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CHAPTER 1  

GENERAL INTRODUCTION 

 Over the last decade there has been an increased interest in discovering new biomolecules 

involved in diseases and/or disease stages, aiming a rapid and reliable diagnostic analysis (Geyer 

et al. 2019; Byrnes et al. 2018). The term biomarker refers to an objectively measured indicator 

of a biological process, which can define a healthy or a pathological state (Atkinson et al. 2001). 

Biomarkers can be identified as different types of biomolecules including antibodies, proteins, 

DNA, RNA, lipids and metabolites which can be extracted from cells, body fluids or tissues. 

After collection from patients, biological samples must be preserved under optimal storage 

conditions in order to avoid degradation and generate reliable diagnostic results (Schrohl et al. 

2008). Traditional storage involves the use of cryopreservation technology, a process that 

preserves biospecimens by cooling at (ultra)-low temperatures (Jang et al. 2017). Therefore, 

biological samples are stored in structured repository and/or storage facilities, so-called biobanks 

(Kinkorová 2016). The term first appeared in the scientific literature almost 20 years ago 

covering different fields from biomedical research to personalized medicine. Nevertheless, 

cryopreservation has proven to be space-consuming, service intensive and costly (i.e. use of 

equipment, electricity, need of liquid nitrogen or dry ice for shipping). Additionally, low 

temperature storage is not available everywhere such as in battle fields or in underdeveloped 

countries where refrigeration is not an option. If storage in the dried state were possible, this 

would have significant practical advantages. Dry storage of biospecimens offers an attractive 

alternative to cryopreservation. Removal of water increases the chemical stability of 

biomolecules by inhibiting hydrolysis and by decreasing molecular mobility (Muller et al. 2016). 

In this regard, different drying technologies have been widely applied for processing of 

biologically active proteins but less frequently used for cells, tissues or bodily fluids (Roy et al. 

2004). However, preservation and storage of biospecimens in a dried state by using (freeze)-

drying technologies was successfully achieved, adding sugars as protectants (Wolkers et al. 2001, 

Zhang et al. 2018, Chakraborty et al. 2011). Non-reducing disaccharides (i.e. sucrose and 

trehalose) are able to replace water during drying; allowing formation of a stable glassy state, 
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where macromolecular mobility is reduced such that samples can be stored for prolonged periods 

of time at ambient temperature and used at desired the time point.  

1.1 Fundaments aspects of cryopreservation and (freeze)-drying 

technologies  

1.1.1 Cryopreservation 

 Cryogenic processing involves preservation of biological materials such as cells, tissues, 

or bodily fluids by cooling samples at (ultra)-low temperatures (Jang et al. 2017). Biochemical 

reactions are dramatically slowed-down and biological processes are in a state of suspended 

animation for prolonged periods (Pegg 2015). However, freezing is fatal for most living 

organisms. Even if the exact mechanism of cryo-injury has not been clearly established, cryo-

damage is generally associated with osmotic stress due to the water phase changes in both extra 

and intracellular environments (Gao et al. 2000). It has been postulated that, cryo-injury might 

occur due to the intracellular ice crystal formation, which can destroy cells membranes by direct 

mechanical action (Pegg 2015). Biomolecules (proteins, lipids, DNA) may undergo 

conformational changes as a consequence of freezing-induced dehydration (Wolkers and 

Oldenhof 2020).  

 The discovery of glycerol as cryoprotective agent (CPA) by Polge and co-workers (Polge 

et al. 1949) pointed to the necessity of using CPAs to protect cells against freezing injury. CPAs 

affect the rate of water transport across cellular membranes during freezing, and they affect the 

ice nucleation temperature and extent of ice crystal formation (Elliot et al. 2017). CPAs reduce 

the amount of ice formed by increasing the total concentration of all solutes in the system, thus 

reducing the osmotic stress by maintaining an enlarged, unfrozen extracellular fraction at any 

given temperature (Meneghel et al. 2020). However, in order to be effective, CPAs must be able 

to penetrate into cells and have low toxicity (Jang et al. 2017, Warner et al. 2020). Permeating 

CPAs like DMSO, ethylene glycol and propylene glycol can easily pass through cellular 

membranes. Also the cooling rate is important for the cryopreservation outcome. The two-factor 

hypothesis postulates that cells have an optimal cooling rate resulting in maximal cryosurvival 

(Mazur et al. 1974). At too low cooling rates, cells suffer from osmotic and ‘solution effects’ 

injury, whereas at too high cooling rates cells do not loose enough water during freezing, which 
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results in lethal intracellular freezing (Mazur et al. 1984, Zhao et al. 2017, Wolkers and Oldenhof 

2020).        

 Cryopreservation has been successfully employed for preservation of a wide range of 

biospecimens. Examples of cells that can be cryopreserved include spermatozoa, early embryos 

and oocytes, red and white blood cells, stem cells (Keros et al. 2020, Hunt et al. 2011, Sputtek 

2007). Long-term storage of liposomes that are used in pharmaceutical applications is generally 

achieved by freezing in the presence of CPAs such as DMSO, ethylene glycol, glycerol 

(Immordino et al. 2006, Stark et al. 2010, Sydykov et al. 2018). Freezing is widely used during 

the manufacturing and storage of protein-based therapeutics (Arsiccio et al. 2020). DMSO has 

proven to be successful as cryoprotective agent for cryopreservation of recombinant proteins 

(Yoshimura et al. 2018). In case of bodily fluids, no CPAs are generally used. The current 

standard operating procedure (SOP) for biobanking of bodily fluids recommends long-term 

storage at −80°C (Schenk et al. 2017).  

1.1.2 Freeze-drying 

 Freeze-drying or lyophilisation is a technology to dehydrate biologics with water as main 

component, conferring increased stability, extended shelf life and easy transportation to the final 

product (Oyinloye et al. 2020). Lyophilisation has been widely applied for the preservation of 

different types of materials, from small molecules to whole organisms. Besides vaccines, freeze-

dried therapeutic proteins approved for marketing include antibody-drug conjugates, fusion 

proteins, monoclonal antibodies, hormones and enzymes (Mensink et al. 2017). Freeze drying 

involves a stepwise process including: freezing, primary drying and secondary drying.  

(1) Freezing: during this step, the material is cooled down below its triple point. This ensures 

the transition from solid to gas state, without passing through the liquid state, so-called 

sublimation (Figure 1.1A). Freezing can be done in a freezer, a chilled bath or on the 

shelves of the freeze-dryer. Slow freezing (i.e. large ice crystals formation) is generally 

preferred to fast freezing (i.e. small ice crystals formation), because large ice crystals are 

easier to sublimate.  

(2) Primary Drying: the pressure is lowered down and heat is added to the material. It is 

assumed that only sublimation of crystalline water occurs and the concentration of solutes 

in the non-frozen part does not change. During this stage almost 95% of the water is 
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removed from the material. Presence of a cold condenser provides a surface for the water 

vapour to adhere and solidify. In addition, the condenser also protects the vacuum pump 

from the water vapour (Figure 1.1B). Primary drying might be a slow process, since 

excess of heat may alter the structure of the biomaterial. 

(3) Secondary Drying: residual bound water molecules are removed by desorption. 

Secondary drying is generally used to retain the minimum amount of residual moisture. 

Thus, the temperature slowly rises (higher than in the primary drying phase) while sample 

are kept below the glass transition temperature. At the end of the process, the vacuum can 

be replaced with an inert gas before the resulting dried material is sealed. The secondary 

drying is carried out at the lowest possible final pressure in the system, in order to outgas 

the thin layers of solvent molecules on the pore surfaces. 

The duration of the freeze-drying process can range from hours (i.e. simple products) to several 

days for products that are more difficult to dry, such as a vaccine with a low solidification 

temperature. Freeze-drying technology holds promise for a long-term preservation of small 

biomolecules (i.e. enzymes, hormones, and plasma proteins), macromolecules assemblies or cell 

structures (i.e. liposomes, virus, vaccine, sperm) and soft tissue (i.e. arteries, heart valves, skin 

patches, bones). (Fonseca et al. 2020, Oldenhof et al. 2017, Vásquez-Rivera et al. 2018, Walkers 

and Hilfiker 2020, Lee et al. 2020).  

 

 

 

 

 

 

 

C 

A 

Figure 1.1: Typical phase diagram and general overview of the freeze-drying process. 

Panel A: The diagram shows the transition from a liquid to a solid phase  while decreasing the 

pressure. The triple point refers to the intersection on the phase diagram; where three different 

phases can coexist. Panel B and C illustrate features components and parameters involved in the 

freeze drying process and a general overview of the machine, respectively. Adapted from 

Keskintepe and Eroglu (2015); Methods Mol Biol 1257, 489-497. 

B 
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1.1.3 Fundamental aspects of drying technologies 

 Long-term preservation of biologics at supra-zero temperature is desirable for minimizing 

the cost and complexity of transportation and storage. Removal of water from biospecimens can 

be achieved using different drying technologies. These include convective, vacuum and spray-

drying. Convective drying is one of the most important techniques for preservation of biological 

products (McMinn et al. 1999). Water can be removed under a stream of dry air or by placing the 

sample under vacuum, in order to avoid the damaging effects of freezing on biological 

specimens. However, convective drying is more difficult to control and is only suitable for small 

samples.  

 Vacuum foam and spray drying can be used for larger samples and typically employed for 

processing and stabilization of proteins, enzymes and vaccines. Vacuum foam drying was 

successfully applied as an alternative for lyophilisation for enhanced process and storage stability 

of bovine serum albumin (Jangle et al. 2012). In Vacuum-foam drying, liquid samples are 

converted to a dried foam structure in a single step. The method involves boiling of the solution 

below 100 °C to avoid denaturation under reduced vapour pressure, followed by rapid 

evaporation, leaving a solidified expanded foam structure. 

 Spray drying is a well-known drying method which involves the transformation of a fluid 

material into small droplets under a heated atmosphere. In brief, a solution is pumped to an 

atomizer, where it is breaks up into a spray of fine droplets, which are ejected into a drying gas 

chamber. The resulting dry particles are separated from the drying medium and then collected in 

a tank (Santos el al 2018). 

 Drying on a specific substrate, also known as filter drying, is an approach to dry fluids 

which are oxygen and temperature sensitive (Murru et al. 2011). Sampling and storing of blood 

on filter paper, so-called dried blood spot (DBS), represents an alternative option to the 

traditional blood biobanking and is currently used for diagnostic screening of drugs and 

biomarkers (Choi et al. 2014). DBS has been proven to be a valid method in diagnosis of 

infectious diseases, allowing not only easy shipping but also a good quality of recovered 

biomolecules (Grüner et al. 2015). However, the type of substrate as well as the characteristics of 

the biospecimen determine the suitability of this method. When deposited onto a filter, the 

sample is spread and absorbed into the paper, forming a film on the top of the surface. The 

advantage of using (porous) filters is that they disrupt the droplet integrity, via reducing the 
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Figure 1.2: Typical Biobank flow-chart. Typical flow-chart illustrates collection, processing and storing of 

biological material in a biobank. The process involves reception of patient and relative sampling; afterward samples 

are processed and preserved in optimal storage condition (–80°C). Each sample is registered within virtual 

catalogues, which include also the patient management data. The last step concerns the use of bio specimens at a 

specific time points. Adapted from: https://www.biobank-network.com/why-choose-tdbiobank/6-good-reasons-

to-choose-tdbiobank/a-dedicated-solution. 

 

surface tension, thereby increasing the drying rate. For large cells like oocytes or epithelial buccal 

cells, porous substrates facilitate dehydration as compared to drying on flat surfaces. Smaller 

cells like sperm, however, can become trapped into the filter paper, which complicates recovery 

from the filter upon rehydration. In this case, other substrates such as glass coverslips are 

preferred (Wang et al. 2020). 

 There is no standard unified drying technology for dehydration of biologics. However, in 

all technologies lyoprotectants are needed to stabilize biological structures during the drying 

process itself and subsequent storage. Sugars form a highly viscous glassy state where molecular 

movement is slowed down and chemical reactions almost come to a standstill (Wang et al. 2020).   

 

1.2 Definition of biobanking 

 The term biobank refers to professional and structured repository that stores biological 

samples and related data for present and future research. Activities in the scope of a biobank 

include storing specimens harvested over time, combining clinical and epidemiological data 

(Paskal et al. 2018). Standard Operating Procedures (SOPs) must be ensured in order to maintain 

standardized and replicable protocols concerning every step of the sample handling (Figure 1.2).  

 

https://www.biobank-network.com/why-choose-tdbiobank/6-good-reasons-to-choose-tdbiobank/a-dedicated-solution
https://www.biobank-network.com/why-choose-tdbiobank/6-good-reasons-to-choose-tdbiobank/a-dedicated-solution


 

7 
 

The nature of biological material stored in biobanks is varied. Depending on the type of research 

and specific purpose, multiple models have been developed for different bio resources (Bledsoe 

et al. 2019). Even though a clear distinction between research, diagnostic and therapeutic 

biobanks is not always easy (e.g. blood plasma used both for transfusion and research) the 

Biobanking and Biomolecular Research Resources Infrastructure (BBMRI) classified biobanks 

as: 

(1) Population-based biobanks: related to discover biomarkers for a prospective molecular 

epidemiology research strategy. Associated data comprise not only medical history but 

also physical measures and epidemiological information (i.e. life habits and 

socioeconomic status).   

(2) Disease-oriented biobanks: focused in storing of heterogeneous biological materials, 

mainly collected within the context of clinical care. Biological materials found in such 

biobanks are usually collected from patients and used for personalized medicine (i.e. 

genetic biobanking of common and rare diseases).  

(3) Case-control biobanks: related to epidemiological case-control studies of individuals 

presenting a given disease with compatible healthy controls (i.e. large-scale cohort studies 

or clinical trials). 

(4) Tissue biobanks: represent an extremely diverse collection of tissue specimens. Samples 

collected by invasive medical procedures are generally cryopreserved in hospital setting 

until the later time point use. Examples of tissue biobanks are: cancer oriented biobanks 

(Patil et al. 2018), biobanks of body fluid samples (Willemse al 2015, Schenk et al. 2017) 

and biobanks for organoids (Willyard 2015).   
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1.2.1 Biobanking of bodily fluids 

 Bodily fluid is a generic term to identify any bio-organic liquid produced by an organism. 

Depending on the compartment location, bodily fluids can be differentiated in intracellular (i.e. 

fluids enclosed in cells by their plasma membranes) and extracellular fluids (i.e. surrounding the 

cells in the body). They are characterized of high percentages of water and organic compounds 

such as sodium, chloride, potassium or bicarbonate (Waterhouse & Farmery 2012). Examples of 

human body fluids are blood, saliva, urine, cerebrospinal fluid (CSF) and semen (Figure 1.3). 

Over the last decades, there has been an increased interest in establishing biobanks for bodily 

fluids, since they have been recognised as a great source of biomarkers, including DNA, RNA, 

proteins, phospholipids and small metabolites (Hu et al. 2006, Malm 2012, Di Meo et al. 2017). 

Long-term biobanking of different bodily fluids can be used for clinical studies and diagnostic 

analysis (Willemse et al. 2015). 

 

 

Biofluids Biomarkers Ref 

Plasma IgG, IgM,ApoA1 

Cholesterol,Glucose 

TSH, 

Malm 2012 

Saliva DNA,IgG,IgM,RNA Yoshizawa  

2013 

Semen DNA,ubiquitin, 

thioredoxin 

SPTRX3/TXNDC8 

Sutovsky 

2010 

 

Urine 

IL-1β, MMP9, WBCs, 

NGAL 

Gadalla 

2019 

Figure 1.3: Human bodily fluids and common biomakres. Circulating human biomarker can be 

detected in different bodily fluids, including urine, serum, plasma, cerebrospinal fluid, seminal plasma 

and saliva using a liquid biopsy. The table on the left shows a list of biomarkers typically found in 

biological fluids and their respective use in diagnostic field. Adapted from Di Meo et al. 2017. 
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1.2.2 Blood Plasma Biobanking 

 Blood is a source of high quality biomarkers widely used for clinical research and 

diagnostic applications. Collected blood samples should be fractionated into plasma, serum, buffy 

coat and red blood cells and stored separately to maximize the value of the sample. For example, 

blood plasma is generally collected using different anticoagulant coated tubes such as 

ethylenediamine tetraacetate (EDTA), citrate or heparin tubes. Typical blood plasma biomarkers 

include human serum albumin (HAS), apolipoproteins, immunoglobulin G (IgG), transferrin and 

proteins of the coagulation cascade (Geyer et al. 2017). It should be realized that plasma proteins 

may change structure and function after collection and/or during storage. Chemicals 

modifications such as phosphorylation, glycosylation, oxidations and acylation may occur and 

thus impairs their specific function (Knorre et al. 2009). For example, blood plasma samples are 

preferably stored at −80°C, where molecular mobility and damaging reactions are drastically 

slowed down, even some authors suggested storage using liquid nitrogen (Qualman et al. 2004). 

However, storing biospecimens in liquid nitrogen (LN2) introduces risks like burns, tank 

explosions and suffocation from LN2 leaks (Charde et al. 2014). Therefore, LNVP (Liquid 

Nitrogen Vapour Phase) is generally preferred over liquid phase storage. It involves storage of 

samples in the gaseous vapour phase (−150°C) above liquid nitrogen. The LNVP distribution 

models have a lower environmental impact and independence, after LN2 has been generated 

(Garcia et al. 2013). In addition to ameliorate temperature fluctuations related to opening freezer 

doors or storage tanks, LNVP cold chain provides benefits through the use of durable dry 

shippers because no refrigerated trucks are required. Different methods for stable storage of 

blood plasma are being developed to preserve sample integrity at ambient temperatures 

conditions (i.e. freeze-dried plasma). 
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1.2.3 Saliva Biobanking  

 Telomeres, the caps that protect the end of chromosomes, are known to shorten with age. 

Cohort studies on telomere length as health/age predictor require a reliable and stable source of 

DNA obtained from one of the bodily fluids, e.g. saliva. Minimally invasive procedures for 

obtaining DNA samples such as saliva collection are of interest for diagnostic applications. 

Human saliva is a clear, slightly acidic (pH 6.0 to 7.0) heterogeneous biofluid composed of water 

(99%), proteins (0.3%), and inorganic substances (0.2%) (Yoshizawa et al. 2013). Saliva 

composition reflects the health state of an individual and presents many advantages compared to 

other fluids such as blood. Genetic material can be extracted, particularly from buccal epithelial 

cells and leucocytes. DNA in saliva, however, is subject to degradation when stored at ambient 

conditions and has to be stabilized, i.e. stored in a biobank, within hours. In spite of a growing 

interest as a diagnostic fluid, only few biobanks currently store large collections of saliva 

samples. Like other biofluids, saliva is subject to degradation after collection. In order to obtain 

high quality DNA, standard procedures recommend storage at -80 °C (Schipper et al. 2007). 

Discovering, validating, and understanding a method for dry preservation of human saliva can 

provide an alternative tool for obtaining a stable source of DNA, for later use for cohort studies 

(i.e. genetic diagnostic analysis). 

1.2.4 Storage at ambient temperature: Dry biobanking  

 Biobanking requires maintenance, logistic and automation (Malm et al. 2012). Storage of 

samples at cryogenic temperatures involves in high running costs (e.g. electricity, backup 

freezers, generators, air-conditioning). Different types of shipment, such as dry ice in a styrofoam 

container or liquid nitrogen and related equipment may also have an impact on the final costs. 

The French National Cancer Institute (INCa) carefully investigated the operating costs of 

biobanks concerning a long-term storage at -80°C. Prices varied from 0.20 to 1 euro per sample 

per year, increasing from 2 to 10 euro for samples stored up to 10 years (Muller et al. 2016). 

Besides the costs, it should be considered that that refrigeration and cold-chain facilities are not 

available everywhere, such as underdeveloped countries or battle fields. Previous studies have 

correlated the energy required to maintain the cold-chain to CO2 production and climatic change 

(James et al. 2010). Storing samples at room temperatures could be an alternative solution to 
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cryogenic storage. When compared with cold storage, it has been assumed that the cost of 

ambient temperature storage is negligible; it was found to be from 13.5 to 2.4 times less 

expensive than cold temperature storage. Desiccation and subsequent storage at ambient 

temperatures eliminates the need of cold chain as well as the risk of maintaining and handling 

liquid nitrogen tanks (Lee et al. 2019). Practical examples are already used in different 

applications. In July 2018, the Food and Drugs Administration (FDA) approved the use of freeze-

dried plasma product for U.S. military personnel, for treatment of haemorrhage or coagulopathy 

in an emergency situation. Preservation of dehydrated DNA in bones, teeth, and archaeological 

remains at ambient temperature has been convincingly demonstrated for samples that are 50,000–

140,000 years old (Willerslev et al. 2005). However, it has been observed that the retrieval of 

DNA and its quality were also dependent on the environmental conditions (Geigl et al. 2002). 

This indicates that, regardless of the drying method used, storage stability remains a crucial point. 

