. 7B). The freeze-drying cycle was followed with Pirani and 
capacitance manometers and the temperature of the sample with specific 
temperature meters. In publication III, the samples were collected during the 
freeze-drying cycle without interrupting the process through a specific sample 
extractor door (SP Scientific Inc., USA). A more detailed description of used 
freeze-drying cycles can be found in the specific publication (II-IV). In 
general, during the freezing step the samples were frozen 1 °C/min 5 °C below 
the primary drying temperature, then the pressure was decreased to 50 mTorr 
(6.7 Pa) or 100 mTorr (13.3 Pa), and the temperature increased 1 °C/min to 
the primary drying temperature (-50 to -40 °C). The end of the primary drying 
was determined by the convergence of the pressure values determined with 
Pirani and capacitance manometers. The temperature was increased by 1 
°C/min during the secondary drying unless otherwise explained in the 
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publication. The primary drying temperature was determined to be below the 
collapsing temperature of the sample.

Figure 7 Illustration of different freeze-drying methods used in this thesis. A) Direct freezing 
with liquid nitrogen (Liquid N2) and subsequent freeze-drying with a benchtop freeze-
dryer. B) Sample transfer into a freeze-drying vial and subsequent full freeze-drying 
cycle in a lab-scale tray freeze-dryer. Created by the author with BioRender.com.

4.4 NEAR-INFRARED SPECTROSCOPY

A custom made NIR-spectrometer setup, similar to that used in Kauppinen et 
al. (2013), consisted of a short-wavelength infrared (SWIR) hyperspectral 
camera (wavelength region 970 nm-2500 nm) (Specim Oy, Finland) 
connected to a multichannel fiber-optic input module (VTT, Finland), a 
multichannel fiber-optic light source containing a 65 W halogen lamp (VTT, 
Finland) and a fiber-optic noncontact diffusion reflectance probe head (VTT, 
Finland). The illumination spot of each probe (ø 2 mm) was adjusted to 
measure through the side of the vial as close to the bottom of the sample as 
possible and the spectra were recorded for 10 s with a 100 Hz frame rate (III).

4.4.1 DATA ANALYSIS
Obtained spectra were preprocessed by first, smoothing (Savitzky-Golay) to 
reduce the background noise, then subjecting the spectra to the 1st order 
derivative (Savitzky-Golay) to enhance the differences in the spectra, 
especially at the absorption wavelengths of water, and lastly correcting the 
data by standard normal variate (SNV) correction to obtain comparable 
intensities of spectra. The preprocessed spectra were analyzed with principal 
component analysis (PCA), and partial least square (PLS) regression model 
was set up. The PLS model was validated first with leave-one-out method and 
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then with a cross-validation set (n=66). A more detailed description can be 
found in publication (III). 

4.5 CHARACTERIZATION OF BIOMATERIALS AND 
CELLS 

All freeze-dried cakes were visually inspected to observe any typical cake 
defects such as collapse, cracking, or shrinkage (Patel et al., 2017). 

4.5.1  GLASS TRANSITION TEMPERATURE ANALYSIS WITH DSC 
The glass transition temperature of the maximally freeze concentrated sample 
(Tg’) of the used formulations was determined with differential scanning 
calorimetry (DSC; Discovery 2500, TA instruments, Germany) to ensure the 
correct primary drying temperature. The measurement was performed by first 
decreasing the temperature from +40°C to -80°C and then heating the sample 
10 °C/min to +20°C with a cell purge gas flow (N2) 50ml/min. Glass transition 
temperature measurements were done as triplicates and results were analyzed 
with TRIOS software (TA Instruments, Germany) (III, IV). Concentrations of 
the NFC hydrogel and excipients in the most promising formulations were for 
NFC 0.4%, 0.8%, or 1.5%, sucrose 300 mM, trehalose 200 mM, and glycine 75 
mM or 100 mM. The formulation and corresponding Tg’ are reported in the 
relevant publications and the results chapter of this thesis. 

4.5.2  RESIDUAL WATER MEASUREMENTS WITH KARL FISCHER 
TITRATOR 

Residual water contents of freeze-dried samples were measured with a 
coulometric Karl Fischer titrator (899 Coulometer, Metrohm, Switzerland). 
The samples were dissolved in 1 ml of methanol and 700 μl of that was 
transferred to the measuring vessel. Before the measurements, the 
background residual water of the methanol was determined, and the dry 
samples were weighed to calculate the mass percent of water (II, IV). 

4.5.3  RHEOLOGY 
To evaluate the stiffness of the NFC hydrogel before and after freeze-drying 
and reconstitution shear storage (G’) and loss modulus (G’’) were measured 
with HAAKE Viscotester iQ Rheometer (Thermo Scientific, Germany) with 
oscillatory frequence sweep analysis (IV). The suitable geometry for the 
measurement was chosen according to the NFC concentration: double gap 
geometry was used for the NFC hydrogels with concentrations of 0.8% and 
below, and a 2° cone plate was used for the NFC hydrogels with a higher 
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concentration than 0.8%. The linear viscoelastic region was determined with 
constant amplitude sweeps with constant angular frequency ω=1 Hz and 
oscillatory stress between 1×10 -4 - 500 Pa. Specific values used in the 
measurements are reported in publication IV. 

The viscosity of the NFC hydrogel formulations before and after freeze-
drying and reconstitution was measured with plate-on-plate geometry (1 mm 
gap, 35 mm diameter) with a shear rate increasing from 0.1 to 1000 s-1. The 
results were observed with 16 time points. 

4.5.4  POROSITY ANALYSIS WITH X-RAY MICRO-COMPUTED 
TOMOGRAPHY 

X-ray micro-computed tomography (μ-CT) imaging was performed with 
Nikon XT H 225 (Nikon Metrology NV) microCT X-ray tomography device 
(III). The samples were stabilized for 3 hours at room temperature (RT) prior 
to the imaging. Samples were imaged with 90kV (peak) voltage with a pixel 
size of 4 μm and 4476 projections. Images were analyzed with CT Analyzer 
(Bruker Belgium N.V.) 

4.5.5 ELECTRON DENSITY ANALYSIS WITH PTYCHOGRAPHIC X-RAY 
COMPUTED TOMOGRAPHY 

Ptychographic X-ray computed tomography with the OMNY instrument 
(Holler et al., 2018; cSAXS beamline at the Swiss Light Source, Paul Scherrer 
Institut (PSI), Switzerland) was used to study the electron densities and 
morphology of freeze-dried NFC aerogels with sucrose (III). The detailed 
protocol is described in publication III and Koivunotko et al., (2021). The 
obtained reconstructed tomographs provided 3D electron density distribution 
with quantitative absolute contrast (Diaz et al., 2012). The mass density of the 
material can be calculated from the electron density with the following 
equation (1): 

(1)  

where  is the electron density, A is the molar mass, Z is the total number of 
electrons in a molecule and NA is the Avogadro’s number (Diaz et al., 2012). 
The results were analyzed with VolumeViewer of Fiji.  

4.5.6  MORPHOLOGY WITH SCANNING ELECTRON MICROSCOPE 
Morphology of the freeze-dried 3D HepG2 cell spheroids and porosity of the 
freeze-dried NFC aerogel were evaluated with a scanning electron microscope 
(SEM; Quanta FEG250, FEI Company, USA) (I-IV). The freeze-dried samples 
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were shredded with tweezers and glued with silver glue on carbon tape and 
sputtered for 25 s with an Agar sputter instrument (Agar Scientific Ltd., UK.). 
Samples were imaged in a high vacuum with 5-6 kV and 3-5 spot size. 

