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ABSTRACT 
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ABSTRACT 
Dietary fiber (DF), comprised largely of nondigestible polysaccharides, remained 

underestimated regarding their importance in the human diet for a long time. With the 

development of nutrition science, the crucial physiological effects of DF have been gradually 

realized. To date, DF has been recognized and supplemented as the seventh essential nutrient, 

alongside the traditional six types of nutrients including protein, fat, carbohydrate, vitamins, 

minerals, and water. One of the physiological effects of DF is retarding the intestinal absorption 

of other molecules including cholesterols, nutrients, salts, toxins, drugs, etc., which 

consequently affects human health. Two types of DF, namely the water-soluble dietary fiber 

(SDF) and the water-insoluble dietary fiber (ISDF), are thought to contribute to the molecule 

retarding effect in different ways. Understanding the mechanisms behind the molecular 

retarding effect of DF can help optimize the human diet. In neutral SDF, the direct molecular 

interaction is one possible mechanism, and is discussed to also contribute to the overall 

molecule retarding effects, despite the interaction strength often being relatively weak. 

However, there are only a few papers published that investigated such a weak interaction, 

probably due to a lack of proper technologies or methods. Some of the technologies including 

isothermal titration calorimetry (ITC), electron paramagnetic resonance (EPR) spectroscopy, 

dynamic light scattering (DLS), transmission electron microscopy (TEM), and ultraviolet-

visible light (UV-vis) absorption spectroscopy are the typical methods for detecting molecular 

binding interaction but not all of them are suitable to directly detect interactions in neutral SDF 

due to either the sensitivity of the instrument or the intrinsic properties of neutral SDF. In 

addition, a single technology can only reveal a segmented picture of the binding event and may 

lose some key information. Therefore, this dissertation focuses on the methodological 

development based on the above-mentioned complementary technologies to give a more 

complete picture of the interaction between neutral SDF and small molecules. 

To study the neutral SDF interaction with small molecules in EPR, DFs need to be labelled with 

spin radicals. Two spin-labelling methods, namely site-selective mono-spin-labelling and 

stochastic multi-spin-labelling, were developed for neutral polysaccharides including linear 

�F�H�U�H�D�O�� ��-glucan (BG), and linearly branched wheat arabinoxylan (AX) and guar gum 

galactomannan (GM). Both methods allow yielding high labelling efficiency compared to 

published work. The effects of both methods on neutral SDF properties including molecular 

weight (and its dispersity), viscosity, and chain conformation were evaluated. The labelling 

efficiency for the stochastic multi-spin-labelling method was further optimized to a degree of 

substitution (DS) of 3%, which maximally preserved the binding properties of neutral SDF 

while spin signal was still sufficient for the EPR measurements. In the EPR study of the 

interaction between neutral SDF and small molecules, multi-spin labelled BG was selected as 
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an example to test its interaction with a selection of food dye molecules. A toolkit for studying 

the interaction between neutral SDF and small molecules was proposed based on pulse EPR, 

which allows observing the subtle conformational changes of the polymer chain by detecting 

multiple details of the local environment of the spin labels including spin-spin dipolar