Temperature, relative humidity, glass transition temperature (𝑇g) are essential parameters that 

must be constantly evaluated for determining proper dry storage conditions and duration.  

 

1.3 Mechanisms of protection by lyoprotectants during drying 

 Presence of water is essential for all living systems. Upon drying, biomolecules and 

membranes may undergo conformational changes due to the loss of hydrogen bonding with 

water. This may result in osmotic stress and conformational changes in plasma membrane as well 

as changes in biomolecular structure and function (Wolkers & Oldenhof 2020). For example, 

when looking at proteins structures, dehydration may lead to protein aggregation and/or 

denaturation. In addition, excess of reactive oxygen species (ROS) may be reduced by 

surrounding biomolecules like lipids, proteins and DNA, impairing their original function (Sahu 

et al. 2017). In nature there are extraordinary examples of organisms capable of surviving in a 

reversible state of suspended animation, a phenomenon known as anhydrobiosis. Different 

anhydrobiotic life forms including yeast cells, fungal spores, seeds (Pinus pinea) and certain 

organisms such as tardigrades, produce significant amounts (up to 20% of the dry weight) of 

small carbohydrates before drying, such as trehalose or sucrose (Crowe et al. 1998). Firstly, 

sugars replace the water that is normally hydrogen-bonded to polar residues of biomolecules. 
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Secondly, they are involved in the formation of a stable glassy state, where biomolecules are 

immobilized and damaging chemical reactions are slowed down. Several theories exist for 

explain stabilization of biomolecules by sugars (Mensink et al. 2017; Weng et al. 2019). For 

examples, in case of proteins, these include vitrification hypothesis, water replacement 

hypothesis, water entrapment hypothesis and the preferential exclusion/hydration theory (Figure 

1.4). The vitrification model suggests that molecular motions of protein residues are immobilized 

in a rigid, amorphous glassy sugar matrix, thereby preventing the denaturation of the embedded 

protein (Green et al. 1989). The water replacement hypothesis suggests the replacement of 

hydrogen bonds with water surrounding biomolecules, and formation of a highly viscous matrix, 

where the native conformation of protein is maintained (Carpenter & Crown 1989). The theory of 

water entrapment implies that during dehydration sugar molecules help trapping water molecules 

inside protein residues, thereby preserving the hydration and native structure of the embedded 

protein (Belton et al. 1994). Lastly, the preferential exclusion/hydration theory suggests that the 

presence of sugar molecules results in preferential hydration of protein (i.e., exclusion of sugar 

molecules). Consequently, protein denaturation becomes thermodynamically unfavorable due to 

the increasing of the solvent (water), which is more accessible to the surface area of the proteins 

(Timasheff 2002).   

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.4: Mechanism of lyoprotectans. Hypothesized water replacement mechanism underlying 

the role of trehalose in preventing protein damage induced by dehydration. The water replacement 

hypothesis suggests the replacement of hydrogen bonds with water surrounding biomolecules, where 

the native conformation of protein is maintained. Adapted from Julca et al. 2012.  
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1.4 Use of in situ Fourier transform infrared spectroscopy to study dried 

samples 

 Fourier transform infrared spectroscopy (FTIR) represents an emerging powerful tool in 

the field of biomedical research. FT-IR provides a rapid, non-invasive and cost-effective platform 

to obtain a molecular fingerprint of samples based on the mass of the vibrating atoms upon 

interaction with infrared radiation (Finlayson et al. 2019). This allows that conformational 

changes of endogenous biomolecules can be simultaneously studied during freezing, heating, or 

dehydration (Wolkers et al. 2003; Wolkers et al. 2010). 

 In brief, after irradiation from infrared light, molecules are exited into a higher vibrational 

state. The wavelength of the light absorbed by a particular molecular group is a function of the 

energy difference between the ground and the excited vibrational states. Molecular vibrations fall 

into two main categories: stretching (where the distance between the two atoms and hence the 

bond length is affected) and bending (where bond lengths remain constant, but the bond angles 

change) (Figure 1.5). Additional classification of the types of motions includes two stretching 

modes, respectively symmetric and anti-symmetric. Bending vibrations include four types of 

motions; rocking, wagging, scissoring and twisting (El-Azazy et al. 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Modes of molecular vibrations. Symmetric (where the two atoms 

simultaneously move toward and away from the central atom) and anti-

symmetric (where one of the atoms move toward the central atom, while the 

second moves away from the central atom).Bending vibrations include four types 

of motions; rocking (the two atoms moving in-plane either clockwise or anti-

clockwise), scissoring (also in-plane, both atoms are simultaneously moving 

either toward each other or away from each other), wagging (out-of-plane, where 

both atoms simultaneously move like a V sign back and forth), and twisting (out-

of-plane, where one atom moves forward while the other moves backward). 

Adapted from El-Azazy et al. 2018.  
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An infrared spectrum represents a fingerprint of a sample with absorption peaks corresponding to 

the frequencies of vibrations between the bonds of the atoms making up the material. The signal 

obtained from the detector is an interferogram, which must be transformed in intensity versus 

wavenumber signal. The sample signal has to be compared with a background signal to obtain an 

infrared spectrum. The FTIR spectra are usually presented as plots of intensity versus 

wavenumber (in cm-1). The intensity can be plotted as the percentage of light transmittance or 

absorbance at each wavenumber (Ojeda & Dittrich 2012). An increasing number of studies assess 

the role of IR spectroscopy as a rapid non-invasive diagnostics tool (Finlayson et al. 2019). 

Conformational changes in protein secondary structure associated with heat-induced denaturation 

and relative contents of α-helical and β-sheet structures are visible as changes characteristic 

absorbance in amide I (Wolkers & Oldenhof 2020). The ability to monitor DNA conformation 

using FT-IR has increased our knowledge of different DNA conformational states in cells with 

important applications in disease diagnostics and reproductive medicine (Whelan et al. 2011, 

Oldenhof 2016).   

 

1.4.1 Machine Learning-Empowered FTIR Spectroscopy  

Multivariate data from infrared spectroscopy consists of high number of spectra from a variety of 

samples, with different values of absorbance at different wavenumbers. Each variable may be 

associated to a different dimension; n variables (wavenumbers and/or absorbance) of each sample 

may be associated at a unique position in an abstract entity referred as n-dimensional hyperspace, 

which is difficult to visualise. Thus, dimensionality reduction of data is needed (Goodacre 2003). 

The developments made lately through the new machine learning approaches have increased the 

accuracy of the information contained in big dataset, with minimal loss of information thereby 

allowing an easy and immediate interpretation (Bonnier et al. 2012). For example, approaches 

such as Principal component analysis (PCA) are commonly used for large spectral data sets, 

allowing a clear discrimination between samples and/or regions of a sample, according to 

differences in their biochemical content and identification of the spectral features with the highest 

degree of variability (Bonnier et al. 2012). PCA generally work according to the following 2 

steps: 

(1) calculating the correlation matrix of the original data; 
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(2) performing eigenvalue decomposition on the correlation matrix. 

The new founded variables, so-called principal components are linear combinations of the 

original variables and represent the variance of the data. The first principal component (PC1) 

represents the maximum variance direction in the data. The second principal component (PC2) is 

oriented such that it reflects the second largest source of variation in the data, while being 

orthogonal to the first PC. The final results of a PCA are discussed in terms of component scores 

(the transformed variable values corresponding to a particular data point) and loadings plots, 

which give a representation of the spectral origin of the variations that cause differentiation 

between groups according to the wavenumbers. Machine learning-assisted FTIR spectroscopy 

using PCA was successfully used to discriminate serum obtained from healthy, allergic, and 

allergen-specific immunotherapy (SIT) patients, demonstrating great potential for a rapid clinical 

monitoring of allergic patients (Korb et al. 2020). The need for examining new non-invasive 

ways to assess sperm cells, slight on the light on a new approach that combines label-free 

imaging and artificial intelligence to obtain non-destructive markers for reproductive outcomes 

(Kandel et al. 2020).  

 

1.5 Aims and outline of the thesis  

The central aim of this thesis was to evaluate the feasibility to store biospecimens in a dry state 

for diagnostic applications as well as for applications in reproductive and regenerative medicine. 

The specific aims were: 

1. Evaluate macromolecular stability of biomolecules in dried bodily fluids. 

2. Study possible conformational changes of biomolecules induced by drying. 

3. Assessment of storage-induced oxidative damage caused by reactive oxygen species. 

4. Identify effects of lyoprotectants on stability and conformational changes of 

biomolecules. 

5. Establish a filter drying method for saliva samples and evaluate biomolecular stability. 

6. Identify conformational changes in sperm DNA in response to drying and temperature 

changes. 
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 In chapter 2 entitled “Increasing storage stability of freeze-dried plasma using trehalose”, 

which has been published in “Plos ONE”, human plasma was freeze-dried with or without sugars 

and stored under different conditions. The plasma turbidly, as measure of protein aggregation of 

rehydrated samples was determined using Uv-Vis spectrophotometry. In the absence of sugars, 

freeze-dried plasma samples were shown to have high turbity values (abs 550 nm). Use of sugars 

reduced protein aggregation in a dose-dependent manner, and pre-treatment of samples in a 10% 

(w/v) sugars solution prior to freeze-drying was found to be sufficient to prevent freeze drying 

induced protein aggregation. Additionally, freeze-drying without protectants resulted in alteration 

of the overall as indicated as high contents of β-sheet structures and increase of reactive oxygen 

species in the dried state. Use of trehalose was found efficient to reduce the rate of protein 

secondary structure alteration and reduction in protein oxidation products during different storage 

conditions.  

 In chapter 3 entitled “Spectral Fingerprinting to Evaluate Effects of Storage Conditions on 

Biomolecular Structure of Filter-Dried Saliva Samples and Recovered DNA"”, which has been 

published in the journal “Scientific Reports”,  human saliva was dried on filters both under 

ambient (in field) and laboratory conditions using sucrose as lyoprotective agent. Samples were 

stored under different conditions, i.e. varying relative humidity (RH) and temperature. In addition 

to assessment of different cell types in saliva and DNA contents, spectral analysis was performed 

to evaluate the effects of drying and storage on biomolecular structure characteristics of saliva. 

FTIR analysis showed that saliva dried without a lyoprotectant exhibits a higher content of 

extended β-sheet structures compared to samples that were dried with sucrose, which implies that 

sucrose prevents dehydration induced protein aggregation. Characteristic bands arising from the 

DNA backbone among differently stored samples were investigated using principal component 

analysis (PCA), which allowed a clear discrimination between groups with/without sucrose as 

well as different storage durations and conditions. Saliva dried on filters in the presence of 

sucrose exhibits higher stability during storage both under ambient and accelerated aging 

conditions (>75% RH).  

 In chapter 4 entitled “Drying and temperature induced conformational changes in nucleic 

acids and sperm chromatin in trehalose preservation formulations” is being prepared as a 

manuscript for publication. Here, equine sperm was dried by heating at different temperatures 

with or without protective formulations. Different drying rates as well as different storage 
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temperatures were investigated. The beneficial effects of adding reducing (glucose) or non-

reducing sugars (sucrose or trehalose) alone or in combination with albumin were tested and 

applied to enhance chromatin structure stability in dried sperm samples. The extent of oxidative 

damage and DNA fragmentation were studied during drying of samples with and without 

protective formulations and subsequent storage. Drying-induced conformational changes in 

sperm DNA were investigated using Fourier transform infrared (FTIR) spectroscopy, in order to 

identify characteristic molecular markers for sperm. In addition, IR spectroscopy combined with 

principal component analysis (PCA) was used to evaluate storage stability of dried sperm 

samples by investigating specific changes within the DNA spectral regions. 
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2.1 Abstract  

 Preservation of blood plasma in the dried state would facilitate long-term storage and 

transport at ambient temperatures, without the need of to use liquid nitrogen tanks or freezers. 

The aim of this study was to investigate the feasibility of dry preservation of human plasma, 

using sugars as lyoprotectants, and evaluate macromolecular stability of plasma components 

during storage. Blood plasma from healthy donors was freeze dried using 0−10% glucose, 

sucrose, or trehalose, and stored at 4−60°C for more than one month. Differential scanning 

calorimetry was used to measure the glass transition temperatures of freeze-dried samples. 

Protein aggregation, the overall protein secondary structure, and oxidative damage were studied 

under different storage conditions. Differential scanning calorimetry measurements showed that 

plasma freeze-dried with glucose, sucrose and trehalose have glass transition temperatures of 

respectively 72±3.4°C, 46±11°C, 15±2.4°C. It was found that sugars diminish freeze-drying 

induced protein aggregation in a dose-dependent manner, and that a 10% (w/v) sugar 

concentration almost entirely prevents protein aggregation. Protein aggregation after rehydration 

coincided with relatively high contents of -sheet structures in the dried state. Trehalose reduced 

the rate of protein aggregation during storage at elevated temperatures, and plasma that is freeze- 

dried plasma with trehalose showed a reduced accumulation of reactive oxygen species and 

protein oxidation products during storage. In conclusion, freeze-drying plasma with trehalose 

provides an attractive alternative to traditional cryogenic preservation. 

 

2.2 Introduction  

 Human plasma is used for treatment of diseases and diagnostics. Plasma contains 

coagulation factors (e.g. factor VIII, factor IX), albumin, and immunoglobulins, and can be used 

to administer missing blood components in patients (Burnouf 2018). Different types of diagnostic 

analyses that can be performed on plasma samples include screening of protein biomarkers (i.e. 

apolipoproteins and glycoproteins) and assessment of plasma or serum immunoglobulin G (IgG) 

content which is associated with specific diseases (Kudo et al. 2012, Garbett et al. 2015, 

Kitamura et al. 2017).  



 

20 
 

 If plasma is stored at −20°C for more than 7 days, samples exhibit protein aggregation, 

and increased proline and glucose contents, which is mainly due to oxidation and acid-base 

driven hydrolyses reactions as well as enzymatic activities causing changes in plasma metabolite 

concentrations (Pinto et al. 2014). Therefore, plasma samples should preferably be stored at 

−80°C or in liquid nitrogen (Qualman et al. 2004), where molecular mobility and damaging 

reactions are drastically slowed down. No degradation of plasma proteins has been reported in 

plasma samples stored at −80°C or in liquid nitrogen for up to 6 years (Shabihkhani et al. 2014).  

Storage of human plasma in the dried state, would allow long-term storage under ambient 

conditions (i.e. at room temperature), providing an interesting alternative approach for cryogenic 

preservation. Besides reducing the costs and carbon footprint associated with storage in liquid 

nitrogen, storage in the dried state can be used in non-laboratory settings where cryogenic storage 

is not an option (e.g. non-hospital settings, battlefield medicine, and in underdeveloped countries 

or areas with limited infrastructures).  

 Human plasma preserved in a dried state, first appeared in the medical literature in the 

1930s, and was used by American armed forces in World War II and in the Korean War (Pusateri 

et al. 2016). However, many cases of hepatitis transmission have led to a temporary stop in the 

use of freeze-dried plasma. This was not related to the drying procedure per se, but to the risk of 

pathogen transmission when using pooled plasma products (Steil et al. 2008). Pathogen reduction 

methods dramatically improved the safety profiles, and dried plasma is currently used by the 

French Military and the German Red Cross for both military and civilian emergency medical 

applications (Pusateri et al. 2016). When freeze-dried plasma is analyzed after long-term storage 

under different conditions, levels of clotting factors (except for factor V and INR) do not exceed 

standard range values for the duration of its shelf life (Zur et al. 2019). However, many clinical 

trials aiming to investigate feasibility of dried plasma are still in process, including regulatory 

pathway, logistical and product issues (Buckley et al. 2019). Preclinical investigation of dried 

plasma in hemorrhagic shock and traumatic endotheliopathy models, support the needs of future 

studies for dried plasma (Potter et al. 2015). 

 Exposure of biological specimens to freezing and/or drying may result in drastic changes 

in their chemical and physical properties (Carpenter et al. 1987, Crowe et al. 1990). Molecular 

interactions typically change during lowering the temperature and removal of bound water, 

resulting in biomolecular phase and structural changes as well as aggregation (Weng et al. 2018). 



 

21 
 

In addition, reactive oxygen species (ROS) such as superoxide anion radicals accumulate, which 

in turn may react with biomolecules (i.e. lipids, proteins, nucleic acids) therewith impairing their 

function and recognition sites (Luo et al. 2008). Oxidative damage of proteins results in 

formation of protein carbonyl groups, and assessment of their content can be used as a marker of 

overall protein oxidation (Weber et al. 2015). Freeze-drying requires specific protective agents, 

referred to as lyoprotective agents. The disaccharides sucrose and trehalose, which can be found 

in high concentrations in anhydrobiotic organisms (Crowe et al. 2005, Watanabe 2006), function 

as osmoprotectants during freezing, replace water that surrounds biomolecules during drying, and 

facilitate the formation of a protective glassy state (Crowe et al. 1990, Loi et al. 2013). 

Stabilizing excipients for freeze-dried plasma such as sucrose, trehalose, sorbitol, mannitol and 

glycine have been evaluated under accelerated aging storage conditions (Bakaltcheva et al. 2007). 

Interestingly, glycine outperformed the sugars in this study, but only one concentration was 

tested. Other studies based on of C4B peptide cleavage, where no stabilizing excipients were 

used, showed that freeze-drying followed by room temperature storage, was equally effective in 

preventing plasma protein degradation compared to frozen storage at −80˚C, for up to 1 year 

(Dufresne et al. 2017). However, pre-lyophilization processing (e.g. use of protease inhibitors) is 

necessary to avoid C4B degradation, so this study does not accurately reflect the stability of most 

plasma proteins. Dried plasma specimens have been successfully used for immunodetection of 

hepatitis (Poe et al. 2018) and quantification of HIV coding ribonucleic acids (Vaughan et al. 

2006). However, little is known about the storage stability of plasma proteins and other 

components during long-term storage in the dried state (Steil et al. 2008).  

 The aim of this study was to investigate the possible beneficial effects of using sugars 

(glucose, sucrose, trehalose) as protectants for freeze-drying of blood plasma. Differential 

scanning calorimetry was used to determine glass transition temperatures of freeze-dried samples. 

The extent of protein aggregation before and after freeze-drying, storage and rehydration was 

evaluated from turbidity measurements, and the protein secondary structure was evaluated using 

Fourier transform infrared spectroscopy (FTIR) combined with principal component analysis 

(PCA). In addition, oxidative damage (i.e. accumulation of reactive oxygen species and protein 

carbonyl groups) was studied in plasma samples with/out trehalose, and during 

hydrated/frozen/dried storage at different temperatures. 
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2.3 Materials and Methods  

2.3.1 Plasma samples, freeze-drying and dry storage conditions  

 Plasma was provided by the Institute for Transfusion Medicine of the Hannover Medical 

School. Human plasma was obtained from healthy volunteers with informed consent. Use of 

human blood was carried out after ethical approval according to legal provisions and rules of the 

Hannover Medical School. Plasma was prepared from whole blood donations using heparin as 

anticoagulant. Blood was mixed with saline-adenine-glucose-mannitol (SAGM) as preservative 

solution. Plasma was obtained by centrifugation of anti-coagulated whole blood and taking the 

supernatant as plasma fraction. For studies on pure immunoglobulin G (IgG), human IgG was 

purchased (Lee Biosolutions Inc) as freeze-dried powder and reconstituted according to 

instructions provided by the manufacturer; in phosphate buffered saline (PBS), at 10 mg mL−1. 

Prior to use, frozen plasma aliquots (50 mL) were thawed by incubation for 30 min at 37°C, 

where after further handling was done at room temperature. Plasma was divided into smaller 

samples for adding protective agents, which included glucose (Sigma-Aldrich), sucrose (Roth) 

and trehalose (Cargill). Two-fold strength protective formulations [0/5/10/20% (w/v) sugar] were 

prepared in water to obtain final concentrations up to 10% (w/v) after mixing 1/1 (v/v) with 

plasma. Freeze-drying of 1 mL samples was done in 2R injection glass vials, using a lyophilizer 

with temperature-controlled shelves (Virtis Advantage Plus Benchtop freeze dryer; SP scientific). 

Samples were cooled from room temperature down to −30°C at 1°C min−1, after which 

specimens were kept at −30°C for 2 h. Primary drying was performed for 5 h at a temperature of 

−30°C and a pressure of 60 mTorr. For secondary drying, the shelf temperature was increased to 

40°C at 0.1°C min−1 and samples were maintained at 40°C and 60 mTorr for 12 h, after which the 

temperature was reduced and kept at 20°C until samples were taken out. After lyophilization, 

samples were either directly analyzed or stored under different conditions. Samples were 

rehydrated by adding 1 mL water. Freeze-dried samples were vacuum-sealed to prevent moisture 

uptake during storage; and stored in darkness for up to 40 days at different temperatures.  