4.5.7 NANOPARTICLE TRACKING ANALYSIS 
NanoSight LM-14 instrument with a CMOS camera was used to analyze the 
particle concentration of EVs as described in (Rautaniemi et al., 2022) (II). 
Briefly, the EV samples were diluted in DPBS and the nanoparticle 
concentration was measured. Results of EV concentration before the freeze-
drying and reconstitution were compared to the results obtained after the 
process.  

4.6 CELL ASSAYS 

Cell viability, morphology, and functionality were studied to evaluate the 
effects of freeze-drying and mechanical properties of NFC on cells (I-II, IV). 

4.6.1  VIABILITY ASSAYS 
The viability of cells was evaluated with live/dead dual staining (Cellstain 
double staining kit, Sigma-Aldrich, Germany) to observe cell membrane 
integrity, and with metabolic activity assay (alamarBlue®, Invitrogen, USA) 
according to manufacturers instructions.  

Live/dead staining was performed with Calcein AM (green; viable cells) 
and propidium iodide (red; dead cells), and the cells were subsequently 
imaged with Leica TCS SP5 II HCS-A confocal microscope (See 4.6.3). In 
metabolic activity experiments, the cells were incubated for 3-4 hours at 37 °C 
in 5% CO2 with the alamarBlue™ reagent (resazurin) after which the media 
was collected and fluorescence measured with a plate reader (Varioskan™ 
Lux, Thermo Scientific™, USA).  

4.6.2  IMMUNOSTAINING 
Morphology and functionality of the cells were evaluated by staining their F-
actin, nuclei, (I, II), and Ki67 proliferation marker (IV). 

Cell spheroids cultured in NFC hydrogel were recovered by enzymatically 
digesting the cellulose with cellulase mixture (GrowDaze®, UPM Kymmene, 
Finland) for 24 hours according to the manufacturer’s instructions. After 
digestion, the cells were washed with 0.1% Tween 20 in DPBS (Gibco, UK) 
(washing buffer) three times and fixed with 4% PFA for 20 minutes, and then 
again washed with washing buffer three times. Fixed cells were stored for up 
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to 2 weeks at 4 °C on a rocker in washing buffer. All the following steps were 
performed in rotation until further notice. 

Prior to staining, the cells were permeabilized with 0.1% Triton X-100 in 
PBS (Gibco, UK) for a maximum of 10 minutes and then blocked at RT with 
3% BSA (Sigma-Aldrich, Germany), 0.3 M Glycine (Sigma-Aldrich, Germany) 
in washing buffer for 1 hour. After blocking, the cells were transferred to a 
microscope glass to dry, and the rest of the protocol was performed without 
movement (II, IV). The cells were incubated with anti-rabbit Ki67 (1:200: 
Abcam, UK) antibody (IV) and conjugated Phalloidin Alexa 488 (1:40; 
Thermo Fisher Scientific, USA) in 0.1% (v/v) Tween 20 in DPBS containing 
3% (m/v) BSA at 4 °C overnight (I, II, IV). 

On the following day, the cells incubated with anti-rabbit Ki67 were first 
washed three times with washing buffer and then incubated with Alexa Fluor 
594 donkey anti-rabbit IgG (1:500; Life Technologies, USA) in 0.1% (v/v) 
Tween 20 in DPBS containing 5% (m/v) BSA for 1 hour at room temperature 
(IV). In publications II and IV, the cells were washed three times with the 
washing buffer. After washing all excess liquid was carefully dried and the cells 
were mounted with ProLong Diamond Antifade Mountant with DAPI (Life 
Technologies, USA) and covered with cover glass (Menzel-Gläser, Germany). 
In publication I, the samples were transferred to a microscopy glass to dry 
after the overnight incubation. Then, the samples were washed three times 
with washing buffer and once with 0.1 M Tris pH 7.4 solution. Subsequently, 
the nuclei of the cell spheroids were stained with Hoechst 33342 for 5 minutes. 
After nuclei staining, the samples were mounted with ProLong Diamond 
Antifade Mountant. Samples were imaged with Leica TCS SP5 II HCS-A 
confocal microscope (See 4.6.3.). 

4.6.3  CONFOCAL MICROSCOPY 
Leica TCS SP5 II HCS-A confocal microscope was used to image live/dead 
stained and immunostained cells and cell spheroids by using for exciting an 
argon laser 488 nm/35mW for Alexa 488 and Calcein AM, and DPSS laser 
561nm /20mW for Alexa Fluor 594 and PI, and UV diode/50mW for DAPI. 
Emission was acquired with PMT and HyD detectors. HC PL APO 20x/0.7 CS 
(air) and HCX PL APO 63x/1.2 W Corr/0.17 CS (water) objectives were used. 
for imaging. Images were analyzed with Imaris (Bitplane, UK) or ImageJ 
software. 

 

4.7 STATISTICAL ANALYSIS 

The statistical analysis was performed with IBM SPSS Statistics 24 -software 
(IBM Corporation, USA) (I), Unscrambler® X -software (III) (CAMO 
Software, Norway), and with OriginPro 2020 software (OriginLab, USA) (III, 
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IV). Statistical significance was determined with independent samples t-test, 
where p < 0.05 was considered significant. The accuracy of the PLS model was 
evaluated by root-mean-square error of cross-validation (RMSECV), 
coefficient of determination (R2), and relative standard error of prediction 
(RSEP) (III). The equation fitting was evaluated with coefficient of 
determination (R2) (IV). 
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5 RESULTS 

The main results of this thesis are presented below and more comprehensive 
presentations can be found in the original publications I-IV and their 
supplementary information. The results are discussed in Chapter 6. 

5.1 FREEZE-DRIED NFC HYDROGEL FORMED A 
HIGHLY POROUS AMORPHOUS AEROGEL WITH 
LOW RESIDUAL WATER CONTENT 

The residual water content of freeze-dried samples was measured to ensure 
successful drying and a NIR spectroscope was set up to facilitate more precise 
monitoring of the samples. The residual water content of the freeze-dried 
nanofibrillated cellulose (NFC) aerogel with sucrose and trehalose was 1.3% 
and 1.0% at the end of the secondary drying, respectively (Fig. 8A). 
Interestingly, no difference in the residual water contents was observed related 
to the original NFC fiber concentration, but only the excipients altered the 
residual water content. Moreover, the decrease rate of residual water is nearly 
unchanged regardless of the NFC formulation. 

NIR spectra correlate with the residual water contents of the NFC aerogel 
formulations and confirmed that the end product had a low residual water 
content (Fig. 8B). The absorption band of the first overtone of water in the 
first-order derivative spectra can be observed at 1820-1940 nm. When 
studying the local maxima of the absorption band at 1890 nm, the decrease of 
the absorbance band through the secondary drying can be observed. Principal 
component analysis (PCA) of the spectra showed that NIR can detect the 
differences between, first (PC1), residual water contents of the samples at 
different temperature points, second (PC2), NFC concentrations, and third 
(PC3), used excipient (III). These results promote the suitability of NIR for 
monitoring of freeze-drying of biomaterials. 
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Figure 8 A) The residual water of NFC formulations with trehalose and sucrose decreases at 
the same rate regardless of the formulation B) NIR spectra show the decrease of 
residual water with the local maximum at 1880 nm. C) PLS regression model predicts 
accurately the residual water contents of NFC + disaccharide formulations. D) A slice 
of PXCT tomograph shows the different electron densities on the surfaces and in the 
center of the aerogel walls. E) Electron density distribution of 1.5% NFC with 300 mM 
sucrose shows two main regions of electron density correlating closely to the 
densities of amorphous cellulose and sucrose. F) Freeze-dried 1.5% NFC hydrogel 
was successfully reconstituted into 3% fiber concentration and rheological properties 
were preserved despite decreased storage modulus (G’). Data from III and IV. 

