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Introduction 
The growing population requires an increased food supply, making its sustainability 
questionable. Plant-based solutions to replace animal-derived products, such as milk  
and meat are gaining traction, offering a more sustainable way to meet dietary needs.  
The nutritional balance with plant-based products should be comparable to that with 
animal-based products, though the approach to achieving this is significantly different 
due to the individual natural properties of plant-based raw materials.  As these materials 
are not always suitable in the “use-it-as-is” format, obtaining sustainable, healthy, 
balanced plant-based products presents a complex technological challenge. A potential 
solution is to ferment plant-based materials, which could significantly improve the 
properties of the final products and make them more desirable for the customer to 
procure.  

The fermentation processes are well known and have been extensively studied for 
animal-based products, such as fermented dairy products: cheeses, kefirs, sour milk and 
yoghurts. On the other hand, the fermentation processes in plant-based raw materials 
are still poorly studied primarily due to the wide variety of these materials. Nuts, 
legumes, cereals and pseudocereals are all part of this group of materials. Their initial 
chemical, organoleptic and nutritional properties vary widely between species based on 
geographical, environmental, and seasonal factors. Therefore, their fermentation 
processes are highly dependent on the microorganism used and the availability of 
nutrients for microorganisms’ growth. Bacteria have a lot of common pathways in 
utilising a wide variety of carbohydrates to proliferate and produce important 
metabolites and molecules responsible for flavour. The choice of the starting culture is 
highly dependent on the availability of carbohydrates in a selected plant-based raw 
material and the ability of a microorganism to digest said carbohydrates. Therefore, 
carbohydrate measurements play a significant role in optimising and describing 
fermentation processes in plant-based raw materials with suitable starter cultures.  
The diversity of carbohydrates found in nature presents a complex analytical challenge 
in measuring these sugars accurately and quickly, while obtaining valuable information 
about the composition of said analytes with a high degree of confidence. 

This thesis aims to improve the methodology for the measurement of various 
carbohydrates in a wide range of plant-based raw materials to assess the consumption 
of carbohydrates with different starter cultures and their effects on final plant-based 
yoghurt alternatives and to explore the application of sugar derivatives in the lifecycles 
of common bacteria to provide improved input for metabolic modelling calculations. 
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Abbreviations 
(v/v) Volume percent 
AmAc Ammonium acetate 
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HPLC High-performance liquid chromatography 
IEX Ion exchange chromatography 
IPA Isopropanol 
ISTD Internal standard 
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MeOH Methanol 
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MS Mass spectrometry 
Mur Muramic acid 
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TIC Total ion chromatogram 
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1 Literature overview 

1.1 Fermentation of dairy-based yoghurts 
For centuries, fermentation has been the standard technique for improving dairy 
products’ sensory, nutritional and health properties [1]. Fermented dairy products are 
commonly produced using lactic acid bacteria (LAB). One of the most produced 
fermented dairy products is yoghurt. The most common approach to the production of 
yoghurts starts with mixing dairy material with starter cultures consisting of the 
Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus bacterial 
strains. The cooperative mechanism between these two strains induces a cascade of 
chemical changes in the starting material by growing on abundantly available dairy 
sugars and proteins (Figure 1). 

 
Figure 1. The general scheme of metabolism in lactic acid bacteria with selected examples of produced 
intermediate metabolites and end products in dairy starting materials  

During fermentation, LABs efficiently utilise abundant dairy sugars, such as lactose, as 
fuel for their central metabolic processes, generating a diverse array of essential 
metabolites and final products of value. Dairy proteins and their proteolysis during  
the fermentation process are crucial due to the inability of selected LAB to synthesise 
amino acids to facilitate growth and produce important intermediate metabolites,  
which are integral to the bacteria [2]. In general, LAB possesses multiple transport 
systems to uptake different carbohydrate sources to facilitate the production of 
fermentation end products, e.g. L-lactic acid, acetoin and exopolysaccharides, which are 
responsible for the rheological, organoleptic, and chemical properties of fermented dairy 
products [2–4]. Due to the constant production of L-lactic acid during fermentation by 
LAB, the consumption of the starting material, for instance carbohydrates or proteins, 
and acidification rates should be monitored instrumentally to ensure the consistent 
quality of the final fermented product during the product development phase.  
The fermentation process usually stops when the fermented medium achieves a 
relatively low pH of 4.0 to 4.5 [5]. By prolonging fermentation and allowing LAB to 
consume alternative carbon sources, the accumulation of lactic acid could cause 
irreversible changes to the properties of a final product: excessively sour taste, undesired 
texture, pungent aroma, etc. Therefore, precisely monitoring changes by measuring pH, 
doing off-gas analysis, or detecting changes in sugar concentration between starting and 
final points during fermentation is essential to avoid unwanted effects on the final 
product’s properties. Despite the health benefits of various fermented dairy products 
(i.e., immunoactivity-promoting properties and balanced nutritional profile), the dairy 
industry causes environmental damage if farming practices are not kept sustainable. 

Starting materials
• Dairy sugars:

• Lactose
• Dairy proteins:

• Caseins

Intermediate 
metabolites
• Glucose
• Pyruvic acid
• Glucosamine-6-phosphate
• Glucose-1-phosphate
• Peptides (over 3 aminoacids 

in length)

Final products of value
• Aminoacids
• Lactic acid
• Acetoin
• Peptidoglycan
• Exopolysaccharides
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Examples of such harmful effects are excessive excretion of manure into surface water, 
which promotes algal growth; methane production as a result of the dairy herd’s 
lifecycle; and enormous land usage to accommodate dairy herds  [6–8]. To alleviate or 
reduce environmental impact, alternative approaches based on the use of plant 
materials to obtain fermented products with similar or better health properties are 
rapidly gaining popularity in society [9,10] and challenging the food industry to develop 
new technological approaches as quickly as possible (i.e. within a decade).  

1.2 Fermentation of dairy-alternative products 
Recently, the market for alternative proteins has grown extensively in the EU, with 
alternative milk products having increasing sales [11,12]. While yoghurt alternatives 
make up only 9% of the alternative produce market, they contribute to over 9% of the 
total market, with a 10% growth rate, while dairy yoghurt sales have dropped by 4% over 
the same period [12]. This indicates a demand for alternative fermented non-dairy 
products, rapidly developing to fill this niche. The alternative non-dairy yoghurts mainly 
comprise different legumes, seeds, nuts, cereals and pseudocereals [13]. The wide 
variety of starting materials drastically affects the final qualities of fermented products, 
which should be reflected in customer satisfaction. The main problem with fermented 
non-animal-based products, such as milk, meat or yoghurts, are associated with strong 
astringent off-flavours in the starting material[14], and the presence of toxic substances, 
e.g., aflatoxins in peanuts [15]. Applying different bacterial strains, including LABs, could 
potentially solve those problems by reducing the concentrations of astringent or 
potentially hazardous compounds and improving the sensory parameters of end 
products. 

However, applying bacterial cultures to raw, unprocessed plant materials to facilitate 
fermentation is not enough and is not as easy as with dairy products, as non-dairy starting 
material can be resistant to processing due to the natural protection mechanisms of the 
harvested materials. Therefore,  raw plant materials are processed to aid fermentation 
performance and improve final product qualities. These processes can be subdivided into 
five large groups: disruption, extraction, formulation, fermentation and packaging [16]. 
Disruption processes are designed to break down natural protective layers of used  
raw natural materials of non-dairy origins. As a result of disruption processes, a lot of 
nutritionally beneficial compounds are released and made available for further 
processing. Still, undesirable or hazardous components of raw materials might also be 
present in the same medium. Thus, extraction processes are used to separate and  
gather as much as possible while removing components of unfavourable properties.  
The extraction processes may be mechanical, based on phase separation or particle size, 
and enzymes can be applied to digest larger molecules, such as starch, into a more 
processable form and improve the product’s quality markers. During the formulation 
processing, extracted raw materials can be supplemented with additional nutritional 
components for further down-processing or to improve the final product’s nutritional or 
sensory properties [13]. Applying all of those processing steps, the starting material can 
be used as a substrate for LAB to produce non-dairy fermented products more associated 
with traditional dairy alternatives. However, the processed starting material must still be 
compatible with the fermentative capabilities of LAB. Being one of the most studied 
microorganisms, LAB’s main fermentation product is lactic acid, which is responsible for 
decreased pH in dairy products and thus is the primary factor in yoghurt’s final quality 
attributes. Lactic acid is produced from glucose, which is made from sucrose or lactose, 
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depending on the substrate [2]. In a non-dairy starting material, sucrose or lactose might 
not be the dominant carbohydrate or even be present as many plant materials are 
prevalent in α-galactosides, e.g. raffinose or stachyose. Such complex carbohydrates 
require a particular enzyme, α-galactosidase, to digest those larger carbohydrates and 
not cause gastric problem from consuming plant-based products [17]. The utilisation of 
large carbohydrates by LAB strains can be bidirectional in terms of either the 
consumption or digestion of large oligosaccharides to facilitate the production of a 
substrate for fermentation or to secrete exopolysaccharides (EPS) into extracellular 
space. EPS are usually large molecules with molecular weights over 1 MDa and can be 
distinguished by their composition as either homoEPS or heteroEPS [18]. Due to the wide 
variety of EPS compositions synthesised by different LAB strains, the final properties of 
the product can be significantly influenced by the choice of EPS-producing strains and 
the choice of starting substrates. Thus, the importance of EPS lies in their protective and 
communication functions to the cell’s potential antimicrobial, antioxidative and 
antitumour activity. Furthermore, EPS are vital for the food industry, as their routine 
application can significantly improve the organoleptic feeling of the final product by 
modifying the rheological properties of the final fermented product [19]. Overall, a wide 
variety of carbohydrates and their breakdown or biosynthesis products significantly 
affect any fermented products’ organoleptic, chemical, and biological properties by 
either promoting or suppressing specific bacterial starter culture growth throughout the 
lifecycle. 