2.3.2 Turbidity measurements for simple analysis of protein structure  

 Freeze-drying induced protein aggregation tends to increase sample turbidity. This can be 

analyzed by measuring the absorbance at a specific wavenumber as a measure for the extent of 
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light scattering. Absorbance measurements, for hydrated, freeze-dried and stored plasma and IgG 

samples were done using a UV/VIS Libra S60PC spectrophotometer (Biochrom Inc) and 

Nanodrop 2000 spectrophotometer (Thermofisher Scientific), respectively, at 550 and 350 nm as 

described elsewhere (Hawe et al. 2009, Horn et al. 2019). Freeze-dried samples were rehydrated 

just prior to analysis.  

2.3.3 Analysis of accumulation of oxidative damage, using nitroblue tetrazolium  

 Accumulation of reactive oxygen species (ROS) during storage of plasma samples was 

analyzed using nitroblue tetrazolium (NBT; Roth). Upon reaction with ROS, formazan is formed 

which is visible as a blue coloration and can be quantified spectrophotometrically. NBT (10 mg 

mL‒1) was first dissolved in PBS (at room temperature for 1 h, while stirring/mixing), after which 

the solution was passed through a 0.2-m filter for removing particles. NBT was added to plasma 

samples, prior to freeze-drying. This was done by adding together: 0.250 mL plasma, 0.125 mL 

freshly prepared NBT solution and 0.125 mL water or four-fold lyoprotectant formulation; 

resulting in a final sample volume of 0.5 mL, up to 10% (w/v) sugar, and 2.5 mg mL−1 NBT. To 

quantify formazan production, after rehydration with 0.5 mL water, samples were incubated for a 

defined duration (30 min at 37°C), after which formazan was solubilized in dimethyl sulfoxide 

(0.5 mL) and samples were centrifuged to remove debris. Absorbance values at 530 nm were 

measured spectrophotometrically (Xu et al. 2002).  

2.3.4 Determination of the total protein and protein carbonyl content  

 Plasma total protein contents were determined using a commercially available 

bicinchoninic acid (BCA) assay; according to the instructions provided by the manufacturer 

(Pierce). In short, 50 µL plasma sample with(out) trehalose was added to 200 µL freshly prepared 

BCA working reagent [composed of reagent A and B, 50/1 (v/v)]. Samples were incubated for 30 

min at 37°C, after which the absorbance was measured spectrophotometrically at 570 nm. BSA 

was used for preparing a standard curve (0−2 mg mL−1). Plasma protein carbonyl contents were 

analyzed using previously described (Levine et al. 1990), using a commercially available kit 

(Sigma-Aldrich). With this assay, protein carbonyl groups reacting with added 2,4-

dinitrophenylhydrazine (DNPH) will give rise to the formation of dinitrophenyl hydrazine 
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adducts, which can be quantified spectrophotometrically at 375 nm. Briefly, plasma samples (100 

µL) were mixed with DNPH solution (100 µL). After 10 min incubation at room temperature, 

trichloroacetic acid (30 µL) was added, samples were vortexed, centrifuged (13,000×g, 2 min), 

and the pellet with precipitated proteins was washed with ice-cold acetone (500 µL). Then, 

200µL 6 M guanidinium hydrochloride was added and samples incubated at 60℃ (10 min) until 

the pellet was dissolved. Absorbance values at 375 nm were recorded and the carbonyl content 

could be calculated using the molar absorption coefficient (22,000 M−1 cm−1). Values were 

expressed with respect to the total protein content of the sample.  

2.3.5 Determination of the plasma IgG  

 The total IgG content of plasma samples was determined using a commercially available 

enzyme linked immunosorbent assay (ELISA) kit (Novateinbio); according to the instructions 

provided by the manufacturer. This kit consists of a 96 well microplate coated with an antibody 

against human IgG. In short, plasma samples (100 µL) were added in the wells and incubated for 

2 h at room temperature. The plate was washed (3×), followed by 2 h incubation with anti-IgG 

antibody. After washing (3×), streptavidin-HRP solution was added followed by a 30 min 

incubation. Finally, after washing (3×), 3,3′,5,5′-tetramethylbenzidine (TMB) substrate solution 

was added and the change in absorbance at 405 nm was measured after 15 min, using a 

microplate reader (BioTek Instruments Inc). IgG (see above) was used for preparing a standard 

curve (0−80 µg mL−1). 

2.3.6 Analysis of protein secondary structure using Fourier transform infrared 

spectroscopy 

 The overall protein secondary structure of plasma samples freeze-dried with different 

sugars was studied using Fourier transform infrared spectroscopy (FTIR). Infrared spectra were 

recorded using a Nicolet iS5 FTIR spectrometer (Thermo-Fisher), equipped with a triglycine 

sulfate detector and an attenuated total reflection (ATR) accessory, with pressure arm and a 

diamond/ZnSe crystal. Dry material was pressed on the ATR-crystal using similar conditions for 

all samples tested. Spectra acquisition parameters were: 4 cm−1 resolution, 8 co-added 

interferograms, 4000−650 cm−1 wavenumber range, and an automatic CO2/H2O vapor correction 
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algorithm. Spectra analysis was done using Omnic software (Thermo-Fisher). Freeze-dried 

specimens were analyzed directly after the freeze-drying process as well as after storage at 

different temperatures and/or for different durations.. In order to evaluate the overall protein 

secondary structure, the 1700–1600 cm−1 spectral region, containing the amide-I absorbance 

band, was selected and normalized. Second derivative spectra were processed with a 21-point 

smoothing factor, using the Savitzky-Golay method. This was done to better resolve the 

absorbance bands representing -helical and -sheet structures at ~1650 and ~1630 cm‒1, 

respectively. Differences amongst samples were quantified by calculating the ratio of the 

intensities of these bands [i.e. I(ν1630)/I(ν1650)]. 

 In addition, principal component analysis (PCA) was used to analyse FTIR spectra 

obtained from the different treatment groups. PCA allows assessing differences among treatment 

groups, by applying multivariate analysis and reducing the number of variables in a 

multidimensional dataset (Bonnier et al. 2012). The main goal of PCA is to obtain a small set of 

principal components (PC) that explain the most variability on these data sets. Prior to 

performing PCA, the protein spectral region between 1700 and 1600 cm−1 was selected and 

subjected to a linear base line correction and vector normalization. Vector normalization is 

carried out in the following way: spectra are first mean-centred, i.e. the average value of the 

absorbances is calculated for the selected spectral region. This value is then subtracted from the 

spectrum. Then, the spectra are scaled such, that the sum squared deviation over the indicated 

wavelengths equals one:  

(1) 𝑎𝑚 =
∑ 𝑎𝑘 (𝑘)

𝑁(𝑘)
 

(2) 𝑎´(𝑘) = 𝑎(𝑘) − 𝑎𝑚 

(3) 𝑎´´(𝑘) =
𝑎´(𝑘)

√∑ (𝑎´
𝑘 (𝑘))2

 

(4) ∑ (𝑎´´
𝑘 (𝑘))2 = 1 

where a(k) reflects the spectral intensity at wavenumber k, and N(k) the total number of discrete 

wavenumbers in the selected spectral region. PCA was performed using MATLAB (Mathworks). 

Plots were constructed in which principal component (PC) 1 was plotted versus PC2, to 

graphically visualize differences among treatment-groups. 
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2.3.7 Thermal analysis of freeze-dried plasma samples using differential scanning 

calorimetry  

 Differential scanning calorimetry (DSC) measurements were carried out using a Netzsch 

DSC 204F1 Phoenix instrument (Netzsch Geraetebau GmbH). Calibration was performed using 

adamantane, bismuth, indium, zinc, selenium, and cesium chloride, according to the instructions 

provided by the manufacturer. An empty pan was used as a reference sample. For analysis of 

freeze-dried plasma with(out) lyoprotectants, 10 mg material was added into a 25-µL aluminum 

DSC pan. The sample weight was determined using a microbalance, and pans were sealed 

hermetically. Samples were cooled from 20°C down to ‒30°C followed by heating to 120°C, 

both at 10°C min−1, while monitoring the heat flow. Samples were exposed to cooling-and-

heating twice, and held at ‒30°C and 120°C for 10 min. The first scan was used to obtain a 

uniform sample, whereas glass transition temperatures (Tg-values) were determined from the 

second heating scan. DSC thermograms were analyzed using Proteus thermal analysis software 

(Netzsch Geraetebau GmbH), and the Tg was determined as midpoint of the temperature range in 

which the glass transition occurred. Sample dry weights were determined after DSC analyses, 

after piercing pans and overnight incubation in an incubator set at 80°C. The sample water 

content (WC; in g water per g dry weight) was determined by comparing the original/fresh and 

dry weight:  

(5) WC =  
[(FW+P)−P]−[(DW+P)−P]

[(DW+P)−P]
 

here FW and DW represent respectively the fresh and dry weight of the sample, and P the weight 

of the DSC pan (all in g).  

2.3.8 Statistical analysis 

 Experiments were performed at least in triplicate, unless otherwise stated, using different 

plasma units. Data are reported as means ± standard deviations. To determine if differences 

amongst sample characteristics are statistically significant (p<0.05), analysis of variance 

(ANOVA) was used followed by Tukey’s multiple comparisons test.  
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2.4 Results 

2.4.1 Thermal analysis of freeze-dried plasma samples using differential scanning 

calorimetry  

 Freeze-dried samples had a water content of 0.07±0.01 g H2O g DW−1. Figure 2.1 shows 

DSC thermograms of plasma freeze-dried without and with 10% (w/v) sugar. Tg-values were 

determined as the midpoint temperature at which the change in specific heat coinciding with the 

transition from glassy-to-liquid state occurred. It was determined that plasma samples freeze-

dried with trehalose exhibited the highest Tg (72±3.4°C) followed by sucrose (46±11°C) and 

glucose (15±2.4°C). This implies that plasma samples freeze-dried with trehalose or sucrose will 

be in a glassy state if stored under ambient conditions. For trehalose, there is a greater difference 

between the storage temperature and Tg, which could be beneficial for storage under suboptimal 

conditions. Therefore, trehalose was selected for further studies on storage stability of plasma 

samples.  
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Figure 2.1: Glass transition temperatures of freeze-dried plasma samples. DSC 

thermograms of plasma samples that were freeze-dried without protectants (green), or 

freeze-dried with 10% glucose (blue), sucrose (orange), or trehalose (red). Representative 

thermograms are shown (A). Tg-values were determined as the midpoint of the 

temperature ranges were glass transition occurred. Measurements were done in triplicate, 

and mean values ± standard deviations are presented (B). 
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2.4.2 Freeze-drying-induced protein aggregation is prevented if sugars are added to 

plasma  

 Protein aggregation in human plasma causes a change in sample turbidity, which is visible 

as an increase in light scattering. It was investigated if freeze-drying increases turbidity (caused 

by protein aggregation) and if this can be avoided by using lyoprotectants. In Figure 2.2A−B, it 

can be seen that turbidity of samples freeze-dried without protectant is increased after 

rehydration; A550-values were increased two-fold as compared to samples not exposed to freeze-

drying. Plasma supplemented with sugars prior to freeze-drying, displayed a dose-dependent 

decrease in turbidity with increasing sugar concentration. Glucose, sucrose and trehalose appear 

to be equally effective in diminishing protein aggregation, and when using a 10% sugar 

concentration, plasma turbidity/A550-values were found to be similar compared to those before 

freeze-drying. Variation amongst plasma units obtained from six different units was investigated 

using three technical replicates each (Table 1.1). Significant differences in plasma turbidity were 

found amongst plasma from different donors prior to freeze-drying, but the trend after freeze-

drying and rehydration was the same for all batches. Statistical analysis revealed no significant 

differences in A550-values before and after freeze-drying when a 10% glucose or sucrose was 

used, whereas for 10% trehalose there was still a small/significant difference in turbidity seen for 

3 out of 6 donors. Evaluation of plasma samples after 7 days dried storage at different 

temperatures (Figure 2.2C), revealed that plasma freeze-dried with 10% trehalose, exhibited no 

changes in turbidity/protein aggregation upon rehydration, irrespective of the storage 

temperature. In addition to a higher initial value, for plasma freeze-dried without protectants, 

turbidity upon rehydration increased with increasing storage temperature. It should be noted that 

for practical reasons frozen plasma was used here, so samples that were used for freeze-drying 

first underwent a freeze-thaw cycle. In case of freeze-drying pure IgG, a similar trend was 

observed as seen for plasma samples. Freeze-drying-induced turbidity/protein aggregation could 

be prevented by adding 10% sugar (Figure 2.2F). It should be noted that IgG is sold as a 

lyophilized powder using salts as excipient, which can also prevent freeze-drying induced IgG 

aggregation.  
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Figure 2.2: Turbidity of plasma after freeze-drying and rehydration .Human plasma (A−C) and pure IgG 

(D,E) were freeze-dried without (green) protectants as well as 2.5−10% glucose (blue), sucrose (orange) or 

trehalose (red). Samples were analyzed before (bars with diagonals) and directly after (filled bars) freeze-drying 

(A,B,D,E) or after 7 d dried storage at temperatures ranging from 4−60°C (C). Protein aggregation was evaluated 

by means of turbidity as the absorbance at 550 nm (human plasma) or 350 nm (IgG). Mean values ± standard 

deviations are presented. For plasma, three technical replicates were performed for plasma obtained from six 

different donors. For IgG, measurements were done in triplicate. 
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2.4.3 Freeze-drying-induced changes in protein secondary structure can be prevented 

by sugars  

 FTIR was used to study the overall protein secondary structure of freeze-dried plasma 

(Figure 2.3). In case samples were freeze-dried with sugars, glass formation is evident from the 

broad shape of the OH-stretching vibration band (3600−3000 cm−1). In addition, sugar specific 

peaks can be found in the fingerprint region ranging from 1500−900 cm−1. To reveal possible 

differences in protein secondary structure amongst samples, the amide-I wavenumber region 

(1700‒1600 cm−1) was inspected. Normalized second derivative spectra were calculated to 

determine the contributions of α-helical and β-sheet structures, at respectively 1650 and 1630 

cm−1. In Figure 2.3B, it can be seen that freeze-dried plasma without protectant exhibits a higher 

relative content of β-sheet structures as compared to freeze-dried plasma supplemented with 10% 

sugar. Formation of β-sheet structures, expressed as the β-sheet versus α-helix band intensity 

ratio I(ν1630)/I(ν1650), decreases with increasing sugar concentration (Figure 2.3C).  

Table 1.1:. Spectroscopic analysis of plasma turbidity (i.e. absorbance at 550 nm), both before and after freeze-drying of 

plasma without supplements (-) as well as supplemented with 2.5−10% glucose (GLU), sucrose (SUC) or trehalose (TRE). 

Plasma from six different donors was analyzed (L1−6), with performing three technical replicates each. Mean ± standard 

deviations are presented, while statistically significant (p<0.05) differences amongst the time point of analysis (i.e. pre 

versus post freeze-drying) are indicated with an asterisk, and those between different sugar concentrations used (post 

freeze-drying data only) are indicated with different superscript letters. Values between different donors were statistically 

significant for all cases. 
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 PCA was conducted on the amide-I region to corroborate the differences that can be 

observed in the spectra (Fig 2.3D). PCA is used to reveal differences among different treatment 

groups, which cannot be easily picked up in the raw spectra. PCA reduces the large 

multidimensional FTIR dataset by geometrically projecting spectral data sets (wavenumber 

versus intensity plots) into lower dimensions, so called principal components (PCs), to obtain a 

reduced data set that can be more easily visualized and analyzed. The first principal component 
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Figure 2.3: Infrared spectroscopic analysis of freeze-dried plasma.Infrared spectroscopic 

analysis of plasma freeze-dried without protectants (green), or freeze-dried with glucose (blue), 

sucrose (orange), or trehalose (red). Full original spectra are presented (A) as well as normalized 

second derivative spectra of the amide-I protein region (B). To reveal relative contributions of α-

helical and β-sheet structures at ~1650 and ~1630 cm‒1, respectively, band intensity ratios were 

calculated; for plasma freeze dried with increasing trehalose concentrations, as well as 10% 

glucose and sucrose (C). Furthermore, the amide-I protein region (1700−1600 cm‒1) was 

subjected to PCA and scores plots of the first two principal components were prepared (D). 

Measurements were repeated 3−6 times, and mean values ± standard deviations are presented. 
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(PC1) represents the maximum variance in the data set. Usually, one principal component is 

insufficient to model the systematic variation of a data set. Thus, a second principal component 

(PC2), which is orthogonal to PC1, is needed. Score plots, of PC1 versus PC2, can thus be used 

to reveal spectral differences among treatment groups (i.e. with or without sugars) as they appear 

in different clusters. PC1 describes most of the observed variance (~79%) and allows a clear 

discrimination between plasma freeze-dried with and without sugars. Moreover, plasma samples 

freeze-dried with sugars exhibit more compact score plots, indicating they are more 

homogeneous. 

2.4.4 Plasma protein aggregation, secondary structure and IgG content during storage  

 As described above, plasma turbidity increased in samples freeze-dried without 

protectants, and freeze-drying-induced protein aggregation can almost entirely be prevented if 

plasma is freeze-dried with 10% trehalose. Turbidity of freeze-dried samples without protectants 

increases with time and temperature (1.77±0.48 at 37°C and 2.20±0.05 at 60°C versus 1.50±0.23 

at room temperature; Figure 2.4A). In contrast, it was found that the temperature dependent 

increase in protein aggregation could be prevented if plasma samples were freeze-dried with 

trehalose. When trehalose was added, there was only a minor increase in turbidity with increasing 

temperature (0.85±0.16 at 37°C and 0.96±0.06 at 60°C versus 0.77±0.14 at room temperature; 

Figure 2.4A). However, no differences in IgG contents were observed. The total IgG content of 

hydrated and freeze-dried samples, which were stored for 30 d at ambient temperature, were 

similar as those determined for samples stored frozen at −80°C, and no differences were seen for 

specimens supplemented with(out) trehalose (Figure 2.4B). Whereas the overall protein 

secondary structure of plasma shows signs of increased contents of β-sheet structures without 

protective measures, no further changes were observed during storage. The relative content of β-

sheet structures and I(ν1630)/I(ν1650) band ratio remained unaffected (Figure 2.5B), during 

storage for 6 weeks (at room temperature as well as 37℃).  
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(A). IgG contents were determined for plasma samples after 30 d storage; for 
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samples stored at −80°C. Mean values ± standard deviations are presented from 

replicate measurements performed using plasma from three different donors. 
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Figure 2.5: Infrared spectroscopic analysis of freeze-dried plasma during 

storage. Storage-related changes in infrared spectra of plasma freeze-dried without 

protectants (green) or with 10% trehalose (red). Spectra were acquired immediately 

after freeze-drying (solid lines) as well as 6 weeks storage (dashed lines) at 22°C; and 

normalized second derivative spectra were calculated for the 1700−1600 cm−1 region 

(A). The ratio between the band intensities at ~1630 and ~1650 cm‒1, representing 

respectively α-helical and β-sheet structures, was calculated to reveal changes in the 

protein secondary structure during storage at 22 or 37°C (B). Mean values ± standard 

deviations were calculated from three replicates/measurements performed using 

plasma from three different donors. 
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2.4.6 Assessment of oxidative damage in plasma samples during hydrated and dried 

storage, without and with protective agents added 

 Accumulation of ROS, in hydrated as well as dried plasma samples was evaluated during 

storage using two different approaches. First NBT-formazan formation was monitored, and it was 

found that plasma freeze-dried with trehalose exhibits a lower amount of ROS and formazan 

accumulation as compared to samples freeze-dried without protectants, especially for specimens 

stored at temperatures up to 37°C. ROS accumulation in plasma freeze-dried without protectants 

appeared similar as in hydrated samples (Figure 2.6A). A similar trend was seen for protein 

oxidation and carbonyl contents of plasma samples. Plasma protein carbonyl contents after 30 d 

storage at 37°C were lowest for freeze-dried samples with trehalose whereas freeze-dried samples 

without protectants and hydrated samples exhibited higher and similar protein carbonyl contents 

(Figure 2.6B). Moreover, plasma protein carbonyl contents for samples subjected to freeze-

drying with trehalose and 30 d storage were found to be similar compared to those of plasma not 

subjected to freeze-drying or storage.  
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Figure 2.6: Oxidative damage of freeze-dried plasma during storage. 

Accumulation of oxidative stress/damage as ROS (A) and protein carbonyl contents 

(B), in plasma samples during hydrated storage (circles) as well as storage in the 

freeze-dried state (squares). Plasma without supplements (green) as well as 

supplemented with 10% trehalose (red), was stored at temperatures ranging from 

4−60°C for 7 d (A) or 30 d at 37°C (B). In case of determining plasma carbonyl 

contents also fresh specimens were analyzed (bars with diagonals) Mean values ± 

standard deviations are presented for replicate measurements using plasma obtained 

from three different donors. 
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2.5 Discussion 

 In this study it was found that protein aggregation and conformational changes in human 

plasma subjected to freeze-drying, can be prevented by adding sugars. The drying-induced 

increase in plasma turbidity, and concomitant changes in overall protein secondary structure, can 

almost entirely be prevented using 10% (w/v) glucose, sucrose or trehalose. DSC analysis 

confirmed that plasma freeze-dried with trehalose is in a glassy state at room temperature. 