Based on the NIR spectra and residual water content, a partial least square 
(PLS) regression model was trained and used to predict the residual water 
contents of external validation set samples (Fig. 8C). The predictions were 
accurate despite the non-linear decrease of water and the slight increase in the 
water contents of the NFC formulations during the secondary drying (Fig. 
8A). The root-mean-square error of cross-validation (RMSECV) of the PLS 
regression model was 0.259 percentage points and R2 was 0.907 indicating an 
accurate prediction of the residual water content of the NFC formulations. 
Furthermore, the average relative standard error of prediction (RSEP) was 
9.64% which supports the accuracy of the PLS model. 

In general, freeze-dried amorphic materials have higher residual water 
content than crystalline materials. However, the location of water was not 
observed in the PXCT tomographs. This can indicate that the residual water is 
evenly distributed in the sample and that the local amounts of water are very 
little. PXCT tomograph slices revealed that the electron densities were higher 
in the core of the aerogel walls than compared in the wall surfaces (Fig. 8D). 
In addition, nanoporosity was observed inside the aerogel walls near the larger 
pores. The analysis of the electron density distribution of the whole PXCT 
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tomograph showed the maximum prevalence of 0.48 Å-3 electron density and 
a shoulder at 0.42 Å-3 (Fig. 8E). This can indicate some separation of the 
polymer and disaccharide molecules. The mass density of the material was 
calculated with Equation 1 using the most prevalent electron densities. The 
most prevalent electron density of freeze-dried 1.5% NFC alone was 0.48 Å-3, 
which leads to interpreting the observed 0.42 Å-3 electron density as sucrose. 
The calculated mass densities for freeze-dried NFC and sucrose from the data 
in Fig. 8E were 1.32 g/cm3 and 1.31 g/cm3, respectively.  

Finally, when aiming to recover the freeze-dried sample back to the 
original, evaluating the success of freeze-drying and reconstitution is crucial. 
For freeze-dried NFC hydrogels, characterization of appearance, pH, 
osmolarity, and rheological properties i.e. storage and loss modulus, after the 
reconstitution, provided valuable information about the preservation of the 
material and successfulness of the process (Fig. 8F). 1.5% NFC + 300 mM 
SUC formulation was successfully freeze-dried and reconstituted to 3% NFC 
hydrogel. A decrease in the storage modulus (G’) was observed when a fresh 
1.5% NFC + 300 mM SUC formulation was compared to the freeze-dried and 
reconstituted formulation. However, the profile of the storage modulus and 
order of storage and loss modulus were correct, which indicates that the 
viscoelastic nature of NFC hydrogel was successfully recovered. The NFC 
formulations formed elegant cakes without observable cracking, shrinkage, or 
collapse. After the reconstitution, pH and osmolarities were relatively 
unchanged when compared to the original and aimed values (IV). 

5.2 FREEZE-DRIED AND RECONSTITUTED NFC 
HYDROGEL FACILIATED 3D CELL CULTURING 

NFC hydrogel can be used for 3D cell culturing of various cell types. To 
improve the usability of 3D cell spheroids, providing the biomaterial matrix in 
dry form and facilitating the subsequent reconstitution to the desired NFC 
fiber concentration i.e. optimal stiffness for each cell type, would highly 
improve the usability and applicability of NFC as a cell culturing platform. 

Morphology of the NFC aerogel scaffold shows a high-quality aerogel 
structure with regular porosity and honeycomb-like structure (Fig. 9A). No 
difference was observed in the morphology of NFC aerogels between the 
excipients used (III). Furthermore, a more irregular structure of aerogel was 
obtained when no excipients were used in the freeze-drying. The overall 
porosity of 1.5% NFC aerogel with 300 mM SUC was 89.6-91.9%, which also 
indicates that in addition to the high porosity volume also the surface area of 
the scaffold is high. The porosity distribution of the 1.5% NFC aerogel appears 
normally distributed with the most common porosity diameter at 20-36 μm 
(Fig. 9B). 
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Figure 9 A) A highly porous NFC aerogel was obtained with freeze-drying (1.5% NFC + 300 
mM SUC). B) The porosity distribution of 1.5% NFC + 300 mM SUC was normally 
distributed with the most prevalent porosity around 28-36 μm diameter. C) 1.5% NFC 
+ 300 mM SUC was successfully reconstituted into different fiber densities with 
corresponding stiffnesses. D) Storage moduli of fresh (square) and freeze-dried and 
reconstituted (triangle) NFC hydrogels with different NFC concentrations at 4.9 rad/s 
of angular velocity. E) Metabolic activity of 3D hASC spheroids seeded into the 
freeze-dried NFC aerogel increased over the 7-day experiment period and followed 
the metabolic activity of the control 3D cell spheroids. Metabolic activity normalized 
to the metabolic activity of cells of “Fresh NFC day 1”. F) Live dead image revealed 
that the individual spheroids had nearly 100% viability. Green: viable cells. Red: dead 
cells. G) The morphology of the 3D hASC spheroids is similar to the control 
spheroids’. Green: Actin. Blue: Nuclei. Red: Ki67. Data from III and IV. 
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NFC hydrogel was reconstituted into different concentrations after freeze-

drying and the storage and loss modulus were analyzed. When compared to 
the fresh NFC samples with similar fiber concentrations, the profile of the 
storage modulus remained unaltered and most importantly the storage 
modulus was greater than the loss modulus indicating preserved viscoelastic 
properties of NFC hydrogel with elastic portion prevailing.  

Figure 9C shows the storage modulus of freeze-dried and reconstituted 
(diluted) NFC hydrogel with SUC and DMEM. All specimens were originally 
prepared from 1.5% NFC + 300 mM SUC formulation and the fresh ones were 
diluted with DMEM + 10% FBS +1% P/S antibiotics while the freeze-dried 
were reconstituted with a mixture of water, DMEM+ 10% FBS + 1% P/S 
antibiotics. Decreased storage modulus was observed with the freeze-dried 
and reconstituted samples when compared to the storage modulus of the fresh 
NFC with the same fiber concentration. This difference can originate from the 
unprecise reconstitution i.e. the amount of water added in the reconstitution 
is higher than the amount of water removed during the freeze-drying. Higher 
amount of water results in lower fiber concentration which would explain 
lower storage modulus. Despite the accurate weighing of the dry cakes, minor 
inaccuracy is a potential explanation due to the tiny volume of samples. The 
storage modulus (i.e. stiffness) can be described with an equation from Figure 
9D: 

(2) , 

in which a and b are experimentally determined values and c(NFC) is the 
concentration of NFC hydrogel as m/V-%. For the fresh NFC with 
DMEM+10% FBS + 1% P/S antibiotics a is 0.599 (Standard error (SE)±o.173) 
Pa and b is 2.07 (SE ± 0.26) m2/s2 (R2=0.954). For the freeze-dried NFC 
hydrogel reconstituted with water, DMEM+10% FBS + 1% P/S the value of a 
is 0.298 (SE ± 0.192) Pa and b is 1.85 (SE ± 0.29) m2/s2 (R2=0.931). The slopes 
of the obtained equations are essentially the same when considering the SE of 
the slope. The lower value of a of the freeze-dried NFC hydrogels can result 
from the amount of water used in the reconstitution, as described above. This 
equation can be used to calculate the required NFC fiber concentration to 
obtain the desired storage modulus (stiffness) of the hydrogel. 