1.3 Production and application of carbohydrate derivates during 
bacteria lifecycle 
Considering the simplest metabolic model for any microorganism, the starting point for 
any process is the biotransformation of a glucose substrate to produce different 
molecules, which all play essential roles in the bacterial lifecycle [2]. One of the crucial 
parts of bacteria physiology is the bacterial cell wall (BCW), which shapes and protects 
bacteria from harmful external conditions. One of the main components for constructing 
BCW is peptidoglycan (PG), a polymeric structure consisting of carbohydrate moieties 
and interlinked amino acids [20]. 
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Figure 2. An example of a peptidoglycan structure is found in Lactobacillus Lactis, one of a LAB’s 
representatives. Abbreviations used in the figure: Glc–glucosamine; Mur – muramic acid;  
NAc – N-acetylation; L-Ala – L-alanine; D-Glu – D-glutamic acid; L-Lys – L-lysine; D-Asp – D-aspartic 
acid; O-Ac – O-acetylation. Adapted from [21] under CC BY 4.0 license 

Due to the complex nature of the PG structure and its significance to the lifecycle, all 
bacteria can synthesise PG from scratch in terms of starting the substrate. Glucose is, 
therefore, one of the most important substrates for any organism due to the ability of 
most microorganisms to biotransform it into any vital metabolite. The synthesis of PG 
starts with glucose uptake into the cell, attaching the phosphate group and inversing 
glucose-6-phosphate to fructose-6-phosphate via several enzyme-catalysed reactions. 
Afterwards, fructose-6-phosphate undergoes several more biotransformations until the 
polymeric carbohydrate-peptide chain is fully formed to be used afterwards during cell 
proliferation and division [22]. The thickness of PG can significantly influence the overall 
structural and functional properties of BCW, as well as being a host for any additional 
functionality anchored at the surface of BCW, such as teichoic acids, lipopolysaccharides 
and lipoproteins [20]. These functional groups provide bacteria with the storage of 
essential cations and protons for maintaining the pH gradient across cell walls [23] and 
morphological properties to allow cell division [24]. With recent developments in 
analytical methodologies and the rising popularity of metabolic computations, PG has 
regained its importance in basic understandings of how muropeptides can be used as 
signal molecules in bacterial interactions [25] or as targets for potential new antimicrobial 
compounds and, thus, a better understanding of hosts’ immune response [26].  
In addition, a recent study on cell size changes during bacterial growth showed the 
importance of knowing the structure and composition of BCW, which includes PG,  
to predict cell length or size based on growth rates [27]. However, our understanding of 
how BCW and, therefore, PG and all other constituents participate in communication 
between bacteria or any other host is quite limited. Improvements in this field require 
the application of specialised analytical techniques from several fields of instrumental 
analysis. 
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1.4 Analytical approaches to measure carbohydrates and their 
derivates 
The analysis of carbohydrates in different matrices has a very long history due to the 
importance of carbohydrates in every aspect of the life cycle of any living organism. From 
paper partition separation in 1949 [28] to the present, when carbohydrate measurements 
are done virtually on any analytical instrument in the analytical laboratory, this wide variety 
of methods is beneficial because each can be finely tuned for more specific measurements 
of carbohydrates, providing advantages over others in different situations (Table 1). 

Table 1. A non-exhaustive list of commonly used analytical techniques for measuring carbohydrates 
in various matrices. 

Analytical technique Class of carbohydrate Reference 
Paper partition 

chromatography 
C5 and C6 carbohydrate [28] 

Ion exchange 
chromatography 

Mono, di, trisaccharides 
from plant extract 

[29] 

 Mono, di, and 
trisaccharides from 

fermentation broths 

[30] 

 Mono and disaccharides 
from beverages and food 

[31] 

Capillary electrophoresis Mono and disaccharides 
from plant extracts and 

fibres 

[32] 

 Mono and disaccharides 
from fermentation broth 

[33] 

Nuclear magnetic 
resonance spectroscopy 

Carbohydrate profiling in 
non-fractioned beer 

[34] 

Gas chromatography Monosaccharides from 
plant extract 

[35] 

 Monosaccharides from 
forest soil 

[36] 

High-performance liquid 
chromatography 

Mono and disaccharides 
from milk 

[37] 

 C5 and C6 
monosaccharides in urine 

[38] 

 Oligosaccharides from 
fermentation broths 

[39] 

 Mono and disaccharides 
in plant-based yoghurt 

alternatives 

[40] 

Fourier transform 
infrared spectroscopy 

Mono and disaccharides 
in fruit juices 

[41] 

 Mono, di and 
polysaccharides in onion 

juices 

[42] 

Enzymatic assay Sucrose in corn plants [43] 
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This wide variety of methodologies used to analyse a vast assortment of different 
carbohydrates reveals the complexity of the measurement of carbohydrates. The main 
challenges in carbohydrate analysis are related to the lack of analyte-specific detection 
markers. They do not have any natural chromophores in the structure, limiting the use 
of specific ultraviolet or fluorescence detection; they are not readily volatile under gas 
chromatographic analysis, requiring a complex derivatisation process to improve volatility 
or introduce a suitable chromophore. These challenges are particularly expressed in the 
analysis of sugars with capillary electrophoresis, where either derivatisation or a specific 
sample preparation treatment is required [44–46]. Similar problems arise in the case of 
gas chromatographic analysis, where additional complexity in the form of multiple 
chromatographic peaks per single sugar appears, e.g., four peaks of glucose due to 
alpha- and beta isomers of both pyranose and furanose after derivatisation with 
trifluoracetic acid [47]. Spectroscopic techniques are also applicable with preference for 
the speed of analysis performance compared to any chromatographic or electrophoretic 
separation. Yet, they require comparatively expensive analytical instrumentation, such 
as high-resolution NMR [48] or performing analytical measurements and statistical 
modelling to quantify sugars with infrared spectroscopy [49]. On the other hand, liquid 
chromatography provides an efficient solution to measure carbohydrates in various 
matrices. Despite advances in instrumentation over the past 50 years, some methods are 
still based on stationary phases from before 1970 [50] in the form of Bio-Rad Aminex® 
HPX columns or equivalent columns from other manufacturers. The polystyrene 
divinylbenzene beads (PSDVB) used in this column type cannot separate different 
molecules by themselves; they must be doped with appropriate ionic ligands to facilitate 
separation by exploring ligand exchange or size exclusion mechanisms. While there are 
viable alternatives for measuring carbohydrate content in samples, this stationary phase 
has been dominant due to ease of operations. However, the main drawbacks of 
PSDVB-based columns are 1) they cannot separate multiple sugars with high enough 
resolution belonging to the same class, i.e. disaccharide resolution – Ca2+-doped PSDBV 
column cannot resolve maltose from sucrose; 2) oligosaccharide resolution is also 
limited, requiring multiple differently doped PSDBV columns to resolve oligosaccharide 
with up to 10 monomeric units; 3) particles of PSDVB are usually 8 to 10 µm, which is 
suboptimal in terms of throughput or resolution due to lower number of theoretical 
plates per column length. Moreover, PSDVB-based stationary phases cannot withstand 
backpressures above 2000 psi or, in most cases, even 1000 psi, required for shorter run 
times due to the increased flow rate of a mobile phase, thus limiting the potential for 
high throughput analysis. The search for solutions to those challenges with PSDVB 
stationary columns resulted in the creation of alternative amino- or amide-based 
stationary phases, which belong to hydrophilic interaction chromatographic (HILIC) types 
of stationary phases. HILIC is characterised as an alternative to reversed phase 
chromatography and is the extension of normal phase chromatography employing a 
combination of commonly used aqueous mobile phases with stationary phases of  
high hydrophilicity [51]. Typical commercial examples of HILIC phases are Waters 
Corporations’ BEH Amide, Resonac’ Shodex Asahipak NH2P-50 4E, Phenomenex’ Luna 
Omega Sugar, and comparable amino or amide-based columns with greater mechanical 
and chemical strength compared to ion exchange stationary phases provided by other 
manufacturers. Despite all of the recent advances in improving stationary phase 
resistance, the core problem with measuring various carbohydrates lies in analysing 
isomers due to their being almost completely identical in terms of physical properties. 
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Isomerism in carbohydrates is one of the most complex analytical challenges to 
overcome. Carbohydrates can be present in multiple isomeric forms, e.g. D- and 
L-isomers, α and β anomers, epimers, pyranose and furanose ring structures, and
aldose-ketose isomerism. All of these isomers, which can be dynamically present at
varying proportions in a solution, increase the difficulty of analysing carbohydrates in a
complex mixture [52]. For instance, in the classic example of D-glucose, a composition of
five different forms of D-glucose in aqueous solutions at 31°C is complicit with ratios of
38:62:0.5:0.5:0.002, which corresponds to α-D-glucopyranose: β-D-glucopyranose:
α-D-glucofuranose: β-D-glucofuranose: D-glucose(open chain) (Figure 3). Changing the
temperature of the solution might significantly influence the final composition of a
present carbohydrate, shifting the equilibrium towards one form or another. Additionally,
the equilibrium can be influenced by the presence of a base or acid. However, these
challenges can be overcome by applying specific derivatisation agents, using several
chromatographic columns with different selectivity to characterise the sample’s
composition fully, or applying several instrumental methods to evaluate the sample
comprehensively.

CHO
OHH
HHO
OHH
OHH

CH2OH

D-glucose

β-D-glucofuranose

O OH

HO

HO

OH

HO
O OH

HO

HO

OH

HO

α-D-glucofuranose

O
OH

OH
OH

HO

OH

α-D-glucopyranose

O
OH

OH
OH

HO
OH

β-D-glucopyranose

Figure 3. Dynamic distribution of D-glucose in water solutions at 31 °C [53] 

The degree of complexity increases with polymeric carbohydrates, which can contain 
different monomeric substituents with varying positions of glycosidic bonds (Figure 4). 
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4
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Figure 4. The examples of glycosidic bonds' locations in naturally occurring disaccharides 

With advancements in complementary separation methods, such as cyclic ion mobility 
spectroscopy, it has become easier to separate large oligosaccharides or starting 
synthesis blocks made up of monosaccharides without complex sample preparation for 
evaluating their structures or anomeric compositions [54,55]. However, it should be 
noted that the separation is one part of a complex problem; the other part is how to 
quantify the separated sugars from various sources. In liquid chromatography, refractive 
index, evaporative light scattering, pulsed amperometric and mass spectrometric 
detection are the most common methods (Table 2). Additionally, ultraviolet detection is 
used whenever a specific chromophore is covalently attached to a carbohydrate via a 
derivatisation reaction [56].  
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Table 2. A general comparison between popular detection techniques used for sugar quantification. 
The “+”  means good, “++” excellent, and “-“ acceptable or poor. [57] 

 Refractive 
index 

Evaporative 
light 
scattering 

Pulsed 
amperometry 

Mass 
spectrometry 

Sensitivity + ++ ++ ++ 
Selectivity - - - + 
Ease of 
operation 

++ - - - 

Gradient 
elution 

- + + + 

Cost of 
operation 
(high marks – 
cheaper) 

++ - - - 

Despite even more detection techniques, such as nuclear magnetic resonance or 
optical rotation polarimetry, they still require a properly purified and isolated sugar to 
determine an analyte’s absolute configuration. 

In sum, these various approaches in separation or detection help define the 
composition and structural properties of various naturally and non-naturally occurring 
carbohydrates in the shortest possible time. However, the complexity of the sample 
matrix plays a significant role in choosing a suitable separation/detection technique.  
An incorrect or inefficient choice might lead to multiple days spent on sample preparation, 
analysis or data interpretation, depending on the complexity of the sample.  
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2 Aims of the study 
The specific aims of the thesis are:  
 

• The measurement of mono-, di- and trisaccharides during the development of 
oat-based fermented drinks, using a Bio-Rad Aminex© HPX-87C column together 
with refractive index detection, 

• Improving the measurement of mono- and disaccharides with an application of 
novel HILIC stationary phases coupled with mass spectrometric detection in 
various fermented matrices, 

• Determining the concentration of aminosugars through the HILIC-MS-based 
method in bacterial cell walls to improve metabolic modelling calculations. 
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3 Materials and methods 
Below is a summary of the methodologies used in this work. Appendices 1 to 4 contain 
detailed explanations of the methodologies used and results. 