Storage in a glassy state decreases the extent of protein aggregation and oxidative damage versus 

time. The glass transition temperature of glucose appears to be too low for room temperature 

storage. Moreover, glucose is a reducing sugar and thus reacts with proteins via Amadori and 

Maillard reactions (Murthy and Sun 2000). These reactions can even occur in dried samples. 

Trehalose and sucrose have been widely used to stabilize biomolecules in numerous 

pharmaceutical and medical applications (Ohtake et al. 2011, Wolkers et al. 2003). Trehalose 

increases the shelf life of freeze-dried (recombinant) proteins and nucleic acids even if samples 

are stored at elevated temperature (Page et al. 2000, Zhang et al. 2017, Ozgyin et al. 2018). 

Albumin is the most abundant plasma protein and combining sugars with albumin increases the 

Tg and average strength of hydrogen bonding within the glassy matrix compared to that of sugars 

alone (Sydykov et al. 2018). This in turn has been associated with decreased molecular 

mobility/viscosity, which has beneficial effects during long-term storage (i.e. slowing damaging 

chemicals reactions).  

 Turbidity measurements after rehydration appeared a simple method to investigate the 

effects of freeze-drying on plasma samples. Increased turbidity upon rehydration coincided with 

increased contents of β-sheet structures in the dried state. Protein aggregation is undesirable if 

plasma is to be used in medical applications (i.e. transfusion). Also for diagnostic purposes, 

protein conformational changes may interfere with certain assays. For example, protein/antibody 

and nucleotide recognition sites may be masked or damaged. Application of ELISA for 

assessment of IgG contents after freeze-drying and storage, when measured with ELISA, 

revealed no differences as compared to assessments done on hydrated samples or frozen controls. 

Its applicability for recognition of specific sites (i.e. relevant for disease diagnostics), however, 

needs to be determined. The HRP-conjugated protein used here for recognizing IgG has been 

described before to also bind in case of some extent of aggregation (Heljo et al. 2013). Plasma 

epitopes are not masked and are still recognized by the HRP-conjugated protein. 
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 It is well known that sugars are able to preserve proteins in a stable glassy state, which is 

formed upon drying (Randolph et al. 2004). Several theories exist that explain stabilization of 

proteins by sugars (Mensink et al. 2017). These include replacement of hydrogen bonds with 

water surrounding biomolecules, and formation of a highly viscous matrix, which slows down 

damaging reactions. Among the group of disaccharides, especially trehalose has been implicated 

for its lyoprotective properties, because it contains a strong glycosidic bond, which is less 

susceptible to hydrolysis compared to the bond in sucrose (Ohtake et al. 2011, Kaushik et al. 

2003). The Tg of a trehalose, i.e. the temperature below which a protective glassy state is formed, 

is much higher than that of other disaccharides such as sucrose (Simperler et al. 2006). Moreover, 

added sugars will remain within the samples, which may interfere with specific diagnostic 

applications. Therefore, the use of trehalose is preferred over glucose or sucrose, since trehalose 

is not commonly found in mammalian cells. Interestingly, although mammals do not have a 

pathway for trehalose biosynthesis, they do possess intestinal and renal thehalase, an enzyme that 

hydrolyses trehalose into glucose (O'Neill et al. 2017). 

 Moisture uptake by dried samples, which decreases the glass transition temperature, and 

generation of ROS are major factors determining protein stability in dried specimens (Takahashi 

et al. 1995). We aimed to monitor accumulation of oxidative damage during storage under 

various conditions by looking at NBT-formazan staining upon reacting with ROS and 

determining protein carbonyl contents (i.e. protein oxidation products). Although in some cases 

formazan formation was visible as blue coloration in the dried specimens, additional procedures 

were needed for quantification. Samples were rehydrated and incubated for a defined duration, 

which multiplied the pool of endogenous oxidative damage and formazan formation for detection 

(i.e. proportionally amongst samples). It is shown here that trehalose reduces the formation of 

ROS products and protein oxidation products during storage, which could possibly be attributed 

to its scavenging properties (Luo et al. 2008) and its glass forming properties reducing 

biochemical reactions. To further limit oxidative processes during storage, samples could be 

supplemented with antioxidants such as α-tocopherol and ascorbic acid. 
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2.6 Conclusions 

 Taken together, protein aggregation in freeze-dried human plasma can be diminished and 

even prevented, if freeze-drying is done in the presence of sugars. Because of its relatively high 

Tg, trehalose allows storage at room temperature, and also protects under sub-optimal conditions 

such as elevated temperatures. Dry biobanking of plasma is an attractive alternative to traditional 

cryogenic preservation.  
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3.1 Abstract 

 Saliva has been widely recognized as a non-invasive, painless and easy-to-collect bodily 

fluid, which contains biomarkers that can be used for diagnosis of both oral and systemic 

diseases. Under ambient conditions, salivary biomarkers are subject to degradation. Therefore, in 

order to minimize degradation during transport and storage, saliva specimens need to be 

stabilized. The aim of this study was to investigate the feasibility of preserving saliva samples by 

drying to provide a shelf-stable source of DNA. Human saliva was dried on filters under ambient 

conditions using sucrose as lyoprotective agent. Samples were stored under different conditions, 

i.e. varying relative humidity (RH) and temperature. In addition to assessment of different cell 

types in saliva and their DNA contents, Fourier transform infrared spectroscopy (FTIR) was used 

to evaluate the effects of storage on biomolecular structure characteristics of saliva. FTIR 

analysis showed that saliva dried without a lyoprotectant exhibits a higher content of extended β-

sheet protein secondary structures compared to samples that were dried with sucrose. In order to 

evaluate differences in characteristic bands arising from the DNA backbone among differently 

stored samples, principal component analysis (PCA) was performed, allowing a clear 

discrimination between groups with/without sucrose as well as storage durations and conditions. 

Our results indicated that saliva dried on filters in the presence of sucrose exhibits higher 

biomolecular stability during storage. 

 

3.2 Introduction  

 Human saliva contains a variety of compounds that are associated with 

pathophysiological conditions. Presence and/or quantitative changes of salivary biomarkers can 

be used for diagnosis of both oral and systemic diseases (Castagnola et al. 2011, Streckfus & 

Bigler 2005). Due to the highly permeable and rich vasculature surrounded the salivary gland, 

there is free exchange between blood and adjacent saliva-producing acinus cells (Yoshizawa et 

al. 2013, Aps & Martens 2005). Therefore, it has been suggested that saliva may serve as 

alternative to blood-based diagnostic. From saliva, however, lower immunoglobulin and DNA 

amounts can be recovered as compared to blood (Challacombe et al. 1995, Hu et al. 2012). 

Nonetheless, saliva has been widely recognized as a non-invasive, painless and easy-to-collect 
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bodily fluid. In addition, saliva requires less manipulation than blood, it does not clot, and it 

appears safer for handling and associated infective transmission risks (Yoshizawa et al. 2013, 

Campo et al. 2006). Saliva based-assays for various uses are exponentially growing, and range 

from pregnancy testing to alcohol and drugs detection (Tiwari 2011). Furthermore, numerous 

studies exist on the use of saliva protein markers for the diagnosis of systemic cancers (Wang et 

al. 2017). Levels of vascular endothelial growth factor (VEGF), epidermal growth factor (EGF) 

and carcinoembryonic antigen (CEA), for example, have been described to be significantly 

elevated in breast cancer patients (Brooks et al. 2008). In addition to protein/antigen based tests 

(e.g. ELISA: enzyme-linked immunosorbent assay), also nucleic acid based (e.g. PCR: 

polymerase chain reaction) methodologies are applicable on saliva samples. The latter has been 

used for early detection of infective diseases, including Ebola, Herpes simplex, Epstein-Barr and 

Cytomegalo viruses (Yoshizawa et al. 2013). 

 Under ambient conditions, protein and nucleic acid based biomarkers in bodily fluids are 

subject to degradation. In order to minimize degradation during prolonged storage, e.g. in a 

biobank, specimens need to be stabilized. This can be done by lowering the temperature down to 

refrigeration temperatures (i.e. 4°C) or down to (ultra)-low subzero temperatures (i.e. ‒80°C or in 

liquid nitrogen). Preservation of saliva in a stable dry state would simplify bioanalytical 

applications. More specifically, this would allow for storage and transport at ambient 

temperatures. With dry storage, there is need for liquid nitrogen tanks and/or freezers, which 

reduces the carbon footprint associated with cryogenic storage. Moreover, storage of dry 

specimens can be implemented in non-laboratory settings and in underdeveloped countries or 

regions. Spot drying of saliva combined with mass spectrometry has been successfully used in 

drug content analysis (Abdel-Rehim & Abdel-Rehim 2014) as well as detection of specific 

bacteria (Krone et al. 2016).   

 Bodily fluids are primarily composed of water (~88%). Upon drying, biomolecules may 

undergo conformational changes due to the loss of hydrogen bonding with water and due to 

temperature changes during the drying process. During air-drying, the sample temperature drops 

due to evaporative cooling, which is due to the kinetic energy loss associated with transforming 

liquid into gas. Biomolecular damage can be reduced when drying is done in the presence of non-

reducing sugars. Disaccharides like sucrose protect biomolecules by replacing hydrogen bonds 

normally existing with water (Crowe et al. 1990, Sydykov et al. 2017). In addition, they facilitate 
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formation of a highly viscous glassy state in which structures are embedded and chemical 

reactions are slowed down (Buitink et al. 2004). Stability in the glassy state is affected by the 

storage conditions, particularly the relative humidity, which affects the glass transition 

temperature (Tg). If the storage temperature is too close to Tg, molecular mobility increases and 

physicochemical deteriorative reactions take place (Roos et al. 1991, Roos et al. 2010). 

 The aim of this study was to evaluate the feasibility of air-drying on filters to preserve 

human saliva samples for use in e.g. diagnostic applications in cohort studies. First, cellular and 

DNA recovery from saliva samples obtained using different collection methods (‘swab’ and 

‘spitting’) were investigated. Different drying approaches were studied and the beneficial effects 

of sucrose as lyoprotective agent were tested. Fourier transform infrared (FTIR) spectroscopy 

was used to evaluate storage stability of dried saliva samples by investigating changes in 

biomolecular structures using principal component analysis (PCA) of different spectral regions. 

 

3.3 Material and Methods 

3.3.1 Human saliva collection, and assessments on cell composition and membrane 

intactness  

 All methods and procedures were carried out in accordance with guidelines and 

regulations of NIFE (Lower Saxony Centre for Biomedical Engineering, Implant Research and 

Development), a jointly shared institution of the Hannover Medical School, the University of 

Veterinary Medicine Hannover, and the Leibniz University Hannover. Human saliva was 

obtained from healthy volunteers with informed consent. Use of saliva was carried out after 

ethical approval according to legal provisions and rules of the Hannover Medical School (Ethics 

Committee of Hannover Medical School (MHH). Human saliva samples were collected from 

healthy volunteers; 20 individuals, two collections each, 13 males and 7 females with ages 

ranging from 20−50 years. Up to 30 min prior to saliva collection, the volunteers did not 

consume any foods or drinks. Saliva was collected using two different approaches; namely via 

spitting in a tube and by applying a cotton swab inside of the cheek. Saliva collected via spitting 

was mixed with an equal volume (i.e. 100 µL each) of phosphate buffered saline (PBS; 137 mM 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). Cotton swabs were rubbed 

against the inside of both cheeks, 6 times each, followed by 1 min immersion in PBS (100 µL).  
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For microscopic evaluations on cell concentration, composition, and membrane intactness; 

specimens suspended in PBS were mixed [1/2 (v/v)] with 0.5% (w/v) trypan blue staining 

solution (Serva), and loaded into a hemocytometer (Neubauer-Improved; Karl Hecht). Membrane 

intact cells exclude trypan blue, whereas damaged cells exhibit intracellular blue staining. In 

addition to determining numbers of membrane intact/damaged cells, the cell type was inventoried 

(i.e. buccal cells, leucocytes), and the (total) cell concentration was determined (i.e. in the 

originally recovered saliva or swab/sample in PBS).  

3.3.2 Drying of saliva, determination of drying kinetics, and storage conditions  

 The spiting collection method was used to assess stability of dried saliva specimens. A 

minimum of 5 mL saliva was collected per individual in a 15 mL polypropylene tube (Sarstedt). 

Samples were vortexed for 10 s, where after 2 mL aliquots were transferred into microtubes for 

centrifugation (5,000×g, 5 min). The obtained cell pellet was resuspended in 1 mL PBS. 

Thereafter, specimens were diluted 1/1 (v/v) with PBS with(out) 20% (w/v) sucrose; finally 

resulting in saliva samples without protective supplements or with 10% sucrose added. One-mL 

samples were then added onto polyvinylidene fluoride (PVDF) circular membrane filters (~5 cm 

diameter), which had a 0.22 µm pore size (Merck). Filters with saliva were dried in the presence 

of a stream of dry air (<3% RH). In addition to drying on filters under a stream of dry air 

(referred to as ‘fast drying’), alternative drying approaches were tested. These included ‘ordinary 

drying’ of filters at ambient conditions, and applying a stream of dry air for ‘fast drying of saliva 

samples on a plastic surface’.  

 To monitor the drying kinetics of water evaporation for the different drying approaches, a 

K-type Thermocouple (Fluke) was inserted in the saliva sample; and the temperature was 

monitored versus the drying time. Water evaporation causes a reduction in sample temperature, 

which is referred to as evaporative cooling.  

 Saliva samples, obtained using the spiting collection method, and dried on filters in the 

presence of a stream of dry air, were stored for up to 90 d at various temperatures (4, 22, 37°C) as 

well as for 30 d at different relative humidity (50, 75, 95% RH) at room temperature. In case 

when varying the storage temperature, the humidity was controlled by sealing the dried 

specimens in plastic bags (to avoid moisture uptake of the samples). Storage at different relative 

humidity was done by placing the dried samples in a container using a saturated NaCl solution or 
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water to create a relative humidity of respectively, 75 and 95%, within the container. Storage at 

50% RH, was done by exposing the samples to ambient laboratory conditions. Samples were 

stored in darkness, and six samples were tested per condition. 

3.3.3 Determination of DNA content, of various saliva samples  

 Total DNA was recovered from saliva samples collected using two different approaches 

(via spitting and via cotton swab) as well as from saliva dried on filters. Extraction of DNA was 

realized using the commercially available QIAamp DNA Mini Kit (Qiegen). Different extraction 

protocols were performed for these different sample types; DNA purification from bodily fluids, 

DNA purification from buckle swabs, and DNA purification from dried spots, and extractions 

were done according to the instructions provided by the manufacturer. DNA from specimens was 

finally eluted from the provided silica columns using 100 μL elution buffer (10 mM TRIS–HCl, 

1 mM EDTA, pH 8.0). The DNA content and purity were assessed using a Nanodrop 2000 

spectrophotometer (Termo-Fisher) by measuring the absorbance values at 260 nm and 260 versus 

280 nm, respectively 

3.3.4 Fourier transform infrared spectroscopy, and spectral analysis  

 Infrared spectra of saliva samples dried on filters were collected using a Nicolet iS5 FTIR 

spectrometer (Thermo-Fisher) equipped with a triglycine sulfate detector and an attenuated total 

reflection (ATR) accessory, with pressure arm and a diamond/ZnSe crystal. Saliva samples dried 

on filters were analyzed by mounting the samples on the ATR-crystal using the pressure arm. In 

addition, DNA extracted from filters was analyzed by putting 5 µL recovered DNA solution (10 

ng µL−1 in elution buffer) on the ATR crystal and allowing it to evaporate over time (air-drying 

of 5 µL droplets typically takes 15-30 minutes). Spectra acquisition parameters used were: 4 cm−1 

resolution, 4 co-added interferograms, and 4000–900 cm−1 wavenumber range. Spectra analysis 

was done using Omnic software (Thermo-Fisher). The 1700–1600 and 1400–900 cm−1 spectral 

regions are referred to as the Amide-I and fingerprint region, respectively. These spectral regions 

were selected and normalized, where after second derivative spectra were calculated with a 21-

point smoothing factor using the Savitzky-Golay method. The latter was done to better resolve 

the absorbance bands representing α-helical and β-sheet structures at ~1650 and ~1630 cm‒1, 
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respectively. Differences amongst samples were quantified by calculating the ratio of the 

intensities of these bands [i.e. I(v1630)/I(v1650)]. Furthermore, the ratio of the intensities of the 

absorbance bands representing asymmetric and symmetric PO2
- stretching vibrations, at 

respectively 1240 and 1080 cm−1, were calculated [i.e. I(v 1240)/I(v 1080)]. In addition, principal 

component analysis (PCA) was used to analyze FTIR spectra obtained from different treatment 

groups. PCA allows assessing differences among spectra, by applying multivariate analysis and 

reducing the number of variables in a multidimensional dataset (Bonnier et al. 2012). The main 

goal of PCA is to obtain a small set of principal components (PC) that explain most of the 

variability in the data sets. Prior to performing PCA, the finger print region (1400−900 cm−1) was 

selected, and subjected to a linear base line correction and vector normalization. For vector 

normalization, spectra are first mean-centered by calculating the average value of the absorbance 

values for the selected spectral region. This value is then subtracted from the spectrum, where 

after spectra are scaled such, that the sum squared deviation over the indicated wavelengths 

equals one:  

(1) 𝑎𝑚 =
∑ 𝑎𝑘 (𝑘)

𝑁(𝑘)
 

(2) 𝑎´(𝑘) = 𝑎(𝑘) − 𝑎𝑚 

(3) 𝑎´´(𝑘) =
𝑎´(𝑘)

√∑ (𝑎´
𝑘 (𝑘))2

 

(4) ∑ (𝑎´´
𝑘 (𝑘))2 = 1 

 

Here a(k) reflects the spectral intensity at wavenumber k, and N(k) the total number of discrete 

wavenumbers in the selected spectral region. Covariance-based PCA was performed using 

MATLAB (Mathworks). Plots were constructed in which PC1 was plotted versus PC2, to 

visualize differences among treatment-groups.  
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3.4 Results 

3.4.1 Cell concentration and composition, membrane intactness and DNA recovered for 

human saliva collected using different approaches  

 Saliva samples from different donors were collected via spitting or using swabs, where 

after specimens were analyzed microscopically (Figure 3.1A−C). Figure 3.1A depicts a typical 

micrograph, after staining with trypan blue to discriminate between membrane intact and 

damaged cells, and different cell types. It was found that spitting allowed for a more easy 

recovery of cells as compared to cell collection using a swab. It should be noted that a typical 

procedure was followed with a swab (i.e. scrubbing each cheek 6×); however, recovered cell 

numbers presumably can be increased by increasing the scrubbing. With spitting, large variations 

amongst donors were found, but on average about equal amounts of buccal cells and leucocytes 

were recovered. The relative number of leucocytes obtained with swabs was lower (Figure 3.1B). 

Irrespective of the method applied, the percentage of membrane intact cells was only about 30%, 

of which ~5% leucocytes (Figure 3.1C). In agreement with the different cell numbers that were 

collected, higher DNA amounts were recovered for spitting as compared to using swabs; namely 

3.7±0.60 µg from 100 µL saliva versus 0.44±0.36 µg in case of scrubbing each cheek 6× with a 

swab (Figure 3.1D). No apparent differences in A260/A280 values indicative for DNA purity 

were found (Figure 3.1E). Saliva collected via ordinary spitting in tubes was found most 

convenient, and therefore used for further studies.  
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Figure 3.1: Cell concentration, composition and membrane intactness of saliva samples, as 

well as DNA contents that were recovered. Saliva (100 µL) was collected via spitting directly in 

a tube, or via using a swab on the cheeks (2× 6× scrubbing) for transfer into saline (100 µL). 

Microscopic observations of trypan blue stained specimens (A) show presence of leukocytes (leu) 

and buccal cells (bc), whereas membrane damaged cells exhibit intracellular blue staining (+). 

Cell concentrations were determined using a hemocytometer (B), while also discriminating 

between numbers of membrane intact/damaged cells (C) and cell types (buccal cells: yellow, 

leucocytes: green). In addition, total DNA was extracted and its content was determined, with 

respect to the original saliva/saline volumes recovered indicated above (D). DNA purity was 

evaluated by determining the absorbance values at 260 versus 280 nm (E). Mean ± standard 

deviations are presented, originating from saliva samples from twenty different donors, and 

different letters represent significant differences between collection methods (p≤0.05) as 

determined using a student's t-test. 
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3.4.2 Drying kinetics of saliva, on different surfaces, with exposure to different 

conditions  

 Drying kinetics was investigated for saliva samples deposited on different surfaces. 

Special emphasis was on the time needed for obtaining a dry state, and associated temperature 

changes. Figure 3.2 shows that drying and water evaporation coincides with a decrease in the 

sample temperature, followed by return to the original temperature when attaining the dried state. 