The suitability of this method for 3D cell culturing was confirmed by 
culturing HepG2, PC3, and hASC spheroids in the freeze-dried and 
reconstituted NFC hydrogel with the optimal concentration for the cell lines. 
The viability and morphology of 3D cultured hASC spheroids are shown as an 
example (Fig. 9E-G). HepG2 and PC3 results can be seen in publication IV. 
No difference in the growth of the metabolic activity was observed with any 
cell type. The difference in the metabolic activity between the cells seeded in 
fresh NFC and in FD NFC originates potentially from the different numbers of 
cells originally seeded. The viability was evaluated also with live/dead staining 
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and fully viable cells were observed. Furthermore, the morphology of 3D 
cultured cell spheroids with all cell lines corresponded to the morphology of 
the 3D cell spheroids cultured in the fresh NFC with the same fiber 
concentration. HepG2 cell spheroids grow with mass-like morphology which 
is typical for this cell type and PC3 grows with grape-like morphology which is 
also typical for them (Edmondson et al., 2014). hASC spheroids show round 
morphology and polarization and adjustment of hASCs in spheroids can be 
observed already on day 2 from the actin cytoskeleton. In addition, the 
polarization of the cells in the spheroids can be observed from the stained 
nuclei. Proliferating cells were observed only sparsely already on day 2, 
however, the viability and metabolic activity were high. 

5.3 PRESERVATION OF EXTRACELLULAR VESICLES 
AND 3D CULTURED CELL SPHEROIDS BY FREEZE-
DRYING 

Extracellular vesicles (EVs) were freeze-dried with NFC hydrogel and 
excipients and the recovery was calculated by comparing the number of 
recovered EVs to the number of frozen and thawed EVs (II). 0.8% NFC 
hydrogel, 200 mM trehalose, and 75 mM glycine with 25 mM HEPES buffer 
and with an EV concentration of 5×1011 particle/ml yielded the highest 
recovery of EVs of the studied formulations. The Tg’ of the above-mentioned 
formulation with EVs was -35 °C making it appropriate for freeze-drying. Only 
the number of EVs recovered and their size distribution was evaluated, and no 
functional assay was performed. Yet, at least the structure of EVs was 
protected because 107% recovery (SD 18 percent points, n=3) was obtained 
when compared to the frozen and thawed EVs. In other words, the number 
and concentration of recovered EVs after freeze-drying and reconstitution 
were the highest of the studied formulations, when NFC hydrogel, trehalose, 
glycine, and HEPES were used as excipients (II). In addition, the pH and 
osmolarity of freeze-dried NFC hydrogel with the same excipients were 
suitable for EVs, and the viscosity of freeze-dried and reconstituted NFC 
hydrogel was unchanged when compared to the fresh NFC hydrogel. EVs 
freeze-dried with NFC hydrogel and HEPES buffer showed higher recovery, 
53% (SD 4 percent points, n=2) in number and size distribution than EVs 
freeze-dried with HEPES only (14% recovery), but lower than NFC hydrogel 
with trehalose and glycine. However, no further conclusions can be made from 
these results as only the number and size distribution of EVs were evaluated 
and no further assessment of EV recovery was performed. In addition, the 
sample number was low. 

3D cultured HepG2 cell spheroids were freeze-dried with two different 
methods: 1) freezing by directly pipetting the cells into the liquid nitrogen and 
subsequently drying them in a benchtop freeze-dryer and (I) 2) by slowly 
freezing the HepG2 cell spheroids by 1 ℃/min, then primary drying at – 42 ℃ 
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and 50 mTorr (6.7 Pa), and then secondary drying by ramping the temperature 
1 ℃/min up to 20 ℃ with a lab-scale freeze-dryer (II). The most promising 
formulations consisted of 1) 0.4% NFC hydrogel, 50-300 mM trehalose, and 
1% glycerol (I) or 2) 0.4% NFC, 200 mM trehalose, and 100 mM glycine (II), 
based on the metabolic and enzymatic activity, and morphology of the 
spheroids recovered and on the Tg’ of the formulations. Tg’ of the second 
formulation with 3D HepG2 cell spheroids was -42 ℃. 

 Above 100 mM concentration of trehalose in the formulation showed 
decreased viability already prior to freeze-drying (I). This was addressed by 
adding the excipients as a water solution and not dissolving them into a cell 
medium to keep the osmolality around the 280-320 mOsmol/kg range (II). 
Nevertheless, the viability of 3D HepG2 cell spheroids was higher when 
trehalose was added with media on top of the NFC hydrogel and it diffused to 
the cells than the viability of 2D cultured cells for which the trehalose was 
added directly in media (I). 

The freeze-dried and reconstituted 3D cell spheroids showed some 
metabolic and enzymatic activity after the freeze-drying and reconstitution (I, 
II). The metabolic activity of freeze-dried and reconstituted 3D HepG2 cell 
spheroids was 18% (SD 5.4 percent points, n=8) of the metabolic activity of 
the day 1 control’s metabolic activity (Fig. 10A) when the 3D cell spheroids 
were frozen by directly pipetting them into the liquid nitrogen and then dried 
with a benchtop freeze-dryer. Enzymatic activity was observed when the cells 
were stained with calcein-AM (I). However, the nuclei of all cells were stained 
red by propidium iodide indicating that the cell membranes were damaged. 
Similar results were obtained when the 3D HepG2 cell spheroids were freeze-
dried by the second method and formulation (Fig. 10B). Glycerol was 
discarded from the formulations due to too low Tg’ temperatures, <-55 ℃. 
Again, green fluorescence (calcein) was observed as compartmentalized 
concentrates inside the cells of the 3D spheroid. The enzymatic activity was 
observed even after 10 weeks of storage at + 4 ℃ (Fig. 10B). However, the 
nuclei were stained red indicating that the cell membranes were damaged. In 
both settings, passive loading of trehalose inside the cells was attempted, 
however, the intracellular trehalose concentrations were negligible and the 
viability of the 3D HepG2 cells decreased due to increased osmotic pressure as 
the extracellular trehalose concentration was increased (I). 
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Figure 10 A) 18% of metabolic activity of 3D HepG2 cell spheroids was preserved on the first 
day after freeze-drying and reconstitution. The sample cell spheroids were freeze-
dried on day 4. Columns: Average normalized metabolic activity. Error bars: Standard 
deviation. B) Enzymatic activity (Green) was observed after 10 weeks of storage in a 
dry state and subsequent reconstitution. C) A 3D HepG2 cell spheroid in dry 
collapsed NFC aerogel. D) A 3D cell spheroid in a highly porous regular NFC aerogel. 
E) No cytoskeleton was recovered when 3D HepG2 cell spheroids were reconstituted 
from the collapsed samples. Blue: Nuclei. F) The actin cytoskeleton of the 3D HepG2 
cell spheroid was recovered after freeze-drying and reconstitution. Blue: Nuclei. 
Green: Actin. G) Control sample. A 7 days cultured 3D HepG2 cell spheroid showing 
the actin cytoskeleton and nuclei. Blue: Nuclei. Green: Actin. Data from I and II. 

A dramatic difference was observed in the appearance of the NFC aerogel 
between the formulations and freeze-drying cycles when evaluated with SEM. 
The NFC appears collapsed and paper-like when samples were freeze-dried 
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with the first method (Fig. 10C). In addition, glycerol was observed as ball-
like droplets. Despite the poor appearance of the NFC aerogel, a 3D cell 
spheroid was found to be present in the aerogel. The morphology of the NFC 
aerogel freeze-dried with an optimized freeze-drying cycle and without 
glycerol is regular and highly porous (Fig. 10D). The pores appear to be 
highly interconnected and no collapse is observed. The morphology of the 3D 
cell spheroid observed is similar to that observed in the collapsed NFC aerogel. 
The 3D cell spheroid is embedded in the aerogel and mechanical support and 
protection are provided by the dry aerogel matrix. 