3.1 The measurement of mono-, di- and trisaccharides in oat-based 
fermented drinks using IEX-RI (Study 1) 
The fermentation of oat-based drinks with various LAB starter cultures was performed 
in-house at AS TFTAK (Tallinn, Estonia). The samples were provided after enzymatic 
treatment and at various sampling points during fermentation. The samples were 
cleaned with 3 kDa MWCO filters (Amicon Ultra 0.5, Merck KGaA, Darmstadt, Germany) 
spined at 14 000 ×g for 20 minutes to trap all large interfering particles and molecules to 
obtain clean supernatant. The supernatant was diluted two times with MilliQ water, and 
20 µl was injected into the HPLC system (Alliance 2695, Waters Corporation, Milford, MA, 
USA). A saccharide elution was performed using Bio-Rad Aminex© HPX-87C column 
(7.8x300 mm, 9µm, Bio-Rad Laboratories, Inc., CA, USA) heated in a column oven to  
85 °C. The mobile phase was MilliQ water flowing at 0.6 ml/min. Eluted saccharides were 
detected with a refractive index detector (Waters 2414 RID, Waters Corporation, Milford, 
MA, USA). Due to the inability of IEX to separate isobaric compounds within the same 
group of carbohydrates, several marker compounds were used to represent a sum of 
appropriate compounds based on the length of saccharides: raffinose (trisaccharide 
marker), maltose (disaccharide marker) and glucose (monosaccharide marker).  
The standard compounds for the analysis were at least 99% pure and procured from 
Sigma-Aldrich (Darmstadt, Germany).  

3.2 The measurement of mono- and disaccharides in the fermentation 
broth of Streptococcus thermophilus with HILIC-MS (Study 2) 
A novel instrumental methodology based on an amino-based silica stationary phase was 
developed to improve the measurement of mono- and disaccharides in various 
fermentation matrices. Waters Acquity BEH HILIC (2.1x100 mm, 1.7 µm, Waters 
Corporation, Milford, MA, USA), Waters XBridge BEH Amide XP (3.0x150mm, 2.5 µm, 
Waters Corporation, Milford, MA, USA) and Phenomenex Luna Omega Sugar 
(2.1x150mm, 3 µm, Phenomenex Inc., Torrance, CA, USA) were screened for the best 
resolution between five selected sugars: fructose, glucose, galactose, sucrose and 
lactose. A Phenomenex Luna Omega Sugar column was chosen as it delivered the most 
consistent chromatographic performance. The analyte separation was achieved using a 
gradient elution of two mobile phases on the Waters Acquity UPLC© system (Waters 
Corporation, Milford, MA, USA ). Mobile phase A was 99% MilliQ with 1% MeCN and  
1 mg/L of GuHCl (v/v), and mobile phase B was 99% MeCN with 1% MilliQ and 1 mg/L of 
GuHCl (v/v). The detection of eluted saccharides was achieved using a mass spectrometer 
(Waters Quattro Premier XE, Waters Corporation, Milford, MA, USA) operated in SIR 
mode, looking for [M+Cl]- adducts of analytes. LC-MS measurements were done using 
two isotopically labelled standards, glucose-13C6 and lactose-13C6, to improve the 
accuracy and precision of the methodology. Isotopically labelled standards were 
procured from Sigma-Aldrich (Darmstadt, Germany) and Cambridge Isotope 
Laboratories, Inc. (Tewksbury, MA, USA). Several sample clean-up procedures were 
tested: SPE with RP (Biotage Isolute® C18, 100 mg/1 mL, Biotage AB, Uppsala, Sweden), 
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NH2 (Biotage Isolute® NH2, 100 mg/1 mL, Biotage AB, Uppsala, Sweden) and PLD (Biotage 
Isolute® PLD+, 50 mg/1 mL, Biotage AB, Uppsala, Sweden) stationary phases, MWCO 
filtration (Amicon Ultra 0.5, Merck KGaA, Darmstadt, Germany) and a simple dilute and 
filtrate approach with Millex-LCR filters (0.2 µm, Merck KGaA, Darmstadt, Germany).  
The methodology was applied to Streptococcus thermophilus fermentation broth to 
measure the change in carbohydrate concentration during the growth of bacteria.  
The fermentation was performed in-house at AS TFTAK (Tallinn, Estonia). 

3.3 The analysis of mono- and disaccharides in plant-based yoghurt 
alternatives using HILIC-MS (Appendix 3) 
A simplified cut-off filtration was applied to all samples to remove any large particles or 
biomolecules over the 3 kDa weight limit (Amicon Ultra 0.5, Merck KGaA, Darmstadt, 
Germany), which can interfere with the results of an analysis. Carbohydrate content and 
composition were described using a modified procedure from Publication 2 based on 
HILIC-MS methodology. Updated HILIC-MS methodology was done on Waters Acquity 
BEH Amide XP column (3.0 x 150 mm, 2.5 µm, Waters Corporation, Milford, MA, USA), 
and analytes of interest were detected with Waters Acquity QDa single quadrupole  
mass detector (Waters Corporation, Milford, MA, USA). The sugars were eluted  
using a gradient system consisting of two mobile phases. Mobile phase A was  
80/20 MeCN/MilliQ (v/v), and mobile phase B was 90/5/5 MeCN/MilliQ/IPA (v/v).  
Both mobile phases additionally contained 0.5% of DEA (v/v) and 0.5 mg/L of GuHCl (v/v). 
The primary analytes of interest were fructose, glucose, sucrose, and maltose.  
The standard compounds were procured from Sigma-Aldrich (Darmstadt, Germany) and 
were at least 99% pure. The instrumental and sample preparation variations were 
compensated for with isotopically labelled internal standards – fructose-13C6, glucose-13C6, 
sucrose-13C6 and maltose-13C12. All isotopically labelled standards were procured from 
Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA). Additional chemical and 
microbiological analyses were conducted within the analytical department at AS TFTAK 
(Tallinn, Estonia). 

3.4 The measurement of aminosugars in bacterial cell walls of  
Gram-positive and Gram-negative bacteria with HILIC-MS (Appendix 4) 
Streptococcus salivarius ssp. thermophilus DSM20259, Escherichia coli K12 MG1655 and 
Bacteroides thetaiotaomicron DSM 2079 were cultivated with optimal conditions for 
each strain in-house at AS TFTAK (Tallinn, Estonia). Fermentation broths were washed, 
concentrated and freeze-dried before commencing an analysis. Freeze-dried samples 
were subjected to chemical hydrolysis in 6N HCl with 1% phenol (v/v). The hydrolysis was 
performed in an Eppendorf Thermomixer® set at 100 °C and agitation set at 1000 rpm 
(Eppendorf AG, Hamburg, Germany). Hydrolysed samples were freed from acid by 
vacuum centrifugal evaporation and cleaned with a pass-through SPE cartridge (Biotage 
PLD+, 50 mg/1mL, Biotage AB, Uppsala, Sweden). A Waters Atlantis BEH Z-HILIC0  
(2.1x150, 1.8 µm, Waters Corporation, Milford, MA, USA) column was employed to 
chromatographically separate analytes of interest on Waters Acquity H-Class Plus Bio 
chromatographic system. The eluted analytes were detected in SIR mode with  
Waters Acquity QDa single quadrupole mass detector (Waters Corporation, Milford, MA, 
USA). The primary analytes of interest were N-acetylmuramic acid, muramic acid,  
N-acetylglucosamine, and glucosamine. The standard compounds were at least 99% pure 
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and procured from Sigma-Aldrich (Darmstadt, Germany). A single isotopically labelled 
compound, glucosamine-13C6 (99 atom-% 13C, Omicron Biochemicals, Inc, South Bend, 
IN, USA), was used across all measurements to compensate for any interference. 

3.5 Data acquisition, processing and analysis 
Waters Empower 3 (Build 3471 FR5 SR4, Waters Corporation, Milford, MA, USA) was 
used for data acquisition, processing and analysis in Study 1, Study 2 and Study 4. Waters 
MassLynx v4.1 (SCN805, Waters Corporation, Milford, MA) and Waters QuanLynx v4.1 
(SCN805, Waters Corporation, Milford, MA) were used for data acquisition, processing 
and analysis in Study 2. Additionally, Microsoft Excel (Microsoft 365 Apps for enterprises, 
Microsoft Corp., Redmond, WA, USA) was used to perform additional data analysis in all 
studies. 
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4 Results and discussion 

4.1 Carbohydrate dynamics of oat-based fermented drinks fermented 
with various LAB starter cultures (Study I) 
This study was focused on exploring changes in carbohydrate concentrations and content 
during the fermentation of oat-based matrices. The fermentation was achieved using 
certified commercial starter cultures (SC) of LABs, which are specially blended to ferment 
plant-based raw materials, the composition of which is presented in Table 3. 

Table 3. The bacterial composition of commercial vegan starter cultures (SC) was used in this study. 

SC1 SC2 SC3 SC4 

Streptococcus 
thermophilus 

Streptococcus 
thermophilus 

Streptococcus 
thermophilus 

Streptococcus 
thermophilus 

Lactobacillus 
bulgaricus 

Lactobacillus 
bulgaricus 

Lactobacillus 
bulgaricus 

Lactobacillus 
bulgaricus  

Lactobacillus lactis Bifidobacterium 
lactis 

Bifidobacterium 
lactis  

Bifidobacterium 
lactis 

Lactobacillus 
acidophilus* 

Lactobacillus 
acidophilus*  

Lactobacillus 
acidophilus* 

Lactobacillus 
plantarum* 

Lactobacillus 
paracasei* 

* - LAB strains capable of starch and starch-like saccharides digestion[58] 

It was observed that the compositions of SCs are very similar in terms of present 
microorganisms. However, the manufacturer did not disclose their proportions in SCs 
(Danisco® VEGE cultures from IFF, Inc.). Based on the knowledge provided by the 
manufacturer, it was known that these SCs are capable of fermenting plant-based 
matrices: soy, beans, cereals, etc. These capabilities allowed the production of  
oat-based fermented drinks. Like many plant-based raw materials, oats contain a lot of 
starch, which makes direct fermentation impossible due to the inability of most starter 
cultures to digest large chains of carbohydrates within reasonable fermentation time. 
Despite that, there are LAB strains, which contain α-amylase (amyl) genes, and thus they 
can grow on, e.g., starch as the sole carbon source, yet their number is somewhat limited. 
Some of the most popular microorganisms used in dairy and plant-based fermentation 
are S. thermophilus and L. bulgaricus, which both contain amyl in an inactivated state 
[58]. Therefore, the first step in producing any product from a plant-based raw material 
is to process complex carbohydrates into a more suitable medium for SC.  An oat flake 
slurry was prepared from commercially available oat flakes, rinsed under cold tap  
water and blended using a household-grade blender. The oat slurry was subjected to 
enzymatic processing by applying several α-amylases, amyloglucosidases or their mixture. 
The enzymatic process was stopped with the inactivation of enzymes, with a rapid 
increase in temperature (up to 70 °C), and released carbohydrates were measured  
using the currently available methodology based on IEX-RI, employing a Bio-Rad Aminex® 
HPX87C column (Figure 5). Applying α-amylase and amyloglucosidase made it possible 
to break starch into more suitable feed components for SCs but presented another 
technological problem involving final prototype product. Applying mixtures of 
Fungamyl®+AMG® or BAN®+AMG® released an extremely high concentration of free 
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glucose, which can negatively affect SC fermentative abilities due to increased osmotic 
stress [59]. The Fungamyl®-based enzymatic treatment was chosen to hydrolyse starch 
in oat slurry as it has provided the best texture for the final oat fermented drink among 
professional assessors. 