This phenomenon is explained by removal of latent heat (i.e. energy release) from the 

evaporation surface. The kinetics are dependent on the drying conditions, with faster drying 

resulting in reaching a lower minimum temperature (i.e. down to 10−13°C). Drying of saliva was 

fastest on PVDF filters using a stream of dry air (~40 min; for 1 mL), whereas drying on a plastic 

surface using dry air took much longer (~100 min). With ordinary drying of saliva on filters, 

without applying a stream of dry air, the drying time increased to ~180 min. In the absence of dry 

air, the decrease in sample temperature due to evaporation was much less (i.e. stayed above 

~17°C compared to ~12°C in the presence of dry air). No differences in drying kinetics were seen 

for specimens dried with or without 10% sucrose (data not shown). It was assumed that faster 

drying is beneficial, therefore further studies were done using saliva dried on PVDF filters using 

a stream of dry air to accelerate the drying process.  
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Figure 3.2: Drying kinetics of saliva samples deposited on different surfaces and exposed to 

different drying conditions; as determined by following the sample temperature versus the drying 

time. Saliva was dried fast under a stream of dry air, on filters (red circles) or on a plastic surface 

(green squares). In addition, filters with saliva were exposed to ordinary air drying (blue triangles). 

Measurements were performed in triplicate using saliva from three different donors, and mean values 

± standard deviations are presented. 
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3.4.3 Sub-optimal storage of saliva dried on filters, for use for DNA extraction  

 To assess storage stability of dried saliva samples and feasibility to use for DNA 

recovery; total DNA was extracted from saliva dried on filters after storage, under different (i.e. 

sub-optimal) conditions. Here 1 mL saliva was added per filter and, for storage, filters were 

divided in four equal parts containing 250 µL saliva each. First, dried specimens were stored for 

1 d at increasing relative humidity (Figure 3.3A). It was found that 1 d storage at ambient relative 

humidity (~50% RH) did not affect the DNA amount that could be recovered, and similar 

amounts were determined compared to specimens not subjected to dried storage (8.75±0.97 

versus 9.36±1.87 µg; from 250 µL saliva). With exposure to high relative humidity conditions, 

however, the amount of DNA recovered after storage clearly decreased, (4.38±1.47 and 

6.70±0.48 µg for 95 and 75% RH, respectively). Even though DNA amounts recovered after 

dried storage under ambient conditions (~22°C, ~50% RH) without protective measures remained 

unaffected for up to 30 d; lower recovered DNA contents were found after longer storage 

duration (Figure 3.3B), indicating degradation took place. In samples supplemented with 10% 

sucrose, a similar trend was observed (data not shown).  
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Figure 3.3: DNA recovery of saliva samples (250 µL), after drying on filters 

and storage under different conditions. Recovered DNA contents were 

determined before and after 1 d storage at different relative humidity conditions 

(A; 50%, 75%, and 95% RH), as well as after storage under ambient conditions 

(22°C, 50% RH) for different durations (B; 0, 14, 30, and 90 d). Measurements 

were performed in triplicate, using saliva from three different donors, and mean 

values ± standard deviations are presented. Different letters represent significant 

differences between storage conditions/storage times (p≤0.05) as determined using 

a one-way ANOVA test. 
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3.4.4 FT-IR spectral analysis of biomolecular structures in saliva samples dried and 

stored on filters  

 In order to obtain more insights in biomolecular structure and stability, saliva dried on 

filters was evaluated using FT-IR. Figure 3.4A shows full original spectra of saliva dried on 

filters with or without sucrose. In addition, PVDF/filter-specific peaks were resolved. CH-

stretching vibrations, which originate from lipids and proteins, are found in the 3000−2800 cm−1 

region. CO-stretching and NH-bending vibrations from the protein backbone give rise to 

respectively the amide-I (~1640 cm−1) and -II (~1550 cm−1) absorbance bands. In the so-called 

fingerprint region, below 1500 cm-1, a variety of characteristic infrared bands can be observed 

that are difficult to assign to specific molecular group vibrations. This region includes 

characteristic sugar and DNA regions at respectively, 1100–700 cm−1 and 1400−960 cm−1. 

Formation of a (protective) glassy state by sugars is typically evident from the shape and 

broadening of the OH-stretching vibration band (3600−3000 cm−1).  

 For specimens subjected to storage, first, absorbance bands arising from DNA were 

inspected. In order to resolve different bands more clearly, normalized second derivative spectra 

were generated and compared (Figure 3.4B−C). For quantification, the band intensities of the 

asymmetric and symmetric stretching PO2
- vibration were determined and their ratio was 

calculated. This revealed higher I(v1240)/I(v1080) values for saliva samples dried and stored 

without sucrose, whereas no differences in this ratio were observed during ambient storage for up 

to 30 d (Figure 3.4D).  

 To reveal possible differences in the overall protein secondary structure amongst samples, 

the amide-I (1700‒1600 cm−1) region was inspected (Figure 3.4E−F). From this analysis, it was 

evident that the relative content of extended β-sheet structures was higher for saliva dried on 

filters without protectant/supplements, as compared to samples dried with sucrose. This is 

expressed as a lower value for the band intensity ratio β-sheet versus α-helical structures, 

[I(v1630)/I(v1650]; and implies that adding sucrose prevents dehydration-induced changes in 

protein secondary structure (i.e. denaturation). No further changes in the overall protein 

secondary structure were observed during storage for up to 30 d (Figure 3.4G).  

 

 

 



 

50 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

wavenumber (cm
-1

)

16201640166016801700

ab
so

rb
an

ce
 (

a.
u
.)

A

- (no suppl.)

PVDF filter

spectra of saliva dried on filters

w/ sucrose

saliva dried on filters:

wavenumber (cm
-1

)

100012001400160018002000220024002600280030003200340036003800

ab
so

rb
an

ce
 (

a.
u
.)

I( 1630)/I( 1650)

0.0 0.2 0.4 0.6 0.8

0 d

5 d

30 d

E F G

( -sheet)/ ( -helix)

wavenumber (cm
-1

)

10001100120013001400

ab
so

rb
an

ce
 (

a.
u
.)

wavenumber (cm
-1

)

10001100120013001400

I( 1240)/I( 1080)

0.0 0.2 0.4 0.6 0.8

0 d

5 d

30 d

B C D

saliva dried w/ sucrose (asymPO
2

-
)/ (sym PO

2

-
)

wavenumber (cm
-1

)

16201640166016801700

30 d

5 d

0 d
saliva dried w/o suppl.

(storage at 22C, 50% RH)

Figure 3.4: FT-IR spectral analysis of saliva dried on filters. Spectra were collected for 

PVDF filters only (green lines), as well as filters with saliva dried without protectants 

(blue lines and bars) or dried with 10% sucrose (orange lines and bars). Spectra were 

acquired directly after drying (A; 0 d) as well as during storage at ambient conditions 

(B−G; 0 d, 5 d and 30 d). Full original spectra are presented (A) as well as normalized 

second derivative spectra of the fingerprint (B,C) and amide-I (E,F) regions. For depicting 

possible differences amongst samples, specific absorbance band intensity ratios were 

calculated. These included ratios for the asymmetric versus symmetric PO2
- stretching 

vibration bands [D; I(v1240)/I(v1080)], and the β-sheet versus α-helical structure bands 

[G; I(v1630)/I(v1650)]. Measurements were performed in triplicate, using saliva from 

three different donors, and mean values ± standard deviations are presented.  
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 In addition to inspecting changes in specific spectral absorbance bands of saliva dried and 

stored under different/sub-optimal conditions, PCA was applied on the fingerprint region (Figure 

3.5). In general, it can be said that PC1 describes most of the observed variance and allows 

discrimination between specimens with or without sucrose and different storage conditions. PC1 

versus PC2 plots show good separation between specimens dried without and with protectants, 

which likely can be attributed to the presence or absence of sucrose bands. Furthermore, PC1 

versus PC2 plots show that initial data points for specimens dried and stored without sucrose are 

clearly separated from each other, whereas this is not the case for specimens dried with sucrose. 

In case of storage at RHs lower than 75%, clusters with data points appear more compact for 

specimens supplemented with sucrose (Figure 3.5A−C). Moreover, cluster size/compactness was 

dependent on the storage temperature (Figure 3.5D−F). Especially in case of storage at 37°C (i.e. 

exposure to accelerating aging), cluster sizes appeared to increase, both for specimens with or 

without sucrose. An increase in the data cluster size may be indicative of increased sample 

heterogeneity due to chemical and/or conformational changes during storage. Saliva dried on 

filters with sucrose and stored for up to 30/90 d at 22°C and 75% RH exhibited only minor 

spectral changes.  
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Figure 3.5: Principal component analysis of spectra obtained for saliva dried with(out) sucrose on 

filters during storage. PCA was performed for the fingerprint region (1400−900 cm‒1), after vector 

normalization of the spectra. Saliva was dried without supplements (blue symbols) or with 10% sucrose 

(red/orange symbols), and stored for up to 90 d (lighter colors for later time points). Specimens were 

stored at 22°C under different relative humidity (A: 50% RH, B: 75% RH, C: 95% RH). Furthermore, 

specimens were sealed under ambient conditions and stored at different temperatures (D: 4°C, E: 22°C, 

F: 37°C). All measurements were performed using six samples per group, originating from three 

different saliva donors.  
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3.4.5 FT-IR spectral analysis of DNA extracted from saliva dried and stored on filters  

 In addition to looking at the overall biomolecular structure of saliva dried on filters, DNA 

was extracted from the filters and subjected to spectral analysis (Figure 3.6). This was done for 

specimens with(out) sucrose stored at 4−37°C, for 90 d. Figure 3.6A−B shows infrared 

absorbance spectra of recovered DNA, after drying on the ATR crystal. In this case, there are no 

spectral contributions of sucrose since it is (presumably) removed during the extraction 

procedure. In addition to the asymmetric and symmetric stretching PO2
- vibrations, dried DNA 

exhibits prominent absorbance bands at ~1050 and ~965 cm−1 (i.e. C-O and C-C stretching 

vibrations of the DNA backbone). In case specimens were stored at 37°C, in the absence of 

sucrose, the intensities of the DNA-backbone C-O and the symmetric PO2
- stretching vibrations 

both decrease.  
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Figure 3.6: FT-IR spectral analysis of DNA extracted/recovered from saliva 

dried and stored on filters. Saliva was dried on filters without supplements (blue 

lines, bars and symbols) or with 10% sucrose (orange/red lines, bars and symbols), 

and stored for 90 d at different temperatures (4, 22, and 37°C). Normalized second 

derivative spectra of the fingerprint spectral region are presented (A,B), as well as a 

comparison of the band intensity ratios of the asymmetric versus symmetric PO2
- 

stretching vibration [C; I(v1240)/I(v1080)]. Furthermore, the 1400−900 cm−1 spectral 

region was subjected to PCA and score plots of the first two principal components 

were prepared (D); with lighter colors for higher temperatures). Measurements were 

performed in triplicate, using saliva from three different donors, and mean values ± 

standard deviations are presented.  

 



 

53 
 

This is assumed to be associated with DNA structural damage (i.e. loss of structural integrity). 

Also, I(v1240)/I(v1080) values are higher for DNA recovered from saliva dried on filters without 

sucrose (Figure 3.6C). PCA of extracted DNA spectra indicates that, in case saliva was dried and 

stored with sucrose, minor changes occur during storage at temperatures ranging from 4−37°C 

(Figure 3.6D). In contrast, in the absence of protective supplements, spectra of DNA extracted 

from specimens stored at 37°C appear different and form a separate cluster from those of 

4−22°C.  

  

3.5 Discussion  

 The advantage of saliva compared to other fluids such as blood, serum, or plasma is that it 

is non-invasive for volunteers. DNA and other biomolecules in saliva are subject to degradation 

when stored at ambient conditions, and therefore saliva samples have to be processed and 

stabilized within hours so that the samples can be safely stored for analysis at a later time point. It 

is shown here that saliva samples can be dried within two hours when samples are dried on a 

filter in the presence of dry air. In the absence of a dry purge air system, drying takes 

considerably longer even on filters, but in this case smaller sample volumes can be used, or the 

sample could be spread over a greater surface on a filter. In this study, we have evaluated storage 

stability of filter-dried saliva samples under ambient as well as sub-optimal conditions. Two 

collection methods were tested and it was found that spitting allowed for a more easy recovery of 

cells as compared to cell collection using a swab. Saliva samples consist of different cell types. 

Factors that have an impact on the cell composition in the oral cavity are not completely 

understood, but health status is one of them. Depending on age and health, human saliva is 

composed of~75% epithelial buccal cells and~25% leukocytes (Endler et al. 1999, Theda et al. 

2018). Our findings here are in agreement with these findings. Salivary leukocyte contents are 

typically higher in patients with oral cavity inflammation or gingivitis (Thiede et al. 2000, Aps et 

al. 2002). Saliva samples obtained from swabs are enriched with squamous epithelial buccal cells 

when compared with samples obtained by spitting (Theda et al. 2018). Leukocytes have been 

identified as an excellent source for obtaining large quantities of DNA (Cianga et al. 2013), 

however, due to their ectodermal origin, buccal epithelial cells are considered a better comparison 
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to peripheral blood (Mill & Heijmans 2013). The latter is especially relevant for epidemiological 

studies and studies on epigenetic characteristics (Smith et al. 2014).  

 Exposure of biological specimens to drying results in drastic changes in their physical–

chemical properties (Crowe et al. 1990, Carpenter et al. 1987). Changes in molecular interactions 

occurring during the removal of water bound, lead to biomolecular phase and structural changes, 

such as protein unfolding (Weng et al. 2018) and lipid fluid-to-gel phase changes (Crowe et al. 

2005). Here, FTIR analysis showed that saliva dried without a lyoprotectant exhibits a higher 

content of extended β-sheet protein secondary structures compared to samples that were dried 

with sucrose. In addition, reactive oxygen species (ROS) levels such as superoxide anion radicals 

increase, which in turn may react with biomolecules (i.e. lipids, proteins, nucleic acids) therewith 

impairing their function (Luo et al. 2008). Damage due to ROS accumulates during storage in 

dried state resulting in degradation of biomarkers of interest, e.g. DNA in cells (Molina & 

Anchordoquy 2008). Oxidative damage results in DNA strand breakage and consequently 

decreases of DNA supercoil content and transfection efficiency (Molina & Anchordoquy 2007). 

Principal component analysis conducted on FTIR spectra allowed a clear discrimination between 

groups with/without sucrose, and storage experiments indicated that saliva dried on filters in the 

presence of sucrose exhibits higher biomolecular stability during storage. When packaged in 

chromatin, DNA is more stable than naked DNA; however, due to the presence of oxidizing 

compounds (e.g. peroxyl radicals), purified DNA is more stable than DNA in cells or tissues 

(Anchordoquy & Molina 2007). Oxidative damage may explain the observed decrease in DNA 

recovery when samples are stored at high relative humidity.  

 Different processing methods can be used for removal of water from biospecimens. These 

include convective, vacuum and freeze-drying (Jangle et al. 2012, He 2011). Freeze-drying is 

widely used in pharmaceutical and food applications, because the drying process is robust, 

reproducible, and can easily be scaled up (Adams et al. 2015). Vacuum, foam and spray drying 

can also be used for larger samples and are typically employed for processing and stabilization of 

proteins, enzymes and vaccines (Jangle et al. 2012, Hajare et al. 2011, Patel et al. 2011, Zhu et al. 

2014). Convective drying is more difficult to control. Drying saliva on filters has been applied for 

easy sampling, handling and extraction of lidocaine (Abdel-Rehim & Abdel-Rehim 2014).  

 The drying rate during convective drying is dependent on the temperature, the relative 

humidity, and the surface on which the sample is positioned. A faster drying rate is considered 
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beneficial since it shortens the duration in the less stable hydrated state during which 

biomolecules are subject to degradation. The porous structure of filters shortens the drying, 

whereas applying a stream of dry air further shortens the drying time (Jacques et al. 2019). In our 

study, drying of saliva on filters while applying a stream of air resulted in faster drying and 

allowed for recovery of large quantities of DNA. However, if dry air is not available, e.g. when 

samples need to be collected in non-laboratory settings, natural drying on filters is a good 

alternative. In this case, the relative humidity surrounding the sample should be kept low, e.g. by 

using drierite desiccant bags. DNA extracted from saliva has been successfully used in studies 

involving microarray genotyping and next generation sequencing (Gudiseva et al. 2016, Goode et 

al. 2014). For this purpose, saliva samples were stored at room temperature when used in short-

term or for longer durations at 4°C (Goode et al. 2014). It has been described, however, that 

storage per se, temperature and relative humidity conditions provoke DNA damage and affect, for 

example, methylation patterns (Bind et al. 2014). Sugars need to be added as lyoprotective agents 

to minimize biomolecular damage and to ensure glass formation. The lyoprotective properties of 

disaccharides, both in nature as well as in pharmaceutical applications, are well established 

(Weng et al. 2018, Crowe et al. 2005, Mensink et al. 2017).  

 FT-IR studies suggested that biomolecules in saliva specimens appear more stable when 

supplemented with sucrose prior to drying, i.e. in case when saliva was dried on filters and stored 

for up to 3 months at 22°C and 75% RH or less severe conditions. This was evident in PCA score 

plots as subsequent data points appearing in close proximity versus data points more distant from 

each other.  

 Specific infrared absorbance bands have been assigned to different DNA conformational 

structures, associated with B, A and Z-like transitions and base-specific interactions (Banyay et 

al. 2003, Whelan et al. 2011). Band assignments of spectra from cellular samples, however, are 

more complex as those of isolated biomolecules (Zucchiatti et al. 2016) since different structures 

and interactions may be adopted dependent on the microenvironment (Zucchiatti et al. 

2016,Mourant et al. 2003). In infrared spectra of both saliva on filters and extracted DNA 

samples, prominent peaks where observed at~1240 and~1090 cm−1, which likely can be 

attributed to DNA-specific antisymmetric and symmetric PO2
− stretching vibrations (Whelan et 

al. 2011, Mello et al. 2012, Pevsner & Diem 2011). For isolated DNA, the asymmetric/symmetric 

phosphate band ratio has been used to discriminate among different DNA compositions and 
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relative double- versus single-stranded contents (Mello et al. 2012). In addition, we found a 

temperature-dependent alteration in the deoxyribose stretching vibration band intensity arising 

from the DNA backbone (~1052 cm−1). Low DNA yield has been associated with decreased 

intensities of specific infrared absorbance bands before (Han et al. 2018).  

 Dried saliva samples may have great potential for diagnostic purposes. In our study we 

show that rapid air-drying of saliva supplemented with sucrose on filters can be used to safely 

store specimens under ambient conditions for later DNA extraction. Furthermore, we show that 

in situ infrared spectral analysis holds great promise for rapid analysis of biomolecular changes 

of samples, related to quality assessment and/or rapid disease diagnostics. 

 

3.6 Conclusions 

 Dried saliva samples may have great potential for diagnostic purposes. In our study we 

show that rapid air-drying of saliva supplemented with sucrose on filters can be used to safely 

store specimens under ambient conditions for later DNA extraction. Furthermore, we show that 

in situ infrared spectral analysis holds great promise for rapid analysis of biomolecular changes 

of samples, related to quality assessment and/or rapid disease diagnostics.  
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4.1 Abstract 

 Even though dried sperm is not viable, it can be used for fertilization as long as its 

chromatin remains intact. Convective drying at elevated temperatures is one of the simplest 

methods to dry biological samples. In this study, we investigated drying- and temperature-

induced conformational changes of nucleic acids and stallion sperm chromatin. Sperm was 

diluted in preservation formulations with and without sugar/albumin and subjected to convective 

drying at elevated temperatures on glass substrates. Accumulation of reactive oxygen species was 

studied during storage at different temperatures, and the sperm chromatin structure assay was 

used to assess DNA damage. Fourier transform infrared spectroscopy was used to identify 

characteristic spectral markers for B- and A-DNA, and conformational changes in sperm 

chromatin associated with storage stability were identified by principal component analysis. 

Drying at elevated temperatures combined with the use of trehalose and albumin facilitated 

formation of a stable glassy state with a strong hydrogen bonding interaction network in which 

sperm were embedded. Reactive oxygen species and DNA damage in dried sperm samples were 

found to accumulate with increasing storage temperature and storage duration. Use of 

preservation formulations supplemented with non-reducing disaccharides (i.e., trehalose, sucrose) 

and albumin counteracted oxidative stress and preserved sperm chromatin during storage, 

whereas glucose increased DNA damage during storage. Similar as seen for pure DNA, sperm 

chromatin underwent a reversible B- to A-DNA transition upon dehydration. When sperm was 

dried in the presence of trehalose and albumin, no spectral changes were detected during storage 

at refrigeration temperatures, whereas under accelerated aging conditions, i.e., storage at 37°C, 

spectral changes were detected indicating alterations in sperm chromatin.  