The most dramatic difference between the 3D cell spheroids freeze-dried 
with different methods and formulations was observed when the actin 
cytoskeleton of the cells was stained. No cytoskeleton was recovered when the 
cells were freeze-dried with the benchtop freeze-dryer after the direct freezing 
with liquid nitrogen (Fig. 10E). In addition, the size of the nuclei was smaller 
than in the control sample. When the 3D cell spheroids were freeze-dried with 
slow freezing in a laboratory-scale freeze-dryer, the actin cytoskeleton was 
recovered after reconstitution (Fig. 10F). The residual water content of the 
sample was 0.5% prior to reconstitution. Three cell spheroids have been 
attached together all showing recovered actin cytoskeleton structures. The 
nuclei are stained with Hoechst 33342 Fig. 10E) and DAPI (Fig. 10F) 
explaining the different colors of the nuclei. Control 3D HepG2 cell spheroid 
showing the cytoskeleton of a fresh 7 days cultured spheroid is in Figure 10G. 
 

5.4 INTENDED PARADIGM CHANGE COMBINES 
KNOWN INFORMATION INTO NEW APPLICATION 

The current paradigm of freeze-drying of cells (and biomaterials) is mostly 
based on finding new lyoprotective formulations by trial-and-error method 
and by evaluating only the endpoint i.e., the viability of the cells (II). Despite 
the undeniable importance of the end product analysis, careful process control 
and comprehensive analysis of the samples is required for more successful 
preservation of biomaterials and cells. 

The results shown in chapters 5.1.-5.3 underline the following critical 
aspects in the freeze-drying of biomaterials and cells: 1) Understanding the 
role of the residual water and optimizing the residual water content of the cells, 
2) Implementing the PAT for the monitoring of the biomaterials and cells 
during the freeze-drying, and 3) Recognizing mechanical environment as an 
important factor and applying mechanical protection for the biomaterials and 
cells in addition to controlling the chemical and physical environments. The 
change of paradigm from a trial-and-error approach to a comprehensive 
approach to freeze-dry biomaterials and cells includes the above-mentioned 
critical aspects and reveals the black box of freeze-drying (Fig. 11). 
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Figure 11 Traditionally the freeze-drying of cells has been based on a trial-and-error approach. 
The cells have been freeze-dried with a certain formulation, the end product has been 
analyzed, and the process has been modified according to the results. The intended 
paradigm change would shift the thinking from the trial-and-error approach and black 
box into a more controlled and more comprehensively analyzed process including
process analytical technology (PAT) and in situ optimization.

The chemical, physical, and mechanical environments describe the 
surroundings of the biomaterials and cells before, during, and after freeze-
drying (II). The chemical environment includes the solutes, their 
concentration changes, and how they interact with the specimen. For example, 
the pH shifts due to the decrease of water i.e. increase in concentration is an 
important phenomenon to consider. In addition, volatile buffers must be 
avoided. Other aspects of the chemical environment are for example the shifts 
of solute concentrations during freezing and the recovery of suitable pH after 
reconstitution (IV).
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The physical environment comprises for example osmotic pressure, 
thermal gradients, and pressure from ice (II). Obviously, the cells require 
isotonic conditions to prevent water to flow out of the cells (hypertonic) or 
inside the cells (hypotonic). Osmolality can be used to measure isotonicity if 
only non-membrane-permeable solutes are present. For example, the 
trehalose concentration affects the viability of the cells already before the 
freeze-drying due to increased osmolality (I). Thermal gradients can cause 
heterogeneous freezing through different levels of supercooling resulting in a 
wide range of pore diameter (III). 

The mechanical environment includes mechanical properties of the 
material such as stiffness, and elasticity, and for example porosity and 
topography (II). The stiffness of the biomaterial affects the viability and 
morphology of the 3D cell spheroids (IV). In addition, porosity impacts the 
mass transfer and the colonization of the biomaterial by cells. Changes in the 
mechanical environment can potentially harm the biomaterials and cells 
during and after freeze-drying by too strong forces experienced by the 
specimen. 
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6 DISCUSSION 

This thesis aimed to change the current paradigm of freeze-drying of 
biomaterials and cells and to make freeze-drying applicable for more complex 
biomaterials and cells. The main theoretical outcomes of this thesis are that 
the chemical, physical, and mechanical environments and CMA, CPP, and 
CQA vital for freeze-drying of biomaterials and cells were recognized. The 
paradigm change from a trial-and-error approach to a comprehensive 
approach was proposed. In addition, the methods to address CMA, CPP, and 
CQA were improved.  

The main applications of the results of this thesis are 1) NIR spectroscopy 
for predicting and monitoring the freeze-drying of biomaterials and 
potentially cells in the future, 2) successful freeze-drying and reconstitution of 
unmodified nanofibrillated cellulose hydrogel and its suitability for 3D cell 
culturing with one step reconstitution potentially scalable to 96-well plate (or 
higher) format and 3) partly preserved metabolic activity and cytoskeleton 
structures of freeze-dried 3D cell spheroids. The main outcomes of this thesis 
with the discussion are addressed in more detail in the following chapters. 

6.1 CURRENT PARADIGM AND INTENDED CHANGE 

Kawasaki et al., (2019) proposed in their review that the freeze-drying of 
standard pharmaceuticals has developed from a trial-and-error approach 
through process modeling into scalability and that the next steps are in the full 
implementation of quality-by-design ideology and big data analysis. In other 
words, the freeze-drying paradigm is developing from process optimization to 
robust manufacturing. Based on the literature review of this thesis, 
unfortunately, the progress of freeze-drying of cells and biomaterials is still in 
the trial-and-error phase. 

To begin with, the first and the most important question is, what is the 
intended use of the freeze-dried biomaterials or cells i.e. what needs to be 
preserved. For example for the cells, there is an analogy to drug discovery, 
where microsomes and immobilized proteins can be used to predict the 
metabolism of the drug, and complete cells are not necessarily always needed 
(Subia et al., 2021). This fundamental question is related to the current 
paradigm of freeze-drying of cells because often it is unclear, what is the 
intended use of the specimen. On one hand, if the aim is to preserve the 
structure of the cells for further analysis and only to store the specimen at 
room temperature, there are fewer requirements for the samples. On the other 
hand, if the freeze-dried cells are intended to be used for clinical applications 
such as hemostasis or blood transfusion, more concern about the functionality 
of the cells must be considered (Andia et al., 2020; Weinstein et al., 1995). 
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Furthermore, if freeze-drying is aimed to replace cryopreservation with liquid 
nitrogen, even further consideration must be made to recover fully viable and 
functional cells.  

Before progress from the trial-and-error approach is possible, critical 
material attributes (CMA), critical quality attributes (CQA), and critical 
process parameters (CPP) must be recognized (Kawasaki et al., 2019). 
However, especially for biomaterials and cells, comprehensive thinking i.e. not 
separating the CMA, CQA, and CPP unnecessarily, can be useful. In other 
words, for example, the residual water content can be categorized as CQA and 
CMA of freeze-dried biomaterials and cells. 

After recognizing the intended use of the biomaterials and cells, the first 
CQA can be stated to be the functionality of the biomaterials and the viability 
and functionality of the cells. 

Based on the literature review and the results of the experimental part, the 
second major CMA/CQA of cells is the residual water content (Buchanan et al., 
2010; Ma et al., 2005; Török et al., 2005).  

The third CMA of cells is the concentration of intracellular protectants (He 
et al., 2007; X.-L. Zhou et al., 2006). A substantial effort in loading the 
intracellular trehalose has been performed (Abazari et al., 2015; Bragg et al., 
2017; Guo et al., 2000; Holovati et al., 2009; Satpathy et al., 2004; Stewart & 
He, 2019), but unfortunately this was not successfully addressed in this thesis 
with the 3D cell spheroids. 