 

 
Figure 5. Carbohydrate concentration after the application of enzymes to soaked oat flakes. Di- and 
trisaccharides are present as the sum of respective saccharides based on the concentrations of marker 
compounds. AMG® (amyloglucosidase), BAN® (α-amylase) and Fungamyl® (fungal α-amylase) are 
commercially available enzymes from Novozyme (Bagsvaerd, Denmark). Adopted from [60] under CC 
BY 4.0 

After enzymatic hydrolysis parameters were optimised, fermentation with four 
different SCs commenced. After enzyme inactivation, an oat slurry was used without 
additional treatment and spiked with different SCs. The final concentration of SC was 
about 10 bacterial activity units (proprietary measurement value of IFF Inc.) Based on the 
provided information by SCs’ manufacturer, fermentation was expected to be completed 
in eight to ten hours, with the final pH of the product at 4.6. The fermentation was 
allowed to continue for the 24 hours at 40°C to understand better the underlying 
processes in the fermentation of plant-based materials. In 24 hours, the lowest pH value 
was achieved at 3.85 with SC2, negatively affecting the sensorial properties of the  
oat-based fermented drink. Based on measurements done over 24 hours, the optimal 
fermentation time for all SCs was up to 12 hours, which produced a variety of oat drinks 
with pH values between 3.82 (SC2) and 4.19 (SC1). These recorded pH values and 
fermentation dynamics were consistent with the values reported in the literature or the 
specifications provided by the manufacturer. Additionally, several important chemical 
parameters were measured throughout the fermentation process, e.g. short-chained 
organic acids, free amino acids, volatile compounds, and carbohydrates. The fermentation 
vessel sampling was performed at 3, 6, 9, 12 and 24 hours. The sugar measurements 
were performed using the same instrumental setup as with released carbohydrates after 
enzymatic treatment of the oat slurry (Figure 6). The choice of external standards was 
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based on a typical metabolic activity of LAB strains which do not prefer fructose as a 
carbon source during growth when a more favourable source is available, e.g., sucrose 
or glucose [2]. Consequently, all results are provided as a sum of compounds related to 
the same class of carbohydrate, e.g. the maltose measured concentration reflects the 
combined value of all potential disaccharides quantified in a sample. 

 

 
Figure 6. The typical chromatogram of external standards (black line) and the sample obtained after 
24 hours of fermentation of the oat slurry with SC1 (blue line). The numbers on chromatograms 
respond to the set of external standards: 1 – stachyose(tetrasaccharide), 2 – raffinose (trisaccharide), 
3 – maltose (disaccharide), 4 – glucose (monosaccharide) and 5 – fructose (monosaccharide) 

Figure 7 provides an overview of carbohydrate concentration changes measured  
by the significant classes of carbohydrates: mono-, di- and trisaccharides. Overall,  
the concentration levels of disaccharides did not change significantly during the  
24-hour-long fermentation, which might be attributed to the variety of disaccharides 
found in oats during various processing steps and the ability of SCs to consume said 
sugars to grow on. On the other hand, mono- and trisaccharides exhibited changes in 
their concentration levels during the fermentation process. These changes can be 
attributed to the affinity of LAB strains to consume monosaccharides as the most 
preferable carbon source. However, considering pH changes and the viability of SCs at 
lower pH values, the complete consumption of monosaccharides was not achieved over 
the 24-hour fermentation period. At the same time, the trisaccharide concentration 
changed, which might be due to the release and consumption of alternative longer 
polysaccharides in oat slurry. These long-chained oligosaccharides could have been 
digested and used as an alternative carbon source for growth by several LAB strains 
present in SC2 to SC4 (Table 3).  
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Figure 7. The carbohydrate concentration expressed as g/L during 24-hour sampling to determine 
the consumption of various sugars found in the oat slurry. The concentration of sugars is presented 
as the sum of all isobaric compounds belonging to the same order of carbohydrates. The data 
represents the mean values of three biological replicates ± SD (n=3) 

Overall, the successful fermentation of oat-based drinks was achieved, highlighting 
the possibility of making different plant-based fermented alternatives. The oat-based 
fermented drinks achieved low pH values, around 3.8–4.2, and they could be used to 
develop yoghurt-like products, wherein typical pH values are around 4.0–4.4 [5]. 
However, a better analytical separation is required for a more precise explanation of the 
changes in various carbohydrate concentrations, especially commonly consumed  
mono- and disaccharides by bacteria,  during the fermentation of plant-based materials. 
Thus, advancements in analytical methodologies should be utilised for the selective and 
reliable measurement of all potential mono- and disaccharides found in raw materials. 

4.2 Improving the analytical methodology for measuring carbohydrates 
during Streptococcus thermophilus fermentation (Study II) 
During experimental work in Publication I, it was suggested that the methodology for 
measuring saccharides with various lengths of monomers could be improved by 
performing a more selective and sensitive assay. Based on these requirements, it was 
proposed to develop a MS-based measurement to measure mono- and disaccharides in 
a fermentation medium harvested from Streptococcus thermophilus fermentation.  
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The choice of bacteria was based on a wide range of applications of S. thermophilus in 
the fermentation of both dairy and non-dairy, i.e., plant-based raw materials.  
The saccharide measurement with conventional stationary phases used in liquid 
chromatography, such as C18 and others, is problematic due to the fast isomerisation 
processes in the solutions. Several solutions could be used to reduce the number of 
available isomers at any given time. However, most of them require performing chemical 
derivatisation, which might be problematic based on the nature of the sample or the 
total concentration of all measurable carbohydrates. HILIC appears to be a prominent 
alternative to measure carbohydrates in the samples without performing derivatisationm 
thus alleviating the complexity of derivatisation. In this study, three different HILIC 
columns were chosen for separation of five different saccharides: fructose (1), glucose 
(2), galactose (3), sucrose (4) and lactose (5).  
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(c) 

Figure 8. The screening results of three HILIC columns. The numbers represent detected saccharides. 
The panels show the separation of a mixture of mono- and disaccharides achieved on (a) Waters 
Acquity BEH Amide (3x150, 2.5 µm) (b) Waters Acquity BEH HILIC (2.1x100 mm, 1.7 µm)  
(c) Phenomenex Luna Omega Sugar (2.1x150 mm, 3 µm). The numbers on the chromatograms 
correspond to a set of external standards: 1 – fructose, 2 – glucose, 3 – galactose, 4 – sucrose and  
5 – lactose. “TIC” stands for total ion chromatogram, “12C monosaccharides” corresponds to 
monosaccharide [M+Cl]- adduct and “13C disaccharides” corresponds to disaccharide [M+Cl]- adduct 

Figure 8 shows the separation capabilities of commonly used HILIC columns for 
analysing carbohydrates based on amide-, bare silica- or amino-based stationary phases. 
Out of three tested columns, a bare silica type column (Waters Acquity BEH HILIC) had 
the worst performance regarding the separation capabilities between compounds in the 
monosaccharide group (Compounds 1 to 3). The amide-based column (Waters Acquity 
BEH Amide) was superior to the bare silica-type column in terms of fructose, glucose, 
and galactose separation. However, it failed to provide a resolution between glucose and 
galactose under current instrumental conditions. The hybrid amino/amide-based column 
(Phenomenex Luna Omega Sugar) provided the best-in-class separation between all 
studied monosaccharides and disaccharides. Therefore, Luna Omega Sugar was  
chosen as the primary column for analysing saccharides in the fermentation medium  
of S. thermophilus. Additional optimisations were performed, which included the 
optimisation of an analytical gradient, MS operating parameters, the addition of 
isotopically labelled internal standards and guanidine hydrochloride (GuHCl). Adding 
GuHCl improved the sensitivity and selectivity of measurements by providing a more 
specific adduct [M+Cl]-[61]. The next step was to develop a suitable sample preparation 
protocol to remove excessive matrix components and allow a cleaner extract to be 
analysed. Various sample preparation techniques were tested and evaluated to 
determine their suitability for the intended purpose (Table 4). 
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Table 4. The sample preparation protocols, which were evaluated using fermentation broth of  
S. thermophilus. 

Protocol 
Nr. 

1 2 3 4 5 6 

Step 1 Dilute 100 times with MilliQ Dilute 50 
times with 

MilliQ 
Step 2 Centrifuge at 14000 rpm for 10 min 
Step 3 Filter through 

0.2 µm filter 
Dilute two times with 
MeCN: MilliQ mixture 

containing 13C ISTD 

Pass 
through 

1 kDa 
MWCO 

filter 

Pass 
through 

3 kDa 
MWCO 

filter 

Dilute four 
times with 

MeCN: MilliQ 
mixture 

containing 13C 
ISTD 

Step 4 Dilute two 
times with 

MeCN: MilliQ 
mixture 

containing 13C 
ISTD 

Pass 
through 
Isolute 
PLD+ 

cartridge 

Pass through 
Isolute 

NH2 cartridge 

Dilute two times 
with MeCN: MilliQ 
mixture containing 

13C ISTD 

Pass through 
Isolute 

NH2 cartridge 

Based on the results with the simulated matrix, which contained all five analysed 
carbohydrates in various ratios, protocol #1 was chosen as the optimal and suitable 
approach to afford clean samples. The additions of ISTD, glucose-13C6 and lactose-13C6 
made it possible to compensate for variations during sample preparation and 
instrumental injection processes. The methodology was validated in terms of limits of 
detection (LOD) and quantitation (LOQ), linear range, linearity and the recovery of the 
two ISTDs used in all experiments (Table 5).  

Table 5. The LOD, LOQ, linear range and linearity of the developed HILIC-MS method. 

Analyte Linear 
Range, 
mg/L 

Linear 
Regression 

R2 LOD1, 
mg/L 

LOQ2, 
mg/L 

Recovery, % 

Fructose 0.77–
49.88 

y = 1.3611x 
+ 0.9873

0.9974 0.189 0.629 

Glucose 0.51–
64.80 

y = 0.6921x 
+ 0.0765

0.9993 0.080 0.268 103.73 ± 1.69 

Galactose 0.39–
49.60 

y = 0.3764x 
– 0.0112

0.9958 0.067 0.220 

Sucrose 0.93–
59.75 

y = 1.2610x 
+ 0.9776

0.9935 0.232 0.704 111.04 ± 2.80 

Lactose 0.38–
49.10 

y = 1.0851x 
– 0.0076

0.9996 0.048 0.159 

1 – LOD = Blank mean value + 3.3*SD at lower limit of quantitation (LLOQ); 2- LOQ = Blank mean 
value + 10*SD at LLOQ 



31 

This protocol was then applied to the fermentation broth of S. thermophilus. 
The protocol made possible the measurement of all the components of the starting 
fermentation medium on which S. thermophilus was grown (Figure 9). 