 

4.2 Introduction  

 Cryopreservation of sperm is widely used for preservation of male fertility and assisted 

reproductive technologies. Maintenance of cryopreserved specimens, however, requires bulky 

liquid nitrogen storage containers. Storage of specimens in the dried state at refrigerated or 

ambient temperatures would simplify shipment, and reduce the costs and carbon footprint that are 

inherent to storage in liquid nitrogen. Furthermore, it would serve as an attractive alternative 

method for genome resource banking, which can also be applied in underdeveloped countries or 
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remote locations with limited infrastructure (Loi et al. 2013, Kaneko et al. 2016, Patrick et al. 

2017). Whereas cryopreservation generally yields viable and fully functional cells, convective 

drying or freeze-drying does not. Dry preservation of cells that lack adaptive mechanisms 

allowing them to survive drying, remains a challenge. Nonetheless, nuclei obtained from dried 

non-viable cells have been successfully used for generating viable offspring by somatic nuclear 

transfer (Loi et al. 2002, Loi et al. 2008) and intracytoplasmic sperm injection into an oocyte 

(Wakayama and Yanagimachi 1998, Lee and Niwa 2006).  

 Success rates for producing offspring correlate with the degree at which sperm chromatin 

structure and DNA integrity are preserved in the dried state. Storage stability of chromatin in 

dried sperm in turn is affected by the storage temperature and duration (Kawase et al. 2005, Li et 

al. 2007), the composition of the preservation solution (Kusakabe et al. 2001, Kaneko et al. 2003, 

Sitaula et al. 2009, Oldenhof et al. 2017), the residual sample water content (Bhowmick et al. 

2003, McGinnis et al. 2005) and the atmospheric storage conditions (Kawase et al. 2009). Also, 

the inherent sperm maturation/disulfide status affects tolerance towards dehydration-induced 

damage (Kaneko et al. 2003).  

 During sperm maturation histones are replaced by protamines, leading to an increased 

formation of disulfide bonds and tightly packed chromatin structure (Balhorn 1982, Ward and 

Coffey 1991). DNA of ejaculated sperm is more condensed compared to chromatin in epididymal 

sperm or somatic cells, rendering it relatively resistant towards external stimuli including drying 

and heating (Yanagida et al. 1991, Kaneko et al. 2003, Wakayama et al. 2019) and sub-optimal 

storage (Oldenhof et al. 2017, Zhang et al. 2017). Loosely packed chromatin is more susceptible 

to oxidative DNA damage (Oldenhof et al. 2016). In eukaryotic cells, DNA can assume different 

helical conformations. The transition from the B- to A-like DNA form has been suggested to play 

a role in resistance to extreme conditions, e.g., in microorganisms and viruses, and A-DNA is 

typically formed under relative low water content (Whelan et al. 2011, Wood 2016). The B- to A-

DNA form transition involves conformational changes in the major and minor groove widths, 

base parameters, sugar pucker and torsional angles (Kulkarni & Mukherjee 2017).  

 Although water is typically required for the living state, so-called anhydrobiotic 

organisms are able to withstand almost complete dehydration (Crowe et al. 1992, Hoekstra et al. 

2001, Potts 1994, Janis et al. 2018). These organisms can remain in a state of suspended 

animation at ambient conditions because they accumulate specific disaccharides and stress 
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proteins in response to drying. Upon drying, sugars are involved in replacing hydrogen bonding 

interactions between biomolecules and water, as well as formation of a vitrified/glassy state in 

which molecular mobility and damaging reactions are slowed down (Crowe et al. 1992, Crowe et 

al. 1998). Proteins may scavenge reactive oxygen species, increase the glass transition 

temperature and stability of dried specimens (Janis et al. 2018, Sydykov et al. 2017, Zhang et al. 

2018).  

 In this study, we investigated drying and temperature induced conformational changes of 

nucleic acids and sperm chromatin. Special emphasis was placed on developing a simple method 

to preserve stallion sperm chromatin structure during dried storage, and using infrared 

spectroscopy for quality assessment. Sperm was diluted in preservation formulations with and 

without sugar/albumin, and subjected to fast convective drying at elevated temperature to 

facilitate formation of a protective glassy state. Accumulation of reactive oxygen species in dried 

specimens was studied during storage at different temperatures, and the sperm chromatin 

structure assay was used to assess DNA damage. In addition, Fourier transform infrared 

spectroscopy was used to identify characteristic spectral markers for B- and A-DNA, and 

conformational changes in sperm associated with storage stability and chromatin structure 

preservation.  

 

4.3 Materials and methods  

4.3.1 Semen collection and processing  

 Semen was collected from stallions of the Hanoverian warmblood breed that were held at 

the Unit for Reproductive Medicine at the University of Veterinary Medicine Hannover as well 

as the National Stud of Lower Saxony in Celle, Germany. Animals were kept according to 

national and institutional regulations and animal care and use protocols. Semen was collected 

using an artificial vagina and breeding phantom (both model ‘Hannover’; Minitüb, Tiefenbach, 

Germany), while a filter was used to remove the gel portion. The sperm concentration was 

determined using a photometer (Minitüb), where after semen was diluted with at least an equal 

volume of INRA-82 skim milk extender (Vidament et al. 2000) of 37°C. Sperm samples were 

centrifuged (600×g, 10 min), the supernatant was removed, and the sperm pellet was resuspended 
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with fresh diluent to 100×106 sperm mL−1. INRA-82 had a pH of 6.8−7.0 and osmolality of 

300−330 mOsm kg−1; and was prepared by mixing equal volumes of commercial 0.3% ultra-heat-

treated skim milk and glucose saline solution (50 g L−1 glucose monohydrate, 3.0 g L−1 lactose 

monohydrate, 3.0 g L−1 raffinose pentahydrate, 0.5 g L−1 sodium citrate dihydrate, 0.82 g L−1 

potassium citrate monohydrate, 9.52 g L−1 HEPES, 1.0 g L−1 penicillin, 1.0 g L−1 gentamycin).  

4.3.2 Sperm drying  

 TRIS+ (10 mM TRIS-HCl, 1 mM EDTA, 150 mM NaCl, pH 8.0) was used as diluent for 

drying of sperm (Keskintepe and Eroglu 2021, Oldenhof et al. 2017). After centrifugation, sperm 

was diluted to 200×106 sperm mL−1 in TRIS+, followed by dilution with an equal volume of 

TRIS+ without supplements or TRIS+ supplemented with two-fold the desired final 

concentration of protective agents. This resulted in 100×106 sperm mL−1, in TRIS+, and either no 

or 1.71% (w/v) trehalose (TRE), sucrose (SUC) or glucose (GLU) and bovine serum albumin 

(BSA; fraction V) added at a 1/1 weight ratio (i.e., w/w, sugar/albumin). Drying of sperm 

samples was done by adding 50 µL droplets onto glass microscope slides, which were kept at 

37°C on a temperature-controlled plate for 30 min unless otherwise stated. Drying was done 

under ambient conditions, at a relative humidity of 35−55%, and the final sample water content 

was less than 0.1 g water per g dry weight. Sperm samples were rehydrated directly after drying 

or stored as dried specimens. The latter was done after sealing in plastic bags to limit water 

absorption during storage. Dry specimens were stored for 1 week at temperatures ranging from 

4‒60°C, in a fridge or incubator, and for up to 3 months in an incubator set at 37°C. For 

spectroscopic assessments, dried specimens were analyzed directly after preparing or storage at 

specific conditions. For the sperm chromatin structure assay, samples were rehydrated, frozen, 

and stored in liquid nitrogen or at −80°C until analysis. Rehydration was done by adding distilled 

water directly onto the dried samples, where after some gentle scratching was applied to recover 

all the sample. Typically, material originating from 2−3 dried droplets per slide was pooled.  
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4.3.3 Microscopic assessments of sperm dried in various formulations, and 

quantification of ROS/NBT-formazan formation in specimens stored at different 

temperatures  

 Directly after drying at different temperatures, the macroscopic appearance of TRIS+ 

formulations with embedded sperm was evaluated, at a 10×20 magnification, using an inverted 

microscope (Olympus, Hamburg, Germany) equipped for Hoffman modulation contrast and 

fluorescence observations. Sperm were stained by supplementing specimens with 150 µg mL−1 

Hoechst33342, which exhibits blue fluorescence upon intercalating within DNA.  

 Nitroblue tetrazolium (NBT) was used to visualize and quantify accumulation of reactive 

oxygen species (ROS) in dried specimens during storage. NBT forms formazan upon reacting 

with ROS/superoxide which is evident as a blue-colored precipitate (Choi et al. 2005, Caliskan et 

al. 2021). Sperm specimens were prepared in TRIS+ supplemented with 0.1 mg mL−l NBT, and 

dried for 30 min at 37°C as described above. Dried specimens were stored for 7 d at temperatures 

ranging from 4‒60°C, where after they were inspected microscopically. Micrographs were 

collected using a stereomicroscope (Olympus) with camera setup, at a 10×6.3 magnification, 

using the same settings and exposure time for all samples. ImageJ software (National Institutes of 

Health, Bethesda, MD, USA) was applied to convert micrographs to 8-bit images, set a global 

calibration, and deriving gray values as a measure for the blue/purple coloration intensity of the 

specimens. For spectrophotometric analysis, after rehydration, samples (2×50 µL) were 

transferred to a microtube and 100% DMSO was added (900 µL). After vortexing for 30 s, and 

centrifugation (13000×g, 1 min), the supernatant was transferred into a cuvette and the 

absorbance at 530 nm was recorded.  

4.3.4 Analysis of sperm chromatin structure  

 The sperm chromatin structure assay (SCSA) was used to evaluate chromatin integrity as 

previously described in detail (Evenson et al. 2002). In short, sperm was diluted in TNE (10 mM 

TRIS-HCl, 150 mM NaCl, 1 mM Na2EDTA, pH 7.4), acid/detergent solution (80 mM HCl, 150 

mM NaCl, 0.1% Triton X-100, pH 1.2) was added, followed by vortexing for 30 s, and addition 

of acridine orange staining and neutralization solution (4.5 μg mL−1 acridine orange, 150 mM 

NaCl, 37 mM citric acid, 126 mM Na2HPO4, 1 mM Na2EDTA, pH 6.0). Samples were placed 
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on ice and analyzed after 3 min; using a DAKO Galaxy flow cytometer (Dako Cytomation 

GmbH, Hamburg, Germany), equipped with a 488 nm laser for excitation and 538/23 and 590/25 

nm band pass filters for detecting, respectively, green and orange fluorescence. Sperm were 

selected based on their forward and side scatter properties, and DNA fragmentation index (DFI) 

values were determined by quantifying sperm populations showing differences in green and red 

fluorescence as described in detail elsewhere (Evenson et al. 2002). DFI values were derived 

using Kaluza software (Beckman-Coulter, Krefeld, Germany).  

 

4.3.5 Fourier transform infrared spectroscopic measurements  

 Fourier transform infrared spectroscopy (FTIR) was used to study drying- and 

temperature-induced conformational molecular changes in pure/isolated nucleic acids and stallion 

sperm in situ, as well as preservation formulations. A Nicolet iS5 FTIR spectrometer (Thermo-

Fisher, Waltham, MA, USA) was used, with Omnic software. The device was equipped with an 

attenuated total reflection (ATR) accessory with diamond/ZnSe crystal (i.e, for use at room 

temperature) and setup for acquisition of transmission spectra. Transmission spectra were 

collected using a temperature-controlled sample holder connected to a heater device (Harrick 

Scientific Products, Pleasantville, NY, USA). For acquisition of ATR spectra at different 

temperatures, a Specac Golden Gate accessory with a monolithic diamond ATR crystal and a 

heater device (Specac Limited, Orpington, Kent, UK) was used. A T-type thermocouple (Fluke, 

Everett, WA, USA) was used for measuring the actual sample temperature. Spectra were 

acquired using an automatic CO2/H2O vapor correction algorithm, and the following acquisition 

parameters: 4 cm−1 resolution, 8 co-added interferograms, 4000−650 cm−1 wavenumber range.  

4.3.6 Spectral analysis of nucleic acids and sperm samples  

 Nucleic acids that were purchased included: double-stranded (ds) DNA from herring 

testes, single-stranded (ss) DNA from salmon testes, and RNA from baker’s yeast (Merck KGaA, 

Darmstadt, Germany). All nucleic acids were prepared as 10 mg mL−1 solutions in water. Stallion 

sperm samples (diluted in INRA-82, stored at 4°C for up to 1 d), were centrifuged (30 s at 

13,000×g, twice) for washing and resuspension in saline (0.9%, w/v, NaCl) prior to use. In 
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addition, sperm samples were analyzed that were prepared and subjected to dried storage as 

described above (i.e., diluted in TRIS+ with or without supplements, dried as 50 µL droplets on 

glass slides).  

 Hydrated specimens (10 µL) were sandwiched between two CaF2 windows, mounted in 

the temperature-controlled sample holder, and spectra were acquired at specific temperatures 

during heating from room temperature (i.e., ~22°C) up to 60°C. For analysis of drying kinetics at 

different temperatures, 10 µL sample was added onto the Golden Gate ATR crystal, after setting 

a specific temperature (i.e., ~22, 37 or 60°C). Spectra were collected every 180 s during 30 min 

or until no further spectral changes were recorded. Thereafter, specimens were rehydrated by 

adding 10 µL water, and spectra were acquired to assess reversibility of the observed 

biomolecular conformational changes. Sperm samples that were subjected to drying on glass 

slides (50 µL droplets, 30 min at 37°C) and storage in different formulations (i.e., in TRIS+ with 

and without trehalose and albumin, for up to 7 d at 4 and 37°C), were analyzed at room 

temperature. Dried samples were gently pressed on the ATR crystal using the ATR force arm to 

facilitate contact.  

 The fingerprint region (1500–900 cm−1) was selected for spectral analysis of changes 

associated with drying- and temperature-induced conformational changes in nucleic acids and 

sperm. This region contains the anti-symmetric and symmetric PO2 stretching vibrations at, 

respectively, ~1240−1230 and ~1089 cm−1. Dependent on the hydration state and DNA 

conformation, the absolute peak position and shape of these absorbance bands changes (Whelan 

et al. 2011). Second derivative spectra were calculated using a 21-point smoothing factor and the 

Savitzky-Golay method to better resolve the absorbance bands that were used for determining 

band intensity ratios. In addition, principal component analysis (PCA) of the fingerprint region 

was performed using MATLAB (Mathworks, Natick, MA, USA) to reveal complex differences 

amongst spectral patterns. For PCA, original spectra were vector-normalized and covariance 

matrix data analysis was used as previously described (Caliskan et al. 2021). 

4.3.7 Spectral analysis of preservation formulations 

 FTIR was also used to investigate hydrogen bonding interactions of dried preservation 

formulations. More specifically, temperature-dependent changes in the OH band position at 

~3300 cm−1 were investigated (Wolkers et al. 1998, Wolkers et al. 2004, Sydykov et al. 2017). 
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Pure sugar solutions (10 mg mL−1) were prepared in phosphate buffered saline (137 mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4), whereas TRIS+ formulations were 

prepared as describe above. Dried specimens were prepared for analysis by depositing 20 µL 

solution on a CaF2 window that was kept at 37°C for 60 min. Thereafter, specimens were 

returned to room temperature and an O-ring/spacer and CaF2 window were added for mounting 

the sample in the temperature-controlled sample holder. Transmission spectra were acquired at 

5°C intervals during heating from 25°C to 50°C. The 3700−3000 cm−1 spectral region of the 

spectra obtained at varying temperatures was selected and the OH band position was determined 

as the average of the spectral positions at 80% of the full peak height.  

4.3.8 Statistical analysis  

 Statistical analysis was performed using Sigmaplot software (version 13.0; Systat 

Software GmbH). Differences among treatment groups were evaluated using analysis of variance 

(ANOVA) followed by Tukey’s multiple comparisons test. Differences were considered to be 

statistically significant when p<0.05.  

 

4.4 Results  

4.4.1 Effects of drying temperature/rate on the macroscopic appearance of droplets of 

different compositions  

 Droplets of 50 L consisting of TRIS+/sugar/albumin and sperm, were added on glass 

slides that were maintained at a particular temperature. Weight measurements of the sample 

versus the drying time indicated that a stable state was attained after 30 and 60 min when drying 

was done at 37 and 22°C, respectively (data not shown). The macroscopic appearance of dried 

specimens was inspected after drying at different temperatures and hence drying rates (Figure 

4.1). It can be seen that crystal formation and crystal size are dependent on both the drying 

temperature as well as the composition of the formulation. The dried TRIS+ samples without 

supplements showed typical crystals in all cases. The smoother appearance of the 

TRIS+/sugar/albumin formulations, especially after faster drying (i.e., at higher temperatures), is 

indicative of a glassy state. The incidence of crystal formation appears to be lower for 
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formulations that included trehalose compared to those with sucrose, particularly at lower 

temperatures. A fluorescent dye that stains sperm nuclei was added to inspect the sperm 

distribution in dried specimens. Merged light microscopic and fluorescent images illustrate that 

sperm are evenly distributed within the dried crystalline/glassy structure.  

 

 

 

 

Figure 4.1: Macroscopic appearance of different sperm preservation formulations subjected to drying 

at different temperatures. Preservation formulations were composed of TRIS-buffer, salt and a chelator 

(TRIS+), and sucrose (SUC) or trehalose (TRE) and albumin (BSA) added or not (A,D,G,J: TRIS+, 

B,E,H,K: TRIS+/SUC/BSA, C,F,I,L: TRIS+/TRE/BSA). Fifty-µL droplets were dried for 1 h at 

temperatures ranging from room temperature up to 80°C (A,B,C: 22°C, D,E,F: 37°C, G,H,I: 80°C); and 

observed using light microscopy. Dependent on the absence of sugar/albumin and the drying temperature and 

speed applied, a crystalline or glassy structure is observed. To visualize the sperm distribution, for specimens 

dried at 37°C, the fluorescent dye Hoechst33342 was applied (J,K,L). 
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4.4.2 Accumulation of ROS and sperm DNA damage during dried storage is affected 

by the storage temperature and presence of disaccharides  

 Accumulation of ROS and oxidative damage in dried specimens (i.e., dried matrix with 

sperm embedded) was analyzed by supplementing samples with NBT prior to drying. ROS 

reacting with NBT gives rise to formazan formation, which is evident as a dose-dependent 

increase in blue/purple coloration (Figure 4.2A), especially for samples that were stored at 

temperatures higher than 4°C without addition of protective agents (i.e., using TRIS+ without 

supplements). Formazan and ROS accumulation during storage in the dried state increased with 

increasing storage temperature, which could be prevented by adding trehalose/albumin (Figure 

4.2B). Spectroscopic assessments after rehydration (i.e., A530-values), of specimens stored for 1 

week at 4 or 37°C, showed a similar trend as obtained via image analysis of the dried state. For 

specimens stored at 60°C formazan formation after rehydration was detected both in TRIS+ with 

and without trehalose/albumin, however, values were much lower for the latter (Figure 4.2C).  

 Sperm chromatin structure and DNA fragmentation were also investigated during dried 

storage. DFI-values were determined after 1 week storage at temperatures ranging from 4 to 60°C 

and after storage for up to 12 weeks at 37°C. Sperm DNA damage progressively increases with 

increasing storage temperature in TRIS+ formulations (Figure 4.2D). DNA damage during 

storage is prevented when sugar/albumin is added in the preservation formulation. In TRIS+, a 

sperm DFI-value of 8±6% was determined for fresh samples, whereas after drying and one week 

storage at 4 and 37°C DFI-values were found to be, respectively, 10±9 and 69±14%. Presence of 

albumin and the reducing sugar glucose appeared to be detrimental during storage at 37°C, with 

values increasing from 8±6% after 1 week to 35±32 and 57±32% after, respectively, 4 and 12 

weeks. When TRIS+ was supplemented with albumin and either trehalose or sucrose, sperm DFI-

values did not increase during dried storage at 37°C for up to 1 month (i.e. DFI-values 

maintained at values ranging from 8−12%). Slightly higher DFI-values were determined after 3 

months storage (~20%).  
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Figure 4.2: Accumulation of reactive oxygen species (ROS) and changes in sperm chromatin 

structure (i.e., the DNA fragmentation index/DFI) during dried storage. Specimens were 

prepared in TRIS+ without supplements (A−D) as well as TRIS+ supplemented with albumin and 

trehalose (B−D), sucrose or glucose (D). Specimens were stored for 1 week at 37°C (A−C) or up to 

12 weeks at temperatures ranging from 4−60°C. Panel A depicts representative images of dried 

sperm/TRIS+ specimens, supplemented with NBT, that were stored for up to 2 weeks at 37°C. ROS 

formation and accumulation is evident as an increased blue/purple coloration due to formazan 

formation. Formazan formation was quantified for specimens stored for 7 d at 4, 37 and 60°C; both 

via image analysis of micrographs from dried samples (B) and via spectrophotometric assessments 

after hydration (C). The sperm chromatin structure assay was used for determining DFI-values as a 

measure for DNA damage during dried storage at different temperatures in different formulations (D). 