The fourth CMA/CQA of cells is the macroscopic protection and the role of 
the mechanical environment. In addition, understanding the chemical and 
physical environments surrounding the cells, and especially changes in them 
during the freeze-drying is vital. This includes also understanding the 
importance of steps of freeze-drying, especially freezing. In addition, self-
evident factors of chemical and physical environments, mainly pH and 
osmotic pressure (before, during, and after the freeze-drying!), must not be 
comprised. The rest of the discussion focuses on addressing the chosen critical 
attributes and what technological advances were made in this thesis. 
 

6.2 WATER PLAYS A MAJOR ROLE IN THE FREEZE-
DRYING OF BIOMATERIALS AND CELLS 

Water is vital for the biomaterials and cells and the residual water content is a 
CMA/CQA of freeze-dried samples in general. Special attention must be paid 
to the residual water content of freeze-dried biomaterials and cells. 

Due to the importance of the residual water content, this thesis aimed to 
apply NIR spectroscopy and a predictive PLS regression model based on the 
NIR spectra, for the freeze-drying of biomaterials to address residual water 
content even in-line. The model can be further developed for cells. NIR 
spectroscopy has been already widely used in pharmaceutical applications 



 

67 

during freeze-drying to observe the decrease of residual water of drug 
formulations (Clavaud et al., 2020; Kamat et al., 1989; Preskar et al., 2021). In 
addition, multivariate analyses of NIR spectra, such as PCA and PLS models, 
are commonly applied statistical analyses to obtain in-depth insight into the 
spectra. Yet, this is the first time the NIR spectroscopy was applied for the 
freeze-drying of biomaterials. The PCA and PLS model proved the accuracy of 
NIR spectroscopy to detect the residual water of multicomponent biomaterial 
formulation and even with varying concentrations of biopolymer cellulose and 
different excipients (III).  

The residual water content of freeze-dried 3D HepG2 cell spheroids was 
0.5% which is extremely low (II). The most successful results with 
proliferating and differentiating eukaryotic cells were obtained when the 
residual water content was 4.69% (Natan et al., 2009). In addition, the 
viability of the cells is shown to decrease as the residual water content 
decreases (Buchanan et al., 2010; Ma et al., 2005; Rockinger, Müller, et al., 
2021). Despite the low residual water content of the spheroids in this thesis 
work, the actin cytoskeleton was recovered. However, higher residual water 
contents could facilitate the preservation of the cell membranes. One option to 
increase the residual water would be shorter secondary drying and to collect 
the samples already during the freeze-drying cycle (Buchanan et al., 2010). 
Another option is to adjust the residual water with the excipients (Koivunotko 
et al., 2021).  

Implementing the in-line NIR spectroscopy into the freeze-drying of cells 
as a standard tool could improve the outcome because the residual water 
content of the cells must not be below a certain level, as discussed in the 
previous paragraph, yet it must be decreased low enough to have any benefits 
to the storage as the plasticizing effect of water decreases the Tg. Expanding 
the results obtained in this thesis i.e. the potential to generalize the PLS 
regression models of similar biomaterial formulations, into the freeze-drying 
of cells and monitoring the residual water content with a multipoint NIR, 
would allow precise control of the residual water content of the cell specimen 
(Kauppinen et al., 2013). The local absorption maxima of water change 
depending on the location of the water i.e. is the water bound water or surface 
water (G. Zhou et al., 2003). Based on this, the potential of NIR spectroscopy 
to differentiate the location of water in cells i.e. intracellular water and 
extracellular water should be carefully investigated. 

In general, NIR could be adopted more closely to the freeze-drying process 
to modify the freeze-drying cycle in real-time. The main consideration during 
the primary drying is to keep the temperature of the samples below their Tg’. 
Obviously, Tg’ is a CMA and temperature a CPP. As the Tg’ (or Tg of dry 
enough sample) increases as the water content decreases, potentially the 
primary drying temperature could be increased during the cycle and less time-
consuming freeze-drying cycles could be obtained. The rule of thumb is that a 
1 °C higher product temperature shortens the primary drying length by 13% 
(Pikal, 1990; X. Tang & Pikal, 2004). In addition, increasing the secondary 
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drying temperature reduces the time needed to decrease the residual water 
content which is process economically beneficial (Assegehegn et al., 2020).  

6.3 BIOMATERIALS ARE RECOVERED WITH PROPER 
FORMULATION, CELLS REQUIRE INTRACELLULAR 
EXCIPIENTS 

Freeze-dried 1.5% NFC hydrogel was successfully reconstituted with 300 mM 
sucrose into varying NFC concentrations. The PXCT tomographs of 1.5% NFC 
+ 300 mM SUC suggest that the sucrose and NFC are on different layers on 
the micrometer scale in the aerogel observed as different electron densities. 
Yet, their mass densities are the same. Furthermore, the mass densities are 
lower than the mass densities of the crystalline cellulose or sucrose indicating 
that both are in the amorphous form: The mass density of nanocellulose is 1.5-
1.6 g/cm3 and of crystalline sucrose 1.5 g/cm3. One explanation is that the 
residual water decreases the calculated mass densities even though the 
residual water was not observed with the PXCT analysis. Interpreting the 
results suggests that sucrose forms a protective amorphous shell around the 
NFC fibers (vitrification theory) and the sucrose molecules closest to the NFC 
fibers have direct interactions with the NFC fibers (water replacements 
hypothesis) (Koivunotko et al., 2021). Another important factor explaining the 
observed differences in the electron densities is the freezing step. The pores of 
the aerogel are formed from the ice crystals which are then sublimated during 
the primary drying (Grenier et al., 2019). Extrapolating the idea, it can be 
interpreted that growing ice nucleates push the polymer as a larger molecule 
first to the interior of the aerogel walls and then sucrose molecules concentrate 
on the surface of the polymer forming the vitrified amorphous structures. 

Extracellular vesicles freeze-dried with NFC, trehalose, and glycine in 
HEPES buffer showed the highest recovery of EVs (II). When considering the 
tomographs with electron densities obtained with PXCT and the highest 
recovery of EVs, despite the different formulations, one can speculate that the 
freeze-dried NFC with trehalose and glycine formed also an amorphous solid 
which then protects the nanometer scale extracellular vesicles. This conclusion 
is in accordance with the vitrification theory – the amorphous NFC and 
disaccharide material prevents the aggregation and disruption of EVs (J. H. 
Crowe et al., 1997). Furthermore, NFC alone protected EVs from the damage 
caused by freeze-drying. Again, NFC forms an amorphous solid when freeze-
dried (III) which can explain the protection provided by the NFC. 
Interestingly, the formulation of trehalose and glycine provided also 
protection, but the number of recovered EVs was lower (II). This can indicate 
that NFC stabilized EVs by preferential exclusion during the freezing phase 
and then by vitrification during the drying. In addition, the viscosity of NFC 
hydrogel can prevent the aggregation and fusion of EVs together, as other 
polymers have been shown to prevent the aggregation of proteins (Wang, 
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2000). Furthermore, NFC aerogel potentially provides also mechanical 
support for the EVs and stabilizes them from mechanical damage during 
transport and handling. However, further assessments are required to 
conclude the mechanism of protection of NFC. Trehalose has been shown to 
be the most effective excipient in the freeze-drying of EVs. (Charoenviriyakul 
et al., 2018; Frank et al., 2018; Geeurickx et al., 2019; Saux et al., 2020). 
Trehalose has been shown to preserve the morphology, size, and concentration 
of freeze-dried and reconstituted EVs. Furthermore, trehalose protected the 
RNA and proteins inside the EVs (Charoenviriyakul et al., 2018; Frank et al., 
2018). Sucrose and poloxamer 188 have been shown to preserve the particle 
size and concentration of freeze-dried EVs during the 6 months storage period 
(Trenkenschuh et al., 2022). The design of the experiment strategy has been 
used to study and optimize the freeze-drying formulation and process of MSC-
secretome and especially to preserve the EVs of MSC-secretome (Mocchi et al., 
2021). Interestingly, the different formulations i.e. the ratio of mannitol and 
sucrose, had no impact on the recovery of the size of EVs. The size was the only 
outcome of the EVs that was determined which informs only partly the 
recovery of EVs. However, utilizing the design of the experiment method to 
evaluate the impact of freeze-drying is valuable and should be adapted more 
widely to the freeze-drying of biomaterials and cells (II). 