Figure 9. The chromatogram of the S. thermophilus fermentation sample during the growth on the 
lactose-based chemically defined medium. “12C monosaccharides” corresponds to  monosaccharide 
[M+Cl]- adduct, 12C disaccharides” corresponds to disaccharide [M+Cl]- adduct, 13C monosaccharides” 
corresponds to isotopically labelled monosaccharide [M+Cl]- adduct and 13C disaccharides” 
corresponds to isotopically labelled disaccharide [M+Cl]- adduct. The numbers on the chromatogram 
correspond to this set of external or isotopically labelled standards: 1 – glucose, 2 – galactose and  
3 – lactose 

Based on the carbon source in the starting medium, it was observed that S. thermophilus 
used in these experiments was more likely to consume lactose as a primary carbon 
source during 24 hours of fermentation than sucrose (Figure 10). It was also seen that 
after 24 hours of fermentation, half of the starting lactose was found in the sampling 
points, indicating that fermentation might still be ongoing and could be prolonged to 
generate more biomass or increase the concentration of potentially beneficial 
intermediates. 
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Figure 10. The carbohydrate measurements during the growth of S. thermophilus. “SP” stands for 
sampling point, and “Lactose” or “Sucrose” stands for the carbon source in the fermentation 
medium. The results are presented as mean value ±SD (n = 3) 

These results show that the developed HILIC-MS methodology is capable of measuring 
structurally closely related saccharides, e.g. fructose, glucose, and galactose, in a single 
analytical run with little to no extensive sample preparation, providing a more than 
sufficient analytical measurement range to quantify major carbohydrates classes. 

4.3 Screening of available carbohydrates in commercially available 
plant-based yoghurt alternatives (Study III) 
Study II determined the optimal starting point to further fine-tune HILIC-MS methodology 
towards more diverse samples with more complex matrices as plant-based yoghurts 
alternatives. Therefore, it was used in a large cohort study of commercially available 
plant-based yoghurt alternatives. Twenty-five samples were procured from local markets 
in Estonia, Finland, and Germany. The selection criteria specified that products should 
not contain flavourings, a list of microbial cultures used for fermentation must be listed 
on a product label, and/or the application of fermentation must be mentioned 
in the product description. Overall, 2 lupin-, 10 soya-, 9 oat- and 4 coconut-based 
plant yoghurt alternatives were procured. In Publication II, a Phenomenex Luna Omega 
Sugar column was used as a primary column for separating sugar isomers, such as 
glucose-galactose. This column’s chemistry is based on a hybrid amino/amido stationary 
phase, typical of HILIC columns. The column exhibited a substantial decrease in retention 
mechanisms after approximately 1000 injections, and it was observed that different 
batches of packing showed reduced performance in terms of glucose-galactose separation. 
Therefore, an alternative column was evaluated to provide the same selectivity but 
better resistance towards potential sample interferences. The new amide-based column 
was chosen from Waters Corporation – Waters XBridge BEH Amide XP, which proved to 
be more resistant due to the high resistance of the stationary phase to pressure and pH 
changes, as well as high temperature. The chromatographic separation of fructose (1), 
glucose (2), sucrose (3) and maltose (4) was achieved using a modified methodology from 
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[62] and [63]. The key differences were the modification of the chromatographic gradient 
to reduce the number of concurrently used mobile phases, thus reducing the consumption
of organic solvents, and using a more rapid gradient ramp to accommodate faster sample 
turnaround while not sacrificing the measurements’ selectivity. The mass spectrometric
parameters remained almost the same, with only minor tuning performed due to a change
in the measurement apparatus. The variability in sample preparation or instrumental
response was corrected by using isotopically labelled internal standards – fructose-13C6,
glucose-13C6, sucrose-13C6 and maltose-13C12. The method was validated in terms of LOD,
LOQ, linear range, linearity and the recovery of the four ISTDs used throughout the
measurements of standards and samples.

Table 6. The LOD, LOQ, linear range, linearity and recovery of the optimised HILIC-MS methods. 

Analyte 
Linear 
Range, 
mg/L 

Linear 
Regression R2 LOD1, 

mg/L 
LOQ2, 
mg/L Recovery, % 

Fructose 0.80–
51.21 

Y = -1.91e-01 
X^2 + 4.70e-01 

X + 4.25e-05 
0.9999 0.065 0.196 103.88 ± 1.55 

Glucose 0.78– 
49.93 

Y = -7.69e-01 
X^2 + 9.56e-01 

X + 6.80e-05 
0.9999 0.057 0.173 99.12 ± 3.44 

Sucrose 0.83–
53.27 

Y = -1.71e-01 
X^2 + 1.23e+00 

X – 1.02e-04 
0.9999 0.085 0.258 104.8 ± 3.46 

Maltose 0.83– 
52.92 

Y = -4.02e-01 
X^2 + 1.20e+00 

X – 1.54e-04 
0.9999 0.128 0.389 92.26 ± 3.42 

1 – LOD = Blank mean value + 3.3*SD at lower limit of quantitation (LLOQ); 2- LOQ = Blank mean 
value + 10*SD at LLOQ 

The modified methodology was applied to all twenty-five samples of various origins: 
lupin, oat, coconut and soya (Table 7). The samples were prepared using a similar 
approach described in Publication II, using 3 kDa MWCO spin filters to clean them. 
The filtrates were diluted accordingly with MilliQ® water or a mixture of MilliQ® water 
and acetonitrile. In the final step, an ISTD mixture consisting of four components was 
added to each sample to afford the final dilution. 
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Table 7. The concentration of sugars in plant-based yoghurt alternatives with updated HILIC-MS 
methodology. The data are provided in g/100 g of product as the average value of three replicates 
with SD. 

Sample 
name 

Plant 
matrix 

Fructose Glucose Maltose Sucrose 

VY 1 lupin 0.553 ± 0.059 0.494 ± 0.039 0.317 ± 0.013 0.028 ± 0.005 
VY 2 lupin 4.83 ± 0.446 4.796 ± 0.435 0.316 ± 0.016 1.108 ± 0.089 
VY 3 soya 0.095 ± 0.004 0.037 ± 0.002 0.001 ± 0 0.276 ± 0.016 
VY 4 soya 0.032 ± 0.001 0.002 ± 0 0.001 ± 0.002 0.261 ± 0.039 
VY 5 soya 0.009 ± 0 0.008 ± 0 0.001 ± 0.001 0.158 ± 0.005 
VY 6 soya 0.026 ± 0.001 0.027 ± 0.001 0.001 ± 0 0.096 ± 0.004 
VY 7 soya 0.062 ± 0.002 0.064 ± 0.004 0.001 ± 0.001 0.204 ± 0.018 
VY 8 soya 0.062 ± 0.002 0.064 ± 0.004 0.002 ± 0.001 0.201 ± 0.007 
VY 9 soya 0.031 ± 0 0.032 ± 0.002 0.036 ± 0.016 2.622 ± 0.092 

VY 10 soya 0.015 ± 0.001 0.02 ± 0.003 0.018 ± 0.024 2.423 ± 0.025 
VY 11 soya 0.011 ± 0.004 0.012 ± 0 0.001 ± 0.001 0.123 ± 0.003 
VY 12 soya 0 ± 0 0 ± 0 0.019 ± 0.011 0.093 ± 0.008 
VY 13 oat 3.897 ± 0.031 6.331 ± 0.158 1.636 ± 0.188 0.372 ± 0.014 
VY 14 oat 0.029 ± 0.001 0.001 ± 0.002 0.028 ± 0.01 1.072 ± 0.068 
VY 15 oat 0.031 ± 0.004 0.047 ± 0.001 3.345 ± 0.139 0.34 ± 0.004 
VY 16 oat 0.033 ± 0.004 0.051 ± 0.003 3.722 ± 0.203 0.25 ± 0.007 
VY 17 oat 0.008 ± 0.003 2.415 ± 0.151 0.984 ± 0.037 0.033 ± 0.004 
VY 18 oat 0.024 ± 0.003 0.583 ± 0.016 0.01 ± 0.009 1.289 ± 0.043 
VY 19 oat 0.029 ± 0.003 4.053 ± 0.11 0.141 ± 0.024 0.031 ± 0.003 
VY 20 oat 0.017 ± 0.003 0.256 ± 0.025 0.675 ± 0.043 0.005 ± 0.009 
VY 21 oat 0.018 ± 0.004 2.133 ± 0.088 1.28 ± 0.048 0.098 ± 0.009 
VY 22 coconut 0.453 ± 0.018 0.316 ± 0.001 0.034 ± 0.051 1.801 ± 0.104 
VY 23 coconut 0.001 ± 0.001 0 ± 0 0.012 ± 0.017 2.049 ± 0.148 
VY 24 coconut 0.249 ± 0.007 3.419 ± 0.195 0 ± 0 0.489 ± 0.022 
VY 25 coconut 0 ± 0 0 ± 0 0 ± 0 0.884 ± 0.072 

The results of measurement showed that the methodology can successfully measure 
a wide range of concentration in complex plant-based samples with relatively low 
standard deviations between replicates. Additionally, due to the inherent sensitivity and 
selectivity of mass spectrometric detection, only 1 µl of sample extract had to be injected 
to achieve low detection limits (sub milligrams per litre). It was able to successfully 
separate all analytes of interest in the studied samples (Figure 11). 
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(a) 

(b) 

Figure 11. (a) The chromatogram of monosaccharides (“Monosaccharides external standards” 
corresponds to monosaccharide [M+Cl]- adduct and “Monosaccharides internal standards” 
corresponds to internal standard [M+Cl]- adduct) found in a coconut-based yoghurt alternative 
sample was analysed using the modified methodology. (b) The chromatogram of disaccharides 
(“Disaccharides external standards” corresponds to disaccharide [M+Cl]- adduct, “Sucrose internal 
standards” corresponds to sucrose internal standard [M+Cl]- adduct and “Maltose internal 
standards” corresponds to maltose internal standard [M+Cl]- adduct)  found in a coconut-based 
yoghurt alternative sample was analysed with the modified method. The numbers on 
chromatograms correspond to this set of external or isotopically labelled standards: 1 – fructose,  
2 – glucose, 3 – sucrose and 4 – maltose 
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Overall, applying a different HILIC stationary phase positively affected the outcomes 
of sugar measurements in a wide range of plant-based yoghurt alternatives, achieving 
the same throughput, sensitivity and repeatability yet being more resistant mechanically 
and chemically. The obtained carbohydrate concentration data was combined with 
several additional chemical and microbiological parameters: pH, short-chained fatty acid 
concentrations, total titratable acidity, and total and alive cell counts. The combined data 
were subjected to principal component analysis (PCA). Three major clusters were 
observed, and one outlier, VY13 (oat), did not belong to any major clusters. This can be 
explained by the fact that VY13 (oat) was a fermented plant-based drink, not a yoghurt 
alternative, were as the other 24 samples analysed in this study. Furthermore, it was 
observed that oat-, coconut- and lupin-based yoghurt alternatives are more closely 
related than soya-based alternatives. This might be attributed to the starch or other 
polysaccharides present, which might have been degraded while producing these 
plant-based yoghurt alternatives. Additionally, two samples, VY2 (lupin) and VY23 
(coconut), formed their clusters due to extremely high concentrations of sugars and 
organic acids measured in these samples (Figure 12).  