Mean values ± standard deviations are presented as determined from 3 (B,C) or 6 (D) specimens per 

treatment, prepared using a split sample approach and semen from different stallions. Statistically 

significant differences amongst formulations tested and time points of analysis are indicated with 

different letters and numbers, respectively. 
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4.4.3 Characteristic infrared spectral features of nucleic acids and preservation 

formulations 

 Figure 4.3A−B shows typical infrared spectra of dried isolated/pure nucleic acids and 

sperm in TRIS+/preservation formulations. In the 3600−3000 cm−1 spectral range, a pronounced 

OH stretching vibration band can be found, resulting from water (i.e., in case of hydrated 

samples), sugars and/or proteins. The CH-stretching region (3000−2800 cm−1) mainly arises from 

CH3 and CH2 groups of proteins and membrane lipids. CO-stretching and NH-bending 

vibrations from the protein backbone give rise to the amide-I and II band at ~1650 and ~1550 

cm−1, respectively. In the so-called fingerprint region (1500−900 cm−1), a variety of characteristic 

IR group frequencies can be observed, including specific absorbance bands resulting from 

proteins and nucleic acids. The presence of trehalose is evident as five characteristic peaks in the 

1170−960 cm−1 region. Absorbance bands resulting from DNA include the C-C backbone (965 

cm−1), carbonyl deoxyribose (1050 cm−1) and symmetric and asymmetric PO2- (1089 and 1235 

cm−1) stretching vibrations. RNA-specific peaks from the ribose rings can be found at 1125 and 

993 cm−1.  

 In contrast with crystalline samples, an amorphous (i.e., glassy, non-crystalline) state is 

generally characterized by broad absorbance bands, especially in the OH stretching region. The 

position of OH and its shift with temperature provide a measure for intermolecular hydrogen 

bonding interactions. The OH wavenumber decreases with increasing sugar concentration in 

hydrated sugar solutions, and further decreases upon drying and addition of albumin (Figure 

4.3C). In addition, the temperature-dependent shift in OH (i.e., WTC-value) is higher for liquid 

samples as compared to dried amorphous samples, indicating that formation of an amorphous 

glassy state decreases the thermal expansion of hydrogen bonding interactions (Figure 4.3D). 
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Figure 4.3: Infrared spectra of different sperm preservation formulations (A), as well as 

pure/isolated nucleic acids and sperm (B). In addition, for preservation formulations, spectra were 

collected at different temperatures and the OH-stretching band position (vOH) was analyzed (C,D). Full 

original spectra are shown for TRIS+ without supplements (black line), or TRIS+ supplemented with 

trehalose (+/TRE; dark green line) and albumin (+/TRE/BSA; green line). In addition, a full spectrum 

of sperm in saline is shown (pink line). In panel B, for nucleic acids (dsDNA: red line, ssDNA: green 

line, RNA: blue line) and sperm, the 1800–900 cm-1 spectral region is presented; in which specific 

absorbance bands are assigned. In panel C, plots on vOH versus the sample temperature are presented; 

for water (open circles), trehalose solutions (5% TRE: grey circles, 40% TRE: black circles), dried 

trehalose in a glassy state (TRE: closed squares) and dried preservation formulation/TRIS+ 

supplemented with trehalose/albumin (+/TRE/BSA: open triangles). Panel D presents wavenumber 

temperature coefficient (WTC) values for different hydrated and dried formulations, determined from 

vOH versus temperature plots in the 25−50°C temperature range. Average spectra are represented, as 

well as mean values ± standard deviation, derived from analysis of three specimens. Statistically 

significant differences amongst formulations are indicated with different letters. 
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4.4.4 Drying- and temperature-induced conformational changes in nucleic acids and 

sperm chromatin, as detected using infrared spectroscopy 

 Dehydration causes DNA to undergo a conformational transition from the B-form to the 

A-form, which is visible as a change in several characteristic absorbance bands (Table 1.2). 

Figure 4.4 depicts the changes in the position and shape of nucleic acid specific absorbance bands 

in response to dehydration and rehydration, as well as heating. Upon dehydration, both for pure 

dsDNA and sperm, the DNA B-to-A-form transition is visible as: a C-C shift from 970 to 965 

cm−1, a C-O shift from 1052 to 1050 cm−1, while PO2-asym shifts from 1225 to 1235 cm−1 (Table 

1.2). These wavenumber shifts appear to be reversible upon rehydration. The intensity of PO2-

sym at 1089 cm−1 was found to increase upon dehydration (Figure 4.4A−B), while drying at higher 

temperatures resulted in a decrease in band intensity (Figure 4.4C−D). This indicates 

temperature-induced changes in the DNA backbone and sperm chromatin structure of dried 

specimens.  

 Figure 4.4F shows the band ratio of the asymmetric and symmetric PO2- vibration bands 

for hydrated as well as dried specimens. It can be seen that I(vPO2-asym)/I(vPO2-sym) increases 

during the dehydration-induced DNA B-to-A-form transition both for pure/isolated nucleic acids 

and sperm. In addition, the ratio increases with increasing drying temperatures. 

 

 

 

 

 

Table 1.2: Band assignments and wavenumber positions associated with B- and A-DNA conformations, respectively, 

for hydrated and dried specimens. 
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Figure 4.4: Second derivative infrared spectra (A−E), and analysis of DNA 

conformational changes by means of assessment of absorbance band ratios (F); for 

dsDNA (A,C,F), ssDNA (F) and sperm samples (B,D−F). Spectra were acquired in the 

hydrated state, after subjecting specimens to drying-and-rehydration (A,B), and in the 

dried state at different temperatures (C−E,F). Characteristic absorbance band regions in 

which changes from the B- to A-like DNA form appear (i.e., for hydrated and dried 

specimens, respectively) are indicated. Band intensity ratios of the asymmetric versus 

symmetric PO2- stretching vibration [I(vPO2-asym)/I(vPO2-sym): (Iv1225/Iv1089 and 

Iv1235/Iv1089 for hydrated and dried specimens, respectively] were derived from 

normalized second derivative spectra of the fingerprint region; for quantifying drying- and 

temperature-induced conformational changes (F). Measurements were performed in 

triplicate, and mean spectra are presented and values ± standard deviations. Statistically 

significant differences amongst treatments are indicated with different letters. 
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4.4.5 Spectral analysis of changes in sperm biomolecular structure during dried 

storage in the absence and presence of trehalose 

 Figure 4.3A−B and 4.5A−B illustrate that characteristic nucleic acid and 

trehalose/albumin absorbance bands overlap, which makes it difficult to assign sperm DNA-

specific structural changes in spectra taken during storage (i.e., in various formulations). When 

sperm is dried in TRIS+, various characteristic spectral features change during storage which are 

possibly associated with sperm damage. In TRIS+ supplemented with trehalose/albumin, 

however, the overall shape of the spectra does not show obvious changes after storage for up to 1 

week at either 4 or 37°C. The fingerprint region was selected for PCA (Figure 4.5C−E), since it 

contains DNA-specific bands. A clear separation between sperm prepared and dried in TRIS+ 

with and without supplements is seen in PC1 versus PC2 score plots. PC1 explains 69% of the 

observed variance, and has major component loadings around 990 and 1050 cm−1. PC2 and PC3 

depict 28 and 1.8% of the observed variance, respectively, and are separated by component 

loading bands at ~1089 and 1235 cm−1 likely denoting DNA-PO2- stretching vibrations. Spectra 

of sperm dried and stored for different durations in TRIS+ appear as different clusters in the PC2 

versus PC3 score plot, indicating storage causes biomolecular changes. Interestingly, specimens 

supplemented with trehalose/albumin stored for 1 week at 4°C form a group/cluster together with 

the samples analyzed directly after drying, whereas samples stored at 37°C partly diverge from 

this group. This indicates that the biomolecular composition/structure is preserved in case of 

drying sperm with trehalose/albumin and dry storage at low temperature. 
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Figure 4.5: Infrared spectroscopic analysis of sperm samples subjected to drying and storage 

using different protective formulations and storage temperatures. Specimens were prepared in 

TRIS+ without supplements (A,D,E; red lines and symbols) as well as TRIS+ supplemented with 

trehalose and albumin (B,D,E; green lines and symbols). Specimens were analyzed immediately 

after drying (dark colors, circles), as well as after 1 week dried storage at 4°C (triangles) or 37°C 

(light colors, squares). Full original spectra are shown in panel A−B, while the fingerprint region 

was subjected to PCA (C−E). The component loadings plots of PC1−3 (C) illustrate the spectral 

regions which appear different amongst formulations used and/or storage conditions. Differences 

amongst specimens are evident as separation in score plots on PC2 vs PC1 (D) and PC3 (E). Three 

specimens were prepared and analyzed per treatment (i.e., 2 formulations, 3 time points), using a 

split sample approach and semen from different stallions (i.e., 3 stallions). Three spectra were 

collected for each specimen, eventually resulting in 9 spectra per treatment. Average spectra are 

represented, while all data points are shown in the PCA plots. 
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4.5 Discussion 

 Reactive oxygen species and DNA damage were found to accumulate in dried stallion 

sperm samples with increasing storage temperature and storage duration. Oxidative stress and 

sperm DNA damage are known to negatively affect fertility rates (Aitken and Fisher 1994, Love 

et al. 2002). When dried sperm is used for fertilization, numbers of offspring tend to decrease 

with increasing storage duration (Kawase et al. 2005, Li et al. 2007). Use of preservation 

formulations supplemented with disaccharides (i.e., trehalose, sucrose) and albumin were found 

to counteract oxidative stress and enhance sperm chromatin stability during storage. This can be 

attributed to scavenging actions neutralizing the damaging effects of reactive oxygen species as 

well as a drastic decrease in the rate of damaging reactions in the glassy state (Janis et al. 2018, 

Sydykov et al. 2017). The increased damage in the presence of the reducing monosaccharide 

glucose can be explained by Amadori and Maillard (i.e., browning) reactions between glucose 

and proteins, which even take place in dried samples (Oldenhof et al. 2017).  

 Evaporative drying at elevated temperatures combined with the use of trehalose and 

albumin facilitated formation of a glassy state, with a strong hydrogen bonding interaction 

network in which sperm were embedded. The glass transition temperature and physical properties 

of the amorphous state correlate with sample stability (Wolkers et al. 2004, Sydykov et al. 2017, 

Zhang et al. 2017). It should be noted that the extracellular and intracellular state are not 

necessarily the same. To provide intracellular protection, various approaches have been proposed 

to load mammalian cells with lyoprotective agents like trehalose (Weng 2021). When freeze-

drying is used, freezing-induced membrane phase changes facilitate uptake of extracellular 

trehalose (Oldenhof et al. 2017). We expect that trehalose also enters the cell during evaporative 

drying, because drying compromises the membrane permeability barrier function (Sitaula et al. 

2009, Wolkers et al. 2019). However, even though trehalose may have entered the damaged cell, 

it may not have reached the nucleus to directly interact with the tightly packed chromatin 

structure.  

 In contrast to freeze-drying, drying times under ambient temperature conditions should be 

kept as short as possible to minimize degradation reactions during the drying process itself. 

Sperm heat-drying has been applied as a simple approach to accelerate drying (Lee and Niwa 

2006, Cozzi et al. 2001, Lee et al. 2013). Proteins in hydrated sperm, however, start to denature 

around 45−50°C (Oldenhof et al. 2016), so it can be expected that too high drying temperatures 
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cause functionality losses. To further shorten drying times and increase reproducibility, porous 

filters can be used to decrease the sample vapor pressure and increase the available surface area 

for drying (Brogna et al. 2020) and/or microwave-assisted drying (Patrick et al. 2017, Wang et al. 

2020). Filters, however, may not be suitable for all cell types, particularly not for cells such as 

sperm that may get trapped inside the filter material.  

 Similar as seen for pure DNA, sperm chromatin underwent a reversible B- to A-DNA 

transition upon dehydration. In infrared spectra this was evident as a drying induced shift of 

PO2
-
asym from 1225 to 1235 cm−1, and an increase in the intensity of PO2

-
sym at 1089 cm−1 

(Whelan et al. 2011, Wood 2016). In the absence of protective agents, drying and exposure to 

elevated temperatures resulted in an increase in the asymmetric/symmetric phosphate band 

intensity ratio value. Thus, the increase in I(PO2
-
sym)/I(PO2

-
asym) coincides with a tightening of 

chromatin packing due to water removal. Furthermore, the asymmetric/symmetric phosphate 

band intensity ratio is affected by increased protamine-DNA binding (Roque et al. 2011, Mello 

and Vidal 2012), and decreases after treating sperm with the disulfide reducing agent 

dithiothreitol (Oldenhof et al. 2016). Non-invasive spectral analysis of sperm can be correlated 

with morphological characteristics and fertility, which holds great promise in artificial 

reproduction technologies (Huser et al. 2009, Meister at al 2010, Huang et al. 2014, Mallidis et 

al. 2014, De Angelis et al. 2019).  

 Free radical-mediated oxidation has been implicated as the main cause of DNA 

degradation during storage. DNA packaged in chromatin is more stable than naked DNA, and 

purified DNA is more stable than DNA in damaged cells (Anchordoguy and Molina 2007). 

Accumulated reactive oxygen species may directly alter chromatin structure, or transient lipid 

radical molecules that are formed during lipid peroxidation may cause DNA damage (Molina et 

al. 2004). In sperm the degree of chromatin condensation determines sensitivity to DNA damage 

(Oldenhof et al. 2016).  

 

4.6 Conclusions 

 Taken together, evaporative drying of sperm samples provides a simple method to 

preserve sperm chromatin for genome resource banking. Use of preservation solutions 

supplemented with trehalose and albumin, and drying done at elevated temperatures, results in 
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the formation of a glassy matrix in which sperm are embedded. This approach counteracts the 

accumulation of reactive oxygen species during dried storage, especially during storage at colder 

temperatures, which in turn prevents accumulation of sperm DNA damage. Furthermore, it was 

shown that FTIR spectroscopy combined with PCA provides a powerful non-invasive tool to 

detect sperm biomolecular structure. It allows for monitoring possible alterations in sperm 

chromatin structure during storage, for quality evaluation prior to use for artificial reproductive 

technologies.  
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CHAPTER 5 

GENERAL DISCUSSION AND OUTLOOK  

 Bodily fluids can be used to predict the health status of an individual. Their biomolecular 

composition, however, is prone to degradation. Preservation approaches aim to maintain stability 

of biospecimens during long-term storage, in order to minimize possible degradation of 

biomolecules of interest. Storage of bodily fluids at low or ultra-low temperatures 

(cryopreservation) is the current gold standard in biomedical research. Dry preservation holds 

promise as an alternative method for storage of biospecimens, because it facilitates easy handling 

and transport, while reducing storage space and costs as compared to cryogenic storage. In 

addition, dry biobanking can be used in underdeveloped countries, and non-laboratory settings, 

where cryogenic storage is not an option. 

 The aim of this thesis was to develop a series of biomimetic lyoprotective formulations 

and tailor-made drying procedures for different bodily fluids such as plasma, semen and saliva. 

Dried plasma samples can be used in transfusion medicine or for disease diagnostics, whereas 

salivary biomarkers can be used to predict and monitor the health status of individuals. Dried 

semen can be used in reproductive medicine, but also for disease diagnostics. Dry preservation 

requires use of lyprotective agents to stabilize biomolecules during drying and storage. Addition 

of disaccharides facilitates formation of a stable glassy state in which biomolecular structures are 

better preserved. The beneficial effect of adding lyoprotectants for freeze-drying of human 

plasma has been investigated here. In addition, use of sugars to protect and stabilize dried saliva 

and heated sperm samples stored under sub-optimal conditions (i.e. elevated temperatures and/or 

high relative humidity) was evaluated in details. In addition to various biochemical analysis 

methods, IR spectroscopy combined with Principal component Analysis (PCA) was used to study 

biomolecular structure and stability of dried specimens. 

5.1 Parameters influencing storage stability of dried bodily fluids  

 In this study, it was shown that freeze-drying can be used as alternative preservation 

method for long-term storage of human plasma. If done in presence of sugars, lyophilization does 

not alter plasma proteins. Increase of turbidity as measure of protein aggregation was identified 
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as one of the main issues associated with the freeze-drying of plasma samples. It has been 

demonstrated that aggregation mechanisms result in different types of aggregates, which may 

affect the structure and/or function of specific therapeutic proteins (Arosio et al. 2013, Boll et al. 

2017, Wälchli et al. 2020). Non-reducing sugars such as sucrose and trehalose stabilize proteins 

during drying by forming a protective glassy state, thus preventing dehydration-induced 

conformational changes (Carpenter et al. 1987, Starciuc et al. 2020). Beneficial effects of sugars 

for preventing freeze-drying-induced plasma proteins aggregation were assessed during short and 

long-term storage by measuring the absorbance at 550 nm, after rehydration of dried samples. It 

was shown that exposure to 10% (w/v) final sugar concentration was efficient to prevent both 

protein aggregation and changes in protein secondary structure. However, DSC analysis 

confirmed that plasma freeze-dried with trehalose is in a protective glassy state at room 

temperature, which coincides with decreased rates of protein aggregation. Due to its high Tg and 

non-reducing properties, trehalose is often taken as the lyoprotective agent of choice for storage 

of biospecimens.  

 When stored in a dried solid state, degradation reactions can be avoided or drastically 

slowed down. As a consequence, biomolecules remain stable for mouth or years at ambient 

temperatures (Carpenter et al. 1997, Muller et al. 2016, Dufresne et al. 2017). However, the 

relationship between storage temperature and glass transition temperature (Tg) is an important 

aspect to take in consideration. Tg is generally related to the physical stability of an amorphous 

formulation in its highly viscous glassy state, where the molecular mobility is reduced (Simperler 

et al. 2006, Alhalaweh et al. 2015). In order to ensure long-term stability in a dried state, the Tg 

must exceed the planned storage temperature (Newman et al. 2019). Different factors such as 

added buffers, salts, and moisture content can depress the Tg. Typical lyopreservation 

formulations have a Tg well above 25°C, allowing storage and transportation at ambient 

conditions. The Tg values of dried plasma samples supplemented with trehalose, sucrose and 

glucose that were determined here by DSC here are in good agreement with previous findings 

(Simperler et al. 2006).  

 Also dried material is prone to degradation during storage. Stability is determined by the 

storage conditions. For example, the impact of moisture uptake from environmental exposure, 

can directly damage biomolecules by allowing water degradation reactions. In the lyophilized 

material uptake of water can decrease the Tg and cause crystallization of the protective agent. 
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Storage stability normally improves when the residual water content decreases (Duralliu et al. 

2020). The latter is often interpreted in terms of increased molecular motions, which facilitate 

degradative reactions. In agreement with this, here it was shown that progressively less DNA can 

be recovered from saliva dried on filters during storage at high relative humidity. Several theories 

on the mechanism of stabilization of sugars on DNA have been postulated. Similar to proteins 

protection model, this includes preferential interaction and water replacement theory (Kurz et al. 

2008). During drying, disaccharides are better at forming stabilizing interactions and reducing 

local mobility via replacing the water molecules. Lyophilized lipid-DNA complexes are reported 

to be stabilized by disaccharides, suggesting that water replacement mechanism plays a 

significant role in protecting DNA during lyophilization (Allison et al. 2000). The same trend 

was observed also for dried sperm samples stored under different conditions. A combination of 

albumin and trehalose was found to be beneficial not only for preventing oxidative damage but 

also to prevent DNA fragmentation. This was also found in previous studies, where a 

combination of albumin and sucrose was successfully used for freeze drying of sperm. When the 

DNA of freeze-dried sperm remains intact it can be used for intracytoplasmic sperm injection 

(ICSI) (Oldenohof et al. 2017). Addition of albumin to sugars increases the Tg and the average 

strength of hydrogen bonding, thus making the mixed glass formulations more stable during 

storage at room temperature (Sydykov et al. 2017).  

5.2 Spectral analysis as non-invasive tool for rapid quality assessment of dried bodily 

fluids 

 Functional and structural assessment of biomolecules is typically time consuming and 

requires using invasive analysis methods (Song et al. 2019). In addition, samples cannot be re-

used after processing. For example, current sperm DNA quality tests involve the use of invasive 

pretreatments such as fluorescent dyes, low-pH, high-concentration of salt solution, which make 

the DNA strands unavailable for further analysis (Lewis et al. 2013). Therefore, there is a great 

interest in non-invasive analytical procedures to ensure the collection and use of high quality 

samples by simultaneously assessing various parameters. Raman and Fourier transform infrared 

spectroscopy (FTIR) allow for rapid non-invasive assessment of biomolecular structures in cells 

and tissues (Sánchez et al. 2012, Oldenhof et al. 2016, Vásquez-Rivera et al. 2019). ATR FT-IR 

has demonstrated potential for screening of bodily fluids (Orphanou et al. 2015). 
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Fourier transform infrared spectroscopy (FTIR) has been extensively applied to study changes in 

overall protein secondary structure in tissues induced by freeze-drying (Vásquez-Rivera et al. 