The preserved morphology of the 3D cell spheroids is a promising result to 
recover viable 3D cell spheroids (I, II). The SEM micrographs of HepG2 cell 
spheroids resemble the silica bioreplicates of HepG2 cell spheroids indicating 
that the morphology of the spheroids was preserved by freeze-drying (Lou et 
al., 2015). The damaged cell membranes of 3D HepG2 cell spheroids indicate 
a lack of stabilizing excipients in the vicinity of the cell membrane or 
intracellularly (I). The 3D HepG2 cell spheroids stained with calcein-AM 
showed compartmentalized green fluorescence which is similar to 
observations with the cells permeabilized with Triton-X (I). This leads to the 
conclusion that the cell membranes are irreversibly damaged. However, the 
cells retained partly their metabolic activity which indicates that the metabolic 
enzymes were partly preserved. This was potentially achieved by the 
vitrification via the snap freezing by the direct plunging of samples into the 
liquid nitrogen. In addition, the HepG2 cell spheroids freeze-dried with 
trehalose, glycine, and NFC hydrogel recovered partly their enzymatic activity, 
regardless of the lack of intracellular trehalose and vitrification obtainable by 
snap freezing. Hydrogen bonding (water replacement) and vitrification of 
trehalose and NFC, and the bulk formed by all of the excipients can explain the 
observed results. The addition of phospholipid vesicles has been shown to 
improve the recovery of freeze-dried human red blood cells when used in the 
freeze-drying formulation (Kheirolomoom et al., 2005). Adding phospholipid 
vesicles in the rehydration solutions to provide construction blocks for the 
cells to repair the damaged cell membranes would be an interesting approach 
to continue the study and improve the recovery of the damaged cell 
membranes. 
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Intracellular excipients appear necessary for the cells to survive freeze-
drying and reconstitution. The concentration of intracellular excipients was 
recognized as a CMA. The approach to load trehalose passively by slow 
diffusion through the NFC hydrogel allowed higher concentrations of 
trehalose in the freeze-drying formulation without decreasing the viability of 
the cells prior to freeze-drying (I). This method allows a lower increase in the 
osmolality in the proximity of the cells and decreases the cell death otherwise 
caused by the hyperosmotic conditions. However, the intracellular trehalose 
concentrations were close to negligible. Nevertheless, applying for example 
chemically modified trehalose to the slow loading could be a potentially 
effective way to improve trehalose loading (Abazari et al., 2015). 

Intracellular excipients are laborious to detect and require usually cell lysis. 
In this thesis, the different excipients and NFC concentrations were separated 
with the PCA of NIR spectra (III). Applying these results further, utilizing NIR 
to detect excipients when preparing more complex samples for freeze-drying, 
such as trehalose loading to cells (Janis et al., 2021), or detecting water inside 
the biomaterials or cells with NIR and using complementary methods, for 
example, Raman or terahertz (THz) spectroscopy (Chau et al., 2016), to 
evaluate water content or other intracellular phenomena, would be invaluable. 
THz spectroscopy is a suitable method to detect intracellular water of cells 
during air drying (Chau et al., 2016) while Raman spectroscopy is insensitive 
to water making it suitable for detecting intracellular cell structures and for 
cell imaging (Smith et al., 2016). The phenomena occurring inside the cells 
during the freeze-drying are extremely hard to observe and gaining insights 
into how the intracellular water acts would provide valuable information to 
improve the freeze-drying of cells. 

New approaches to stabilize the cells during freeze-drying can be found also 
when uncommon excipients for freeze-drying are studied. Rockinger et al. 
(2021) studied the effects of DMSO as a lyoprotectant in the freeze-drying of 
keratinocytes. The usability of DMSO as a lyoprotectant is hindered due to its 
lowering effect of Tg’. An option to counter this problem is to add sugars or 
polysaccharides to the formulation to increase the Tg’ and to use as low 
concentration of DMSO as possible (Rockinger, Funk, et al., 2021; Sydykov et 
al., 2018). Promising results were obtained with the cell membrane integrity 
and again, the importance of residual water content was observed as the cell 
membrane integrity dropped at the end of secondary drying (residual water 
<1%) without DMSO. However, the viability of the cells was negligible 
regardless of the DMSO concentration. One option to improve the results 
would be to avoid increasing the temperature above the melting temperature 
of DMSO (19 °C) to prevent cell membrane rupturing effects. 
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6.4 MECHANICAL CUES OF AEROGELS AND THEIR 
IMPORTANCE IN FREEZE-DRYING 

The effect of mechanical properties of the NFC hydrogel on the 3D culturing 
of cells of different origins was studied by reconstituting the freeze-dried NFC 
with a mixture of water, cell media, and cells. This has direct applications in 
the pharmaceutical field as a novel platform for 3D cell culturing if transferred 
to 96- or 384-well plate formats. 

The stiffness of the extracellular matrix, whether it be in the original tissue 
or artificial cell culture matrix, is known to have a major impact on cell 
migration, proliferation, growth, spreading, differentiation, and organoid 
formation (Chaudhuri et al., 2020). The established equation quantifying the 
stiffness of the material can be used to estimate the required NFC fiber 
concentration to correspond to the natural forces experienced by the cells from 
the extracellular matrix (ECM) in the certain tissue (IV). This can be applied 
to one-step reconstitution and simultaneous seeding of cells to the desired 
environments. Three different cell types, two cancer cell lines, and primary 
adipose stromal/stem cells, showed their typical morphology when cultured in 
the different NFC concentrations.  

Extrapolating these results to the actual freeze-drying of cells, it can be 
speculated that the mechanical responses play a major role also and especially 
during the freezing and reconstitution if cells are considered to be biologically 
inactive in the frozen and dry state (Stacey & Day, 2014). Despite the damaged 
cell membranes, the morphology of the freeze-dried cell spheroids resembles 
that of the fresh 3D cell spheroids (II). Furthermore, the cytoskeleton of the 
3D cell spheroids was recovered in the same samples in which the NFC 
hydrogel was reconstituted successfully, and the porosity of the aerogel was 
regular. Contrary, when the cytoskeleton was not recovered, the appearance of 
NFC aerogel was paper-like and collapsed (I). This can indicate the benefits of 
macroscopic protection and mechanical support as mentioned as the third 
critical attribute.  

Stiffness is not the only important mechanical attribute of the materials 
used for 3D cell culture. Indeed, the porosity of the scaffold is one of the key 
attributes of a suitable 3D cell culturing platform (Parisi et al., 2021). Parisi et 
al. (2021) illustrated how cytocompatibility of different material 
manufacturing processes and pore size of the material affect the cellularization 
mechanisms. Either the pore size is the determining factor and then cell 
colonization is the main mechanism, or then cytocompatibility followed by cell 
encapsulation is the main mechanism of cellularization. Furthermore, both of 
the mechanisms i.e. colonization and encapsulation can affect the 
cellularization of the material, if the pore size and the cytocompatibility of the 
manufacturing method are sufficient. Based on the results of this thesis, 
freeze-drying of NFC was shown to facilitate cell encapsulation (I, III), 
despite no fully viable cells were recovered, as well as cell colonization (IV). 
Taken together, freeze-drying is a powerful method when preparing 
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cellularized biomaterials for example for tissue engineering or drug research 
applications. Furthermore, combining the artificial intelligence-based cell 
segmentation analysis to the shown method to culture 3D cell spheroids (IV) 
will be valuable in the future for example in drug discovery or even for 
dosimetry analysis for radiation therapy (Reijonen et al., 2017). 