Figure 12. The PCA biplot of twenty-five plant-based yoghurt alternatives with colour marking 
depending on the origin of plant raw materials. The ordination was calculated and visualised in  
R 4.3.0 (The R Foundation for Statistical Computing, Vienna, Austria) 
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4.4 The quantitative approach to measuring bacterial cell wall 
monomers (Study IV) 
The bacterial cell wall plays a vital role in the bacterial life cycle. It is used as the primary 
target in differentiating bacteria by the most common staining techniques, e.g. Gram or 
Chance. Applying these staining techniques could show the difference in the chemical 
composition of BCW, thus allowing for the qualitative differentiation of bacteria. 
The BCW is primarily composed of the outer membrane, which is a characteristic trait of 
Gram-negative bacteria, the peptidoglycan layer(-s), periplasmic space and cytoplasmic 
membranes. The thickness of the peptidoglycan layer is the most used differentiation 
parameter to describe the difference between BCW in various microorganisms. In 
Gram-staining, the thickness of the PG dictates whether crystal blue dye is retained or 
washed away after adding an alcohol solution. The crystal blue dye is retained in a thick 
PG layer. Thus, the stained microorganism is purple under the microscope or might be 
pink or red in the case of Gram-negative bacteria, which usually have a thinner PG layer. 
However, most staining methods lack a quantitative dimension, thus making it impossible 
to use vital information for metabolic modelling calculations. To resolve this issue and 
obtain the missing information on BCW content, the novel acidic hydrolysis-based 
HILIC-MS methodology has been developed and applied to several Gram-positive and 
Gram-negative bacteria. The target analytes for this methodology were chosen based on 
the standard structure of PG present in both Gram-negative and Gram-positive bacteria 
(Figure 2). N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) are present in 
all strands of PG across BCW, thus making them an excellent choice to target for 
quantification purposes. The amino acid bridges might also be used as additional analytes 
of interest. However, depending on the microorganism, variability in amino acids in the 
PG has been observed, making them inconsistent when used across various species 
without additional information [64]. At the beginning of method development, several 
chromatographic setups were evaluated to accurately measure NAM, NAG, muramic acid 
(Mur), and glucosamine (GluN). Table 8 provides an overview of the parameters used to 
optimise the measurement part of the methodology. 
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Table 8. The overview of experimental setups used to optimise the chromatographic performance 
of the measurements. 

Chromatography
column 

Critical 
parameters of 

the column 
(Internal 

diameter, 
length, 

particle size) 

Flow rate, 
µl/min 

Mobile phase A Mobile phase B 

Waters 
Acquity UPLC 
BEH Phenyl 

2.1 x 150 mm, 
1.8 µm 

300 0.1% Formic 
acid in MilliQ 

MeOH 

Waters 
Xbridge BEH 

Amide XP 

3 x 150 mm, 
2.5 µm 

800 80/20/0.05 
MeCN/MilliQ/ 

/DEA + 0.5 mg/L 
GuHCl 

90/5/5/0.05 
MeCN/MilliQ/IP

A/DEA + 0.5 
mg/L GuHCl 

Phenomenex 
Luna Omega 

Sugar 

2.1 x 150 mm, 
3 µm 

313 MilliQ + 0.5 
mg/L GuHCl 

99/1 
MeCN/MilliQ + 
0.5 mg/L GuHCl 

Waters 
Atlantis 

Premier BEH 
C18 AX 

2.1 x 100 mm, 
1.7 µm 

300 10 mM AmFor 
in MilliQ 

(pH = 3.75) 

90/10 MeCN/10 
mM AmFor in 

MilliQ  
(pH = 3.75) 

Waters 
Atlantis 

Premier BEH 
Z-HILIC

2.1 x 150 mm, 
1.7 µm 

500 20 mM AmAc in 
MilliQ  

(pH = 4.75) 

90/10 MeCN/20 
mM AmAc in 

MilliQ  
(pH = 4.75) 

Based on preliminary results, Waters Atlantis Premier BEH Z-HILIC was chosen as the 
optimal separation column of the tested ones. Figure 13 provides an overview of four 
separated analytes of interest with an optimised gradient elution program using LC-MS. 
Based on the previous studies (Publication II and III) concerning the measurement of 
carbohydrates, GuHCl was added to both mobile phases to improve the ionisation 
efficiency of studied analytes. NAG and GluN actively formed a more favourable adduct 
[M+Cl]- while NAM and Mur did not change their ionisation pattern and formed more 
classic adducts, such as [M-H]-. 
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Figure 13. The optimised separation of four analytes of interest with a Waters Atlantis Premier  
BEH Z-HILIC column, including the isotopically-labelled internal standard – glucosamine-13C6.  
The measurement was performed using dedicated SIR channels 

The cross-linked polymeric structure of PG presented a significant obstacle to 
quantifying both targets directly. The initial screening of how to digest PG into the 
smaller components was based on the enzymatic treatment with lysozyme, the enzyme 
specific to PG breakage. The lysozyme protocol was adapted from the vendor’s 
instructions from the GenElute kit [65].  

Figure 14. The TIC of S. thermophilus’s wet biomass was subjected to the lysozyme treatment 
according to the vendor’s instructions, which were obtained with optimised chromatographic 
conditions used in all experiments. The mass spectrometric measurement was performed under 
negative ESI conditions, scanning from 100 to 750 m/z at a 2 Hz scan rate 

The experiments were performed with a Gram-positive bacterium, Streptococcus 
salivarius ssp. Thermophilus DSM20259, which possesses a thick PG layer. The wet 
biomass was subjected to the lysozyme protocol and measured with optimised 
chromatographic and mass-spectrometric parameters (Figure 14). The measurements 
were made in TIC to follow all possible ionisable molecules after applying the lysozyme 
solution to the sample. The recorded chromatogram showed a lack of produced 
chromatographic peaks. This indicated that the lysozyme application did not achieve its 
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goals of breaking the PG layer into the monomeric constituents; thus, the development 
shifted to the widely used technique: acidic hydrolysis with HCl and phenol. An example 
chromatogram obtained with this approach is shown in Figure 15. 

Figure 15. The SIR chromatogram of four analytes of interest was detected after S. thermophilus’s 
acidic hydrolysis (t = 4 hours) using optimised chromatographic and mass-spectrometric parameters. The 
intensity of measured peaks was normalised to the highest detected peak (Mur) during the injection. 

The sample preparation methodology was optimised regarding the sample amount 
used, the time spent on the hydrolysis and purification processes, and the improvement 
of the hydrolysis solution homogeneity.  The method used one to two milligrams of dried 
biomass and 300 µl of 6M HCl with 1% phenol (v/v). The hydrolysis process was performed 
in classic Eppendorf tubes at 100 °C with agitation set at 1000 rpm in a thermally regulated 
mixer.  The hydrolysate was freed from HCl and phenol with vacuum rotary evaporation, 
and the residue was redissolved in 50% aqueous MeCN (v/v) and purified using Biotage 
PLD+ columns. The stability of the analytes of interest was assessed with the parameters 
used for the hydrolysis of wet biomass, wherein the hydrolysis time was set to four hours 
(Table 9). The conditions used for hydrolysis showed that both NAG and NAM were 
hydrolysed into GluN and Mur, respectively. At the same time, both GluN and Mur 
showed exceptional resistance to these hydrolysis conditions and remained stable 
(recovery rates of 94–99%). 

Table 9. The recovery values for pure standards (~1 mg/mL) after the acidic hydrolysis conditions 
used for the wet biomass of S. thermophilus. 

Analyte Recovery (%, n = 3) SD (%, n = 3) 
N-acetylmuramic acid 0 0 
N-acetylglucosamine 0 0 

Muramic acid 99.1 3.8 
Glucosamine 94.2 1.9 

The next step was to optimise the hydrolysis time for various bacteria, both 
Gram-positive and Gram-negative, as their PG layer thickness and outer membrane 
might present additional challenges. Three bacteria were chosen for these experiments: 
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Streptococcus salivarius ssp. Thermophilus DSM20259 (STH, Gram-positive), Escherichia 
coli K12 MG1655 (ECO, Gram-negative) and Bacteroides thetaiotaomicron DSM 2079 
(BTH, Gram-negative). The optimisation of hydrolysis times for both types of bacteria 
was done with different sampling times based on the estimated thickness of the PG layer 
(Table 10).  

Table 10. Optimisation of the acidic hydrolysis time of two Gram-negative bacteria. The results are 
presented as a percentage of analyte per 1 mg dry biomass. The analysis was performed in triplicates. 

Sampling 
time, h 

%Glucosamine 
(ECO) (n=3) 

%Muramic 
acid (ECO)  

(n=3) 

%Glucosamine 
(BTH) (n=3) 

%Muramic 
acid (BTH) 

(n=3) 
0.5 0.50 ± 0.02 0.47 ± 0.07 3.22 ± 0.23 0.49 ± 0.06 
1 0.50 ± 0.02 0.51 ± 0.04 3.16 ± 0.03 0.52 ± 0.04 

1.5 0.50 ± 0.08 0.52 ± 0.05 3.16 ± 0.16 0.51 ± 0.05 
2 0.60 ± 0.06 0.59 ± 0.08 3.09 ± 0.33 0.55 ± 0.05 
4 0.82 ± 0.10 0.88 ± 0.05 3.05 ± 0.02 0.57 ± 0.03 

It was concluded that a complete hydrolysis of the PG layer could be achieved as fast 
as four hours. The recorded results correlated with previously published results for ECO 
[66,67]. For BTH, the concentration of GluN exceeded by multiple factors the stochiometric 
ratio of predicted GluN reported in the literature [66]. This unsatisfactory ratio’s probable 
cause might have been the overproduction of UDP-N-acetylglucosamine, the essential 
metabolite to produce PG [22]. It was shown that the Escherichia coli K-12 strain 
NCM3722 can accumulate excess amounts of UDP-N-acetylglucosamine in its cytosol as 
a backup to the sudden changes in the growth environment [68]. This accumulation 
behaviour extended to the STH strain used in these experiments. During the optimisation 
of the hydrolysis time, it was observed that GluN concentrations slightly exceeded the 
stoichiometric ratio expected in the PG layers (Table 11). Furthermore, the overall 
concentration of detected monomers (8.2%) correlated with reported values for 
different LAB species of the Lactobacillales order (5.5–12.2 %) [69]. 

Table 11. Optimisation of time spent on the acidic hydrolysis of a Gram-positive bacterium. The results 
are presented as a mass percentage of analyte per 1 mg of dry biomass.  The analysis was performed 
in triplicates.  