2018, Zouhair et al. 2018) and during storage (Vásquez-Rivera et al. 2019). This can be done by 

analyzing the protein amide absorbance bands in IR spectra of tissue samples, which provide 

information on the overall protein secondary structure of endogenous proteins. The amide-I band 

arising from CO-stretching vibrations of the peptide backbone, can be used to quantify relative 

contents of α-helical, β-sheet and unordered structures (i.e. changes in response to treatments 

and/or storage conditions). The protein amide-I band is also one of the prominent bands in IR 

spectra of lyophilized plasma. The overall protein secondary structure of dried plasma samples 

showed signs of increased contents of β-sheet structures without protective measures. Non-

invasive in situ spectroscopy can thus be used to assess the effects of freeze-drying prior to use. 

Drying and subsequent storage at ambient temperatures has very little effects on DNA function 

and stability (Kansagara et al. 2008). Here, FT-IR combined with PCA showed the high stability 

of DNA in the presence of protective formulations (i.e. sugars alone or in combination with 

albumin) both for saliva and sperm samples. The asymmetric /symmetric phosphate band ratio 

was shown to be indicative of the content of single-stranded DNA with respect to double-

stranded DNA (Mello & Vidal, 2012). In addition, it was shown that the band ratio of the 

asymmetric/symmetric phosphate changes upon drying. Our findings here are in agreement with 

previous studies on sperm chromatin structure (Oldenhof et al. 2016). Vibrational spectroscopy 

represents a promising approach to monitor DNA structures and respective conformational 

changes not only in isolated DNA, but also in complex systems, i.e. in cells. Characteristic peaks 

in IR spectra of sperm arising from the fingerprint region can be used to detect damage induced 

by drying and/or aging conditions.  
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5.3 Outlook  

 The research findings of this thesis can be applied to establish dry biobanking for a wide 

variety of bodily fluids, for later use in clinical diagnostic applications. The beneficial effects of 

using protective formulation include increased stability of the final product, with the possibility 

to store dried samples at higher temperatures.   

  Further studies should focus more on investigating plasma protein abnormalities and/or 

functionality after freeze-drying. For examples immunological measurements would reveal 

additional insights into the preserved activity of plasma diagnostic proteins. This includes 

functional assay to evaluate the activity of coagulation factors (i.e. fibrinogens activity), 

activation of immune response (i.e. globulins activity) or maintain osmotic pressure (albumins 

activity). Detailed clinical trials are needed to evaluate the efficacy and safety of convalescent 

plasma (CP) transfusion, which has been indicated as a promising potential therapy for the 

treatment of viral infections (i.e.SARS-CoV-2 pneumonia). COVID-19 convalescent plasma with 

sufficient amount antibodies, so- called hyperimmune plasma can be an attractive alternative for 

exploiting passive immune therapy against SARS-CoV-2. Collection and proper storage of 

plasma in dried state would be associated with an improved clinical outcome. The research 

findings of the freeze-drying process described in this thesis could be used to carry out projects 

concerning dry biobanking of specific diseases such as viral hepatitis. However, the individual 

serological status concerning virus presence and anti-hepatitis B reactivity need to be cross-

valeted against classically cryopreserved samples, through characterization of the integrity of 

biomolecules such as RNA and DNA.  

 Telomeres, the caps that protect the end of chromosomes, are known to shorten with age. 

It has been postulated that exercising can reduce the decrease in telomere length associated with 

aging. Cohort studies on telomere length as health/age indicator require a reliable and stable 

source of DNA, which could be extracted from saliva dried on filters. The latter would facilitate 

handling and transportation of the preserved saliva to different locations or countries.  

 Combinations of biopolymers and sugars could be used to increase storage stability of 

(freeze)-dried sperm samples, which can be used in assisted reproductive technology. Use of 

dried sperm cells dried and stored at room temperatures can be applied for ICSI studies. 

Similarly, DNA in freeze-dried somatic cells can be used for nuclear transfer applications 

(SCNT). 
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 The methods presented here to study dried bodily fluids by spectral fingerprinting 

represents a rapid and non-invasive spectroscopic approach that can be used to evaluate different 

biomolecular structures for quality assessment of diagnostic analysis after processing and/or 

preservation. The same approach could be used in applications involving oxidation and/or 

changes in protein secondary structure. Thus, this method can be used to better understand 

sample degradation processes, which can be used to develop and improve handling and storage 

procedures.  
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CHAPTER 6  

OVERALL SUMMARY 

Raffaele Brogna  

„Dry storage of bodily fluids for disease diagnostics and genome resource banking“ 

 

 The central aim of this thesis was to study different strategies for the dry preservation and 

long term storage of different bodily fluids, investigating the macromolecular stability in the 

dried state for diagnostic applications in reproductive and regenerative medicine. 

 In chapter 2, the beneficial effect of using sugars as lyoprotectants before freeze-drying 

human plasma was investigated. Differential scanning calorimetry (DSC) was used to study the 

glass transition temperature of freeze-dried plasma samples with(out) protectants. It was shown 

that samples dried with trehalose exhibit the highest glass transition temperature (~ 72°C) 

followed by sucrose (~ 46°C) and glucose (~ 15°C). In addition, it was found that those sugars 

appear to be equally effective in preventing protein aggregation of freeze-dried plasma samples in 

a dose-dependent manner. It was shown that protein aggregation by means of turbidity was 

prevented also in case of pure/monoclonal IgG (i.e. model study) by adding 10% sugars 

concentration. Infrared (IR) spectroscopy was employed to analyze the overall protein secondary 

structure of plasma samples freeze-dried with(out) different sugars. Inspection of the protein 

amide-I band in FTIR spectra of freeze-dried plasma samples reveals that plasma proteins form 

an extended β-sheet structures during drying without protectants, whereas in presence of sugars 

the relative proportion of α-helical structures is clearly greater. In agreement, the (un)supervised 

machine learning approach Principal Component Analysis (PCA) conducted on the amide-I 

region, revealed that freeze-dried plasma with sugars exhibit more compact score plots. This 

indicates that samples are more stable and homogeneous when freeze-drying is done in presence 

of sugars. For investigating storage stability, freeze-dried plasma samples were stored for 

different durations at different temperatures. To obtain more detailed insights in kinetics of 

protein aggregation, a broad range of temperatures and storage durations was tested. It was found 

that trehalose reduces protein aggregation during long term storage for temperatures ranging from 

4°C to 60°C. In fact, when trehalose was added, there was only a minor increase in turbidity with 
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increasing temperature. However, total IgG content of hydrated and freeze-dried samples (i.e. 

stored for 30 d at ambient temperature) were similar as those determined for samples stored 

frozen at −80°C, and no differences were seen for specimens with(out) trehalose. Accumulation 

of reactive oxygen species (ROS) during storage of hydrated and dried plasma samples was 

analyzed using nitroblue tetrazolium (NBT) and protein carbonyl content. It is shown that 

trehalose reduces the accumulation of ROS (i.e. oxidative damage) during storage under different 

conditions. In summary, such data show the beneficial effect of adding sugars (i.e. trehalose) 

before freeze-drying human plasma.  

 In chapter 3, the spectral fingerprinting of human saliva dried on filters was studied. 

Saliva from different donors was collected via spitting or using swabs and analyzed 

microscopically. Higher cell numbers and DNA amounts were recovered for spitting as compared 

to using swabs. Thus, saliva collected via ordinary spitting was therefore used for further studies. 

It was demonstrated that saliva dried onto PVDF filters in the presence of a stream of dry air was 

faster when compared with others approaches. Parameters characterizing storage stability, such as 

temperature and relative humidity were investigated via evaluating the DNA content extracted 

from saliva samples stored under different conditions. Storage at high relative humidity 

conditions ( i.e. 75 or 95% RH) showed low amount of DNA recovered, indicating degradation 

took place. This was also observed after long term storage (90 days) for samples stored under 

ambient conditions (~ 22 °C, ~ 50% RH) without protective measures. In fact, it can be seen that 

saliva dried without a lyoprotectant exhibits a higher relative content of extended β-sheet 

structures compared to samples that were dried in the presence of sugars, i.e. the band intensity 

ratio [I(β-sheet)/I(α-helix] is reduced when saliva is dried in the presence of sucrose. This implies 

that sugars prevent dehydration induced protein aggregation. FTIR analysis was also used to 

study characteristic bands arising from the DNA backbone in the fingerprint region. In order to 

reveal differences among treatment groups that are difficult to observe in the complex fingerprint 

region of the FTIR spectra, vector normalized spectra obtained from samples stored for different 

periods (up to 90 days) at different conditions, such as  relative humidities and temperatures were 

analyzed with Principal Component Analysis (PCA). Samples are mostly separated on PC1, 

which describes approximately 60% of the observed variance and allows a clear discrimination 

between trends and patterns among treated groups (with or without sucrose) as well as different 

storage time. PCA analysis shows that saliva dried on filters in the presence of sucrose exhibit, 
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during storage, higher stability both under normal (%R.H.<75 or 4°C) and accelerated aging 

conditions (%R.H.>75% or 37°C), thus demonstrating great power of FT-IR spectroscopy 

combined with PCA in the early screening of dried bio specimens. It is concluded that dry 

biobanking of saliva by air-drying on filters can be used for storage and transport of samples for 

genetic field studies.   

 In chapter 4, characteristics of sperm DNA were investigated, for sperm samples dried 

using different protective formulations. Evaluation of different drying temperatures have shown 

that sperm dried in presence of lyoprotectants exhibits a stable viscous glassy state, where 

biomolecules are immobilized and damaging reactions are slowed down. In contrast, crystal 

formation was evident for samples not supplemented with sugars and/or albumin. In order to 

assess drying-induced ROS formation and DNA fragmentation during storage, NBT and SCSA 

assays were performed for samples with(out) sugars and/or albumin. It was found that in presence 

of protectants sperm damage was prevented, both in terms of ROS accumulation and DNA 

fragmentation. To assess the overall sperm DNA structure, before and after drying, FT-IR was 

performed. Drying induced B to A-like DNA transitions were evident as prominent peak changes 

in the fingerprint region, and specific for the hydrated (B-like structure) or dried (A-like 

structure) form. Upon drying, the reversibility to re-hydrated form was monitored for pure 

dsDNA as well sperm DNA, which showed a similar trend in terms of absorbance peaks.  Use of 

trehalose and albumin prior to drying was found to be efficient during storage at different 

temperatures, where score plots obtained with PCA appear more homogenous and stable (i.e. 

more compact dots) when compared with samples without protectants. This indicates that drying 

of sperm in presence of trehalose and albumin is effective in preventing sperm DNA structure 

damages.  

 

  



 

87 
 

CHAPTER 7  

ZUSAMMENFASSUNG 

Raffaele Brogna 

„Trockenlagerung von Körperflüssigkeiten für Krankheitsdiagnostik und Genom-Ressourcen-

Banking“ 

 

 Das Hauptziel dieser Arbeit war es, verschiedene Strategien zur Trockenkonservierung 

und Langzeitlagerung verschiedener Körperflüssigkeiten zu untersuchen und die 

makromolekulare Stabilität im getrockneten Zustand für diagnostische Anwendungen in der 

reproduktiven und regenerativen Medizin zu untersuchen. 

 In Kapitel 2 wurde die vorteilhafte Wirkung der Verwendung von Zuckern als 

Lyoprotektiva vor der Gefriertrocknung von menschlichem Plasma untersucht Dynamische 

Differenzkalorimetrie (DSC) wurde verwendet, um die Glasübergangstemperatur von 

gefriergetrockneten Plasmaproben mit (oder Ohne) Schutzmitteln zu untersuchen. Es wurde 

gezeigt, dass mit Trehalose getrocknete Proben die höchste Glasübergangstemperatur (~ 72°C) 

aufweisen, gefolgt von Saccharose (~ 46°C) und Glucose (~ 15°C). Zusätzlich wurde es 

gefunden, dass diese Zucker gleichermaßen wirksam sind, um die Proteinaggregation von 

gefriergetrockneten Plasmaproben in dosisabhängiger Weise zu verhindern. Es wurde gezeigt, 

dass die Proteinaggregation auch im Fall von reinem / monoklonalem IgG (d. h. Modellstudie) 

durch Zugabe von 10% Zuckerkonzentration verhindert wurde. Infrarot (IR) -Spektroskopie 

wurde verwendet, um die gesamte Proteinsekundärstruktur von Plasmaproben zu analysieren, die 

mit (oder Ohne) verschiedenen Zuckern gefriergetrocknet wurden. Die Untersuchung der 

Proteinamid-I-Bande in FTIR-Spektren gefriergetrockneter Plasmaproben zeigt, dass 

Plasmaproteine während der Trockung ohne Schutzmittel ausgedehnte β-Faltblattstrukturen 

bilden, während in Gegenwart von Zuckern der relative Anteil an α-helikalen Strukturen deutlich 

größer ist. In Übereinstimmung damit ergab der Principal Component Analysis (PCA), der an der 

Amid-I-Region durchgeführt wurde, dass gefriergetrocknetes Plasma mit Zuckern kompaktere 

Score-Plots aufweist. Dies zeigt an, dass die Proben stabiler und homogener sind, wenn die 

Gefriertrocknung in Gegenwart von Zuckern durchgeführt wird. Zur Untersuchung der 
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Lagerstabilität wurden gefriergetrocknete Plasmaproben für unterschiedliche Zeiträume bei 

unterschiedlichen Temperaturen gelagert. Um detailliertere Einblicke in die Kinetik der 

Proteinaggregation zu erhalten, wurde ein breiter Bereich von Temperaturen und Lagerungszeiten 

getestet. Es wurde gefunden, dass Trehalose die Proteinaggregation während der 

Langzeitlagerung bei Temperaturen von 4° C auf 60°C reduziert. Tatsächlich gab es bei Zugabe 

von Trehalose mit zunehmender Temperatur nur einen geringen Anstieg der Trübung. Der 

Gesamt-IgG-Gehalt von hydratisierten und gefriergetrockneten Proben (d. h. 30 Tage bei 

Umgebungstemperatur gelagert) war jedoch ähnlich wie der für Proben, die bei –80°C gefroren 

gelagert wurden, und es wurden keine Unterschiede für Proben mit ( oder ohne) Trehalose 

festgestellt. Die Akkumulation von reaktiven Sauerstoffspezies (ROS) während der Lagerung 

von hydratisierten und getrockneten Plasmaproben wurde unter Verwendung von Nitroblau-

Tetrazolium (NBT) und Proteincarbonylgehalt analysiert. Es wurde gezeigt, dass Trehalose die 

Anreicherung von ROS (d. h. oxidative Schädigung) während der Lagerung unter verschiedenen 

Bedingungen verringert. Zusammenfassend zeigen solche Daten die vorteilhafte Wirkung der 

Zugabe von Zucker (d. H. Trehalose) vor der Gefriertrockung von menschlichem Plasma. 

 In Kapitel 3 wurde der spektrale Fingerabdruck von auf Filtern getrocknetem 

menschlichem Speichel untersucht. Der Speichel von verschiedenen Spendern wurde durch 

Spucken oder unter Verwendung von Tupfern gesammelt und mikroskopisch analysiert. Im 

Vergleich zur Verwendung von Tupfern wurden höhere Zellzahlen und DNA-Mengen durch 

Spucken erhalten. Daher wurde der Speichel, der durch gewöhnliches Spucken gesammelt wurde, 

für weitere Studien verwendet. Es wurde gezeigt, dass der Speichel, der in Gegenwart eines 

trockenen Luftstroms auf PVDF-Filter getrocknet wurde, im Vergleich zu anderen Ansätzen 

schneller war. Parameter, die die Lagerstabilität charakterisieren, wie Temperatur und relative 

Luftfeuchtigkeit, wurden untersucht, indem der DNA-Inhalt bewertet wurde, der aus 

Speichelproben extrahiert wurde, welche unter verschiedenen Bedingungen gelagert wurden. Die 

Lagerung bei Bedingungen mit hoher relativer Luftfeuchtigkeit (d. h. 75 oder 95% relative 

Luftfeuchtigkeit) hat eine geringe Menge an erhaltener DNA gezeigt, was darauf hinweist, dass 

ein Abbau stattgefunden hat. Dies wurde auch nach Langzeitlagerung (90 Tage) bei Proben 

beobachtet, die unter Umgebungsbedingungen (~ 22 ° C, ~ 50% rF) ohne Schutzmaßnahmen 

gelagert wurden. Tatsächlich ist es ersichtlich, dass Speichel, der ohne Lyoprotektivum 

getrocknet wurde, einen höheren relativen Inhalt an ausgedehnten β-Faltblattstrukturen aufweist 
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als Proben, die in Gegenwart von Zuckern getrocknet wurden, was bedeutet, dass das 

Bandenintensitätsverhältnis [I (β-Faltblatt) / I. (α-Helix] reduziert wird, wenn Speichel in 

Gegenwart von Saccharose getrocknet wird. Dies impliziert, dass Zucker eine durch 

Dehydratisierung induzierte Eiweißanhäufung verhindern. Um die Unterschiede zwischen 

Behandlungsgruppen zu verdeutlichen, die sich schwer im Bereich des Fingerabdrucks von den 

FTIR-Spektren beobachten lassen, wurden vektornormalisierte Spektren, die aus unter 

verschiedenen Bedingungen gelagerten Proben gekommen waren, mit der PCA (Principal 

Component Analysis) Methode analysiert. Diese Bedingungen beziehen sich sowohl auf die 

Lagerzeiten (bis zu 9 Tagen) als auch auf die Feuchtigkeiten und Temperaturen. Die Proben 

werden meist auf PC1 getrennt, was ungefähr 60% der beobachteten Varianz beschreibt und eine 

klare Unterscheidung zwischen Trends und Mustern zwischen behandelten Gruppen (mit oder 

ohne Saccharose) sowie unterschiedliche Lagerzeiten ermöglicht. Die PCA-Analyse zeigt, dass 

der auf Filtern in Gegenwart von Saccharose getrocknete Speichel während der Lagerung sowohl 

unter normalen (% rF <75 oder 4°C) als auch unter beschleunigten Alterungsbedingungen (% rF> 

75 oder 37°C) eine höhere Stabilität aufweist, was wiederum die große Leistungsfähigkeit der 

FT-IR-Spektroskopie in Kombination mit PCA beim frühen Screening von getrockneten 

Bioproben zeigt. Es wird der Schluss gezogen, dass das trockene Biobanking von Speichel durch 

Lufttrocknung auf Filtern zur Lagerung und zum Transport von Proben für genetische 

Feldstudien verwendet werden kann.  

 In Kapitel 4 wurden die Eigenschaften der Spermien-DNA für Spermienproben 

untersucht, die unter Verwendung verschiedener Schutzformulierungen getrocknet wurden. Die 

Auswertung verschiedener Trocknungstemperaturen zeigte, dass in Gegenwart von Lyoprotektiva 

getrocknete Spermien einen stabilen Glaszustand aufweisen, in dem Biomoleküle immobilisiert 

und beschädigte Reaktionen verlangsamt werden. Im Gegensatz dazu war die Kristallbildung bei 

Proben offensichtlich, die nicht mit Zucker und / oder Albumin ergänzt waren. Um die durch 

Trocknung induzierte ROS-Bildung und DNA-Fragmentierung während der Lagerung zu 

bewerten, wurden NBT- und SCSA-Assays für Proben mit/ohne Zucker und / oder Albumin 

durchgeführt. Es wurde festgestellt, dass in Gegenwart von Schutzmitteln Spermienschäden 

sowohl hinsichtlich der ROS-Akkumulation als auch der DNA-Fragmentierung verhindert 

wurden. Zur Beurteilung der gesamten Spermien-DNA-Struktur wurde vor und nach der 

Trocknung eine FT-IR Analyse durchgeführt. Die Trocknung induzierte den Übergang von B- zu 
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A-ähnlicher DNA und zeigte sich als markante Peakänderungen im Fingerprintbereich, welche 

spezifisch war für die hydratisierte (B-ähnliche Struktur) und getrocknete (A-ähnliche Struktur) 

Form. Nach der Trocknung wurde die Reversibilität zur Rehydratisierung auf reine dsDNA sowie 

Spermien-DNA üntersucht, was einen ähnlichen Trend hinsichtlich der Absorptionsänderungen 

zeigte. Die Verwendung von Zuckern und Albumin vor der Trocknung erwies sich während der 

Lagerung bei verschiedenen Temperaturen als effizient, wobei mit PCA erhaltene 

Bewertungsdiagramme im Vergleich zu Proben ohne Schutzmittel homogener und stabiler (d. h. 

kompaktere Punkte) erscheinen. Es deutet darauf hin, dass die Trocknung von Spermien in 

Gegenwart von Zuckern (insbesondere Trehalose) und Albumin Schäden an der DNA-Struktur 

der Spermien verringert während der Lagerung. Hierbei wurde gezeigt das mit PCA erhaltene 

Bewertungsdiagramme im Vergleich zu Proben ohne Schutzmittel homogener und stabiler (d. H. 

Kompaktere Punkte) erscheinen. Es deutet darauf hin, dass das Trocknen von Spermien in 

Gegenwart von Trehalose und Albumin wirksam ist, um Schäden an der DNA-Struktur der 

Spermien zu verhindern. 
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