The porosity of the obtained NFC aerogel scaffolds in this thesis was 
suitable for 3D cell culturing (IV) facilitating the mass transfer of fluid and 
spreading of the cells through the scaffold. The pore size distribution (III) had 
no impact on the viability and morphology of the 3D cultured cells because all 
three different types of cells were seeded on the parallel NFC aerogels i.e. 
assumably having the same porosity. Similar results have been obtained with 
different prostate cancer cell lines (Xu et al., 2019). The pore size distribution 
of NFC aerogels was similar due to the same freezing protocol used in the 
freezing step. The importance of ice crystals for the porosity and the density 
differences of the pore walls were discussed above, but the polymers and 
excipients are not the only subjects of the pressure of ice crystals. The local 
pressure caused by the ice crystals can also be lethal for the cells and partly 
explain why no viable cells were recovered in this thesis (Baccile et al., 2020; 
Qin et al., 2020). In addition, during the freezing, the osmotic pressure of the 
solution increases, due to the decrease of liquid water which in turn increases 
the concentration of solutes. 

The high porosity, interconnected pores, regular structure, and amorphic 
nature, all affect the fast and homogenous reconstitution of the freeze-dried 
NFC hydrogel. Furthermore, the reconstitution is highly important also for the 
cells, and the successful reconstitution of the NFC hydrogel potentially also 
enabled the recovery of the cell cytoskeleton. 

6.5 FUTURE PROSPECTS 

The possibility to store and transport biomaterials and cells without a cold 
chain will be even more important in the future. Freeze-dried biomaterials are 
already commercially available as hemostats (Vyas & Saha, 2013) and for 
example, platelets have been freeze-dried with plasma as a platelet-rich-
plasma product (Andia et al., 2020). Moreover, a product containing freeze-
dried platelets is already in Phase 2 clinical trials (ClinicalTrials.gov Identifier: 
NCT04631211. Read online: 31.12.2021). As discussed in the review article 
(II), EVs are commercially available only as reference materials, and no 
clinical product is available. The number of advanced therapy medicinal 
products (ATMPs) including gene therapy, tissue engineering, and cell 
therapy, will be increasing in the upcoming years. Freeze-drying will improve 
the clinical usability of ATMPs, especially when considering the potential drug 
delivery vehicles such as liposomes and extracellular vesicles. As a current 
example, the RNA-based vaccine against SARS-COV-2 with liposomal 
formulation requires a laborious cold chain which hinders the logistics of the 
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drug especially in developing countries (Pushparajah et al., 2021). In the 
coming years, when RNA-based gene therapies are increasing, similar 
challenges will occur, and freeze-drying is a suitable method to overcome these 
challenges.  

In general, the freeze-drying of cells requires still research, and the 
breakthrough is still to come. However, the progress already made in the 
freeze-drying of protein pharmaceuticals and vaccines, and the adaption of the 
high-end techniques in the freeze-drying of cells will certainly enhance the 
development. Again, as cell therapies are arriving as ATMPs, freeze-drying 
would improve their clinical usability by reducing the requirements of the 
storage conditions. Furthermore, hybrid materials combining the cells and 
biomaterials as one in a ready-to-use format would be highly beneficial for 
tissue engineering applications (Hinderer et al., 2016; Loh et al., 2018).  

Freeze-dried red blood cells would improve the blood transfusions in 
scenarios in which the cold chain cannot be maintained such as catastrophe 
areas. First, the red blood cells must be successfully preserved by freeze-
drying, and then the process must be scaled up to answer to the need for higher 
volumes. The humanitarian benefits of freeze-dried red blood cells would be 
tremendous and research focusing on the freeze-drying of red blood cells 
should be expanded.  

6.6 SCIENTIFIC AND SOCIETAL IMPACT 

This thesis increased the knowledge of freeze-drying in general and especially 
when freeze-drying is applied to cells and biomaterials. The requirements to 
successfully preserve viable cells in a dry state were reported and a change of 
paradigm into more comprehensive thinking was proposed. In addition, 
knowledge about stabilizing effects of excipients increased, and the 
importance of mechanical protection was discussed. The application of 
existing technology i.e. NIR spectroscopy into biomaterials improved the 
technology of freeze-drying. 

Beyond academia, this thesis improved the future potential to transport 
biomedical products into crisis areas without a cold chain. In the future, the 
transportation of freeze-dried red blood cells would increase the accessibility 
of blood transfusion in areas where cold storage is not possible. The potential 
to apply the freeze-dried NFC aerogel into 3D cell culturing of different cell 
types on a well plate in an automated format would improve drug 
development, in vitro drug and toxicity testing, and drug discovery. 
Improvements in drug efficacy and toxicity screening can reduce the number 
of test animals. Knowledge about the freeze-drying of cells can be applied to 
other cell-related applications for example biobanks. The possibility to store 
biopsy samples in a dry state at room temperature without the need for cold 
storage at -80 °C or in liquid nitrogen will save energy and maintenance 
expenses and improve safety by replacing the use of liquid nitrogen in the 
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transportation or storage. All things considered, this thesis promoted 
interdisciplinary research, green pharmacy, and sustainable development by 
developing less energy-consuming storage opportunities and by finding new 
applications for natural renewable biomaterial nanofibrillated cellulose with 
interdisciplinary expertise. 
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7 CONCLUSIONS 

Freeze-drying is a potential method to preserve biomaterials and cells at room 
temperature and normal atmosphere. To advance in the freeze-drying of 
biomaterials and cells, the current paradigm of trial-and-error must be 
abandoned and the comprehensive approach adopted. The requirements and 
critical attributes of the biomaterials and cells must be addressed with 
sophisticated process analytical technology and the biomaterials and cells 
stabilized with the novel, but also with the already existing lyoprotectants, by 
introducing them correctly.  

The preferential interactions mechanism, vitrification theory, and water 
replacement hypothesis were all valid theories not only in explaining the 
stabilizing mechanisms of traditional excipients i.e. disaccharides and amino 
acids used in this study but also the stabilizing mechanism of nanofibrillated 
cellulose hydrogel. In addition to the already known stabilizing mechanisms, 
mechanical support provided by the nanofibrillated cellulose hydrogel appears 
to be beneficial for the cells and extracellular vesicles. 

Near-infrared spectroscopy was shown to be a powerful tool also with the 
biomaterial formulations and the residual water contents of the formulation 
were accurately predicted. Combining the near-infrared spectroscopy with 
Raman and terahertz spectroscopy into the freeze-drying of biomaterials and 
cells, even more accurate in-line monitoring can be performed. 

The structure of the freeze-dried nanofibrillated cellulose aerogel was 
regular and highly porous, and the aerogel walls were amorphous. The process 
parameters and used excipients affected the quality of the obtained 
nanofibrillated cellulose aerogel. With the optimized formulation and process, 
the porosity and amorphicity provided sufficient mass transfer for the 3D cell 
culturing and protection to the embedded extracellular vesicles.  

Freeze-dried nanofibrillated cellulose can be applied as a cell culture 
platform for the 3D cell culturing of different cell types and this application 
can be preferably further developed into a multiwell plate format to improve 
the implementation of 3D cell cultures in drug research. Freeze-dried NFC 
aerogels offer also potential drug delivery platforms, especially for topical 
delivery of therapeutic proteins or even EVs. 

To summarize, freeze-drying of cells and biomaterials requires a paradigm 
change without forgetting the already developed techniques. The 
pharmaceutical field benefits from the development of freeze-dried 
applications already in the drug discovery and development phase, but also at 
the end product stage as room temperature stable ready-to-use biomedical 
products. 
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