Sampling time, hours %Glucosamine (STH) 
(n=3) 

%Muramic acid (STH) 
(n=3) 

1.5 4.63 ± 0.12 3.47 ± 0.07 
2 4.88 ± 0.03 3.51 ± 0.04 
4 4.72 ± 0.31 3.52 ± 0.17 

12 4.73 ± 0.27 3.53 ± 0.28 
16 4.49 ± 0.42 3.38 ± 0.25 

Overall, this methodology showed its potential to measure the monomeric constituents 
of the PG layer found in Gram-negative and Gram-positive bacteria. With appropriate 
modifications, it can be used in high-throughput screening due to the relative ease of 
handling samples. 
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5 Conclusions 
This work aimed to develop and apply suitable analytical procedures for precise and 
selective monitoring of the saccharides during fermentation processes in plant-based 
products. The starting materials’ diversity and richness in carbohydrate profiles showed 
the necessity of having quantitative yet selective analytical methods with the shortest 
turnaround time per sample.  
• In Study I, fundamental research was performed into the fermentation of oats to

produce plant-based milk alternatives. The IEX-RI method revealed a diverse range
of carbohydrates in oats at various sampling points. However, the IEX-RI method also
demonstrated limitations in separating carbohydrates of the same order, such as
maltose from sucrose.

• Study II  focused on developing the HILIC-MS method to quantify saccharides, which
are hard to resolve with IEX-RI. The developed HILIC-MS method showed that it can
separate isomers, including hard-to-resolve epimers. The influence of various sample
preparation procedures on the measurement results and potential application in a
high-throughput environment were studied with a simulated matrix and real-world
samples obtained from Streptococcus thermophilus fermentation.

• In Study III, the carbohydrate profiling was performed using the HILIC-MS method,
which was tailored to suit the aims of the measurements in the plant-based
matrices. The study focused on mono- and disaccharides as they are essential
feeding components for the proliferation of bacteria during fermentation. Four major
carbohydrates – fructose, glucose, sucrose, and maltose – were consistently found
throughout the study, demonstrating the method’s robustness and precision despite 
the complexity of the studied matrices.

• In Study IV, we focussed more deeply and directly on the bacterial cell wall, which
plays a significant role during the life cycle of bacteria. A newly developed acidic
hydrolysis-based HILIC-MS methodology was able to measure the amino sugar
component of BCW. The methodology has been validated on Gram-positive and
Gram-negative bacteria, showcasing the applicability of the methodology for various 
bacteria regardless of Gram-staining. The results were in a good correlation with
previously published studies and, with appropriate modifications, the methodology
can be deployed in a high-throughput environment with proper laboratory
automation.
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Abstract 

Optimising analytical methods for the determination of 
carbohydrates in diverse fermented matrices  
The rapidly growing world population may overwhelm conventional food production supply 
chains. Thus, alternative supply chains are being developed to feed the population 
sustainably. Plant-based fermented products are good alternatives to animal-based 
fermented products, such as meat and milk. However, the fermentation processes in plant 
raw materials have not been well studied compared to animal-based counterparts.  
The complexity of raw plant-based materials presents many technological problems,  
from the choice of starter cultures to the availability of feed components to such cultures in 
these materials. Correctly assessing bacteria growth requires focusing on the consumption 
of present sugars in plant-based matrices. To determine consumption, an analytical 
measurement of these carbohydrates must be performed. The aim of this thesis was to 
improve the measurement of carbohydrates in various fermented matrices and explore how 
bacteria use sugar derivates during their lifecycle. The initial step in improving the currently 
available instrumental methodologies was to establish the baseline with the measurement 
of consumed carbohydrates during the fermentation of oat flakes. The classic approach, 
applying an ion exchange-based stationary phase and refractive index detection (IEX-RI), was 
employed to measure mono-, di- and trisaccharide produced and consumed during the  
24-hour fermentation of oats with four different starter cultures (SC). The results showed 
that, with the four SCs, the disaccharide concentration did not significantly change across all 
sampling points. In contrast, mono- and trisaccharide concentrations fluctuated at later 
sampling points, indicating the possible consumption or production of the carbohydrates. 
The main outcome in terms of analytical performance is that the classic approach of using 
IEX-RI can not effectively separate isobaric compounds belonging to the same order, e.g. 
maltose from sucrose. Therefore, a novel methodology based on hydrophilic interaction 
chromatography coupled with mass spectrometry (HILIC-MS) was developed and validated 
on fermentation broths from Streptococcus thermophilus. Five saccharides – fructose, 
glucose, galactose, sucrose and lactose – were successfully separated and quantitated using 
the optimal chromatographic and mass spectrometric conditions. Additionally, several 
sample preparation protocols were evaluated to afford the cleanest but still comprehensive 
sample. The HILIC-MS methodology was further finetuned and applied to a wide range of 
plant-based yoghurt alternatives made from lupin, oats, coconut, and soya. Four main 
sugars – fructose, glucose, sucrose, and maltose – were measured across all 25 samples with 
minor modifications to sample preparation protocols. The sugar measurement results were 
combined with additional chemical and microbiological analysis results to comprehensively 
describe the yoghurt alternative market. Furthermore, a HILIC-MS method was applied to 
the measurement of cell wall components, providing vital quantitative information about 
cell wall monomers: N-acetylglucosamine and N-acetylmuramic acid. The method was 
validated and applied on biomass produced from both Gram-positive and Gram-negative 
bacteria, highlighting the opportunity to perform this analysis in a high-throughput manner.  

To conclude, these results show that the analytical complexity of carbohydrates and 
their derivates requires a specific approach in an instrumental setup. Correct quantification 
and distinguishing various sugars in a wide array of matrices is vital to producing a good 
plant-based product. 
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Lühikokkuvõte 

Analüütiliste meetodite optimeerimine süsivesikute ja nende 
derivaatide määramisekss erinevates fermenteeritud 
maatriksites 
Kiirelt kasvav maailma rahvastik võib koormata üle traditsioonilisi toidutootmise tarneahelaid. 
Elanikkonna jätkusuutliku toitmise nimel arendatakse alternatiivseid tootmis- ja tarneahelaid. 
Taimepõhised fermenteeritud tooted on hea alternatiiv traditsioonilistele lihast ja piimast 
valmistatud fermenteeritud toodetele. Võrreldes loomset päritolu toiduproduktidega ei ole 
taimse tooraine fermenteerimisprotsesse siiski niivõrd põhjalikult uuritud. Toorainete 
kompleksus tekitab palju tehnoloogilisi väljakutseid, alates juuretiste valimisest kuni 
toitainekomponentide kättesaadavuseni bakteridele nimetatud materjalides. Bakterite kasv 
sõltub taimepõhistes maatriksites olemasolevatest suhkrutest ja sellest, kas bakteri suudab 
selliseid suhkruid tarbida. Taimsete suhkrute mitmekesisus tekitab ka analüütilist probleemi 
ning bakterite kasvu ja suhkrute tarbimise kindlakstegemiseks tuleb erinevaid süsivesikuid 
analüütiliset määrata. Selle töö eesmärk oli parandada süsivesikute määramist erinevates 
kääritatud maatriksites ja uurida, kuidas kasutab bakter suhkruderivaate elutsükli jooksul. 
Esimene samm olemasolevate instrumentaalsete metoodikate parendamisel oli määrata 
kaerahelveste fermenteerimise ajal tarbitud süsivesikuid. Lähendes klassikalisel viisil, kasutati 
ioonivahetusel põhinevat statsionaarset faasi ja refraktomeetrilist detektorit (IEX-RI), et 
määrata tekkivaid ja tarbitavad mono-, di- ja trisahhariide 24 tundi kestnud kaerahelveste 
kääritamisel nelja erineva juuretisega. Tulemused näitasid, et kõigis proovivõtu punktides ei 
toimunud disahhariidide kontsentratsioonis olulist muutust. Samas mono- ja trisahhariidide 
kontsentratsioonid kõikusid hilisemates proovivõtu punktides, mis viitab nende süsivesikute 
võimalikule tarbimisele või tootmisele. Peamine tulemus analüütilisest seisukohast oli see, et 
klassikaline IEX-RI kasutamine ei suuda tõhusalt eraldada isobaarseid ühendeid, mis kuuluvad 
samasse perekonda, näiteks maltoosi lahutus sahharoosist. Seetõttu arendati välja ja 
valideeriti juba Streptococcus thermophiluse fermenteerimis-protsessi jälgmiseks uus 
metoodika, mis põhineb hüdrofiilsete interaktsioonide kromatograafia-massispektromeetrial 
(HILIC-MS). Viis sahhariidi: fruktoos, glükoos, galaktoos, sahharoos ja laktoos, eraldati ja 
mõõdeti edukalt, kasutades optimaalseid kromatograafilisi ja massispektromeetrilisi tingimusi. 
Lisaks hinnati mitmeid proovivalmistamise protokolle, et saada puhtaim ja samal ajal 
informatiivseim proov. HILIC-MS metoodikat arendati edasi ja rakendati laiale taimepõhise 
jogurti alternatiivi valikule, mis olid valmistatud lupiinist, kaerast, kookosest ja sojast. Kõigil  
25 proovil mõõdeti nelja peamist suhkrut – fruktoosi, glükoosi, sahharoosi ja maltoosi. 
Põhjalikumaks turul olevate jogurti alternatiivide kirjeldakirjeldamiseks kombineeriti suhkrute 
määramise tulemusi täiendavate keemiliste ja mikrobioloogiliste analüüside tulemustega, 
HILIC-MS meetodit rakendati lisaks rakuseina komponentide mõõtmiseks, pakkudes  
olulist kvantitatiivset teavet rakuseina monomeeride – N-atsetüülglükosamiini ja  
N-atsetüülmuraamhappe kohta. Meetodit valideeriti ja rakendati nii Gram-positiivsetest  
kui ka Gram-negatiivsetest bakteritest toodetud biomassis, kinnitades analüüsi suurt 
läbilaskevõimet.  

Kokkuvõttes näitavad saadud tulemused, et süsivesikute ja nende derivaatide 
analüütiline keerukus nõuab spetsiifilist lähenemisviisi instrumentaalsele seadistusele. 
Erinevate suhkrute kvantifitseerimine ja teineteisest eristamine erinevates maatriksites 
annab parema ülevaate toimuvatest protsessidest ja on hea taimepõhilise fermenteeritud 
produkti saamise oluliseks osaks.
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Appendix 1 

Publication I 
Kütt, M.-L., Orgusaar, K., Stulova, I., Priidik, R., Pismennõi, D., Vaikma, H., Kallastu, A., 
Zhogoleva, A., Morell, I., & Kriščiunaite, T. (2023). Starter culture growth dynamics 
and sensory properties of fermented oat drink. Heliyon, e15627. 
https://doi.org/10.1016/j.heliyon.2023.e15627  
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|�PH���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



��������	
�
�
����
�

�

������������������� �! ���"�#$%�$!&"�'!$!��"�#$�(!)*!$+�$'��$,�,�"�� �#+!((�$'�-./01234�015676189�:76;8:14;�:<8�=>�?�6@A-�;848�BC�<D/86E7617508�68;134�5D�/61.86�/716�F=F�GHIJ>�@�K868�/68/768L�72236L14;�:3�M00N.147O9�LN70�14L8P14;�9D9:8.Q�RN0:1/08P8L�74L�436.701S8L�015676189�K868�98TN8428L�K1:<�1?8T=JJ�?8TN84214;�?D9:8.�UM00N.147V�?74�W18;3V�X-V�Y?-Z�N914;�1?8T�=JJ�1=�@87;84:�74L�[�\=FJ�2D2089�/7168L]84L�98TN84214;�/63:3230Q�̂68E13N9�72:1E1:189�K868�/86_36.8L�79�/N5019<8L�58_368�5D�̀7S74:98E7�8:�70QV�a=FbQ�c<8�98TN84214;�L7:7�K79�7470DS8L�5D�74�3/84]93N628�dMeA].8:7�/72f7;8�U<::/9gHH;1:<N5Q�23.H418090H.2L3470L]8:]70Z�72236L14;�:3�:<8�7N:<36O9�149:6N2:1349�a=>V=hbQ�����ij!k�+��%�"!&"*���%��$,�(!$(#����$���(�(��������*'��(��$,�#�'�$�+��+�,��$���(�(�l4SD.8]:687:8L�74L�_86.84:8L�37:�L614f�97./089�K868�284:61_N;8L�7:�=CVJJJ\'�_36�[J�.14�7:�633.�:8./867:N68�Um8::12<�@ec-Ac-�C>J�@V�nP8L�74;08�63:7:36ZQ�c<8�9N/8647:74:�K79�n0:868L�:<63N;<�7�o�fW7�.3082N076�K81;<:�2N:]3__�n0:86�U-.1234p�Y0:67]�JQFV�R862f�̀q7-V�q86.74DZ�74L�L10N:8L�K1:<�[�/76:9�3_�N0:67/N68�K7:86�58_368�7470D919Q�X34284:67:1349�3_�9N;769�UW]UrZ]@7_n4398�/84:7<DL67:8�74L�W]UrZ]R70:398�.343<DL67:8V�68/68984:8L�79�7�.76f86�23./3N4LZV�36;7412�721L9�74L�W]UrZ]q0N2398�K868�.879N68L�K1:<�7�<1;<]/86_36.7428�01TN1L�2<63.7:3;67/<D�Um̂ sXZ�9D9:8.�U-0017428�[>tF�9D9:8.V�u7:869�X36/QV�R10_36LV�R-V�Y?-ZV�N914;�7�d13@7L�-.148P�m̂ v]IhX�U_36�9N;769Z�36�d13@7L�-.148P�m̂ v]Ihm�U_36�36;7412�721L9Z�230N.49�UhQI�\oJJ�..V�t�w.�/76:1208�91S8Z�Ud13]�@7L�s75367:36189V�M42QV�X-V�Y?-ZQ�-�d13@7L�R1263]qN76L�X7:134�X�;N76L�230N.4�UCQ>�\oJ�..V�t�w.�/76:1208�91S8Z�K1:<�193267:12�80N:134�3_�N0:67/N68�K7:86�7:�7�x3K�67:8�3_�JQ>�.sH.14�7:�rIF�yX�K79�N98L�_36�9N;76�7470D919Q�m�;N76L�230N.4�UCQ>�\oJ�..V�t�w.�/76:1208�91S8Z�K1:<�193267:12�80N:134�3_�F�.R�m[?eC�7:�7�x3K�67:8�3_�JQ>�.sH.14�7:�roF�yX�K79�N98L�_36�36;7412�721L�7470D919Q�u7:869�[C=C�68_672:1E8�14L8P�L8:82:36�K79�N98L�_36�:<8�L8:82:134�74L�TN74:1n27:134�3_�9N59:74289V�K<12<�K79�/7168L�K1:<�7�u7:869�[CIh�WN70�-593657428�W8:82:36�_36�36;7412�721L�7470D919Q���������z�"��"���!��+�,�"��c1:67:7508�721L1:DV�68/36:8L�79�072:12�721LV�K79�.879N68L�K1:<�7�Ws[[�G33L�74L�d8E867;8�-470DS86�UR8::086�c308L3V�?K1:S86074LZQ�F�;�3_�97./08�K79�.1P8L�K1:<�CF�;�3_�L19:1008L�K7:86V�.1P8L�N4:10�<3.3;8483N9�74L�:1:67:8L�K1:<�JQ=�A�A7emQ�c<8�689N0:9�K868�2702N07:8L�79�{�3_�072:12�721L�N914;�lTQ�U=ZQ�|}~����~��������������������� U=Z��u<868g�.s���A7em�N97;8�_36�7�97./08�14�.100101:869Q�A���:<8�436.701:D�3_�A7em�UJQ=Z�B���97./08�E30N.8�UF�.sZ���������!!��k�$#��+�,��$���(�(�G86.84:8L�37:�L614f�97./089�K868�284:61_N;8L�7:�=CVJJJ\'�_36�[J�.14�7:�633.�:8./867:N68�Um8::12<�@ec-Ac-�C>J�@V�nP8L�74;08�63:7:36ZQ�c<8�9N/8647:74:�K79�n0:868L�:<63N;<�7�o�fW7�.3082N076�K81;<:�2N:]3__�n0:86�U-.1234p�Y0:67]JQFV�R862f�̀q7-V�q86.74DZ�74L�L10N:8L�K1:<�[�/76:9�3_�N0:67/N68�K7:86�58_368�7470D919Q�̂6136�:3�14�82:134V�_688�7.143�721L9�K868�L861E7:1S8L�K1:<�-22��G0N36�@87;84:�Uu7:869�X36/QV�R-V�Y?-Z�72236L14;�:3�:<8�.74N_72:N686O9�/6328LN68Q�-470D919�3_�_688�7.143�721L9�K79�/86_36.8L�34�74�N0:67]�/86_36.7428�01TN1L�2<63.7:3;67/<D�UŶ sXZ�9D9:8.�U-2TN1:D�Ŷ sX��u7:869�X36/QV�R-V�Y?-ZV�1420NL14;�7�51476D�930E84:�.747;86V�7�97./08�.747;86V�74L�7�/<3:3L13L8�7667D�L8:82:36�ÛW-ZV�234:63008L�5D�u7:869�l./3K86��oQJ�93_:K768�UdN10L�oCh=V�u7:869�X36/QV�R-V�Y?-ZQ�?8/767:1349�K868�/86_36.8L�34�u7:869�-2TN1:D�Ŷ sX�-22��c7;�Y0:67�X30N.4�U[Q=�\=JJ�..V�=Qh�w.�/76:1208�91S8Z�3/867:8L�7:�rFF�yXQ�c<8�14�82:134�E30N.8�K79�=QF�wsV�:<8�7.143�721L9�K868�80N:8L�7:�7�x3K�67:8�3_�JQo�.sH.14V�74L�7593657428�K79�68236L8L�7:�[>J�4.Q�c<8�6N4414;�:1.8�K79�[F�.14Q�l./3K86�93_:K768�Uu7:869�X36/QV�R-V�Y?-Z�K79�N98L�_36�L7:7�/63289914;Q��������j!#�#'�+����$���(�(�WD47.12�3921007:36D�.879N68.84:9�K868�276618L�3N:�7:�r[[�yX�N914;�7�̂<D9127�R3LN076�X3./72:�@<83.8:86�RX@�oJ=�U-4:34�̂776�q.5mV�q67SV�-N9:617Z�8TN1//8L�K1:<�7�̂80:186�:8./867:N68�234:630�N41:�i]̂cW[JJ�74L�7�237P170�2D014L86�.879N614;�9D9:8.�XX[h�U3N:86�74L�14486�L17.8:869�[IQt[�74L�[>Q>>�..V�689/82:1E80DZQ�-./01:NL8�9K88/�K79�/86_36.8L�E76D14;�:<8�9:6714�_63.�JQJ=�:3�=JJ{�7:�7�2349:74:�_68TN842D�3_�=�mSQ�G68TN842D�9K88/�K79�/86_36.8L�_63.�JQJ=�:3�=J�mS�7:�7�9:6714�E70N8�3_�JQ={V�9:7D14;�K1:<14�:<8�014876�E19238079:12�UsBlZ�674;8Q�c<8�9:367;8�Uq�Z�74L�0399�Uq��Z�.3LN08�K868�.879N68L�74L�/03::8L�14�L3N508�03;761:<.12�92708�7;7149:�_68]TN842D�74L�7./01:NL8V�689/82:1E80DQ�c<8�01.1:�3_�:<8�sBl�674;8�U�sZV�:<8�D180L�9:6899�U�DZV�74L�:<8�9:367;8�.3LN0N9�K1:<14�:<8�sBl�674;8�UqOsBlZ�K868�L8:86.148L�_63.�:<8�7./01:NL8�9K88/Q�c<8�903/8�3_�q�E9�_68TN842D�U��03;�qOH��03;�_Z�K79�2702N07:8L�_63.�:<8�L3N508�03;761:<.12�/03:�3_�_68TN842D�9K88/�N914;�@<83/0N9Ho[�B[Q>>�93_:K768�U-4:34�̂776�q.5mZQ��������#��"��!�+#k #*$,��$���(�(�ML84:1n27:134�74L�TN74:1n27:134�3_�E307:108�23./3N4L9�K79�/86_36.8L�N914;�;79�2<63.7:3;67/<�9D9:8.�U[JoJ��?<1.7LSNV�̀D3:3V��7/74Z�8TN1//8L�K1:<�.799�9/82:63.8:86�UIJFJAv�c61/08��N7L6N/308��?<1.7LSNV�̀D3:3V��7/74ZQ�-��dF]R?�230N.4�UoJ�.�084;:<�\JQ[F�..�1Q�LQ�\=QJ�w.�n0.�:<12f4899����u�?2184:1n2V�G3093.V�X-V�Y?-Z�K79�N98L�K1:<�<801N.�79�7�2766186�;79�7:�014876�E80321:D�3_�oF�2.�9�=Q�c<8�3E84�K79�/63;67..8L�:3�67./�N/�_63.�rCJ�yX�7:�7�67:8�3_�hQF�yXH.14�:3�7�n470�:8./867:N68�3_�r[IJ�yX�K1:<�74�7LL1:13470�<30L14;�:1.8�3_�C�.14�U:3:70�6N4�:1.8�o>�.14ZQ�R799�9/82:67�K868�35:7148L�7:�74�1341S7:134�8486;D�3_�hJ8BV�L8:82:36�E30:7;8�=�fB�74L�
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Appendix 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication IV 
Pismennõi, D., Kattel, A., Belouah, I., Nahku, R., Vilu, R., & Kobrin, E.-G. (2023).  
The Quantitative Measurement of Peptidoglycan Components Obtained from Acidic 
Hydrolysis in Gram-Positive and Gram-Negative Bacteria via Hydrophilic Interaction 
Liquid Chromatography Coupled with Mass Spectrometry. Microorganisms, 11(9), 2134. 
https://doi.org/10.3390/microorganisms11092134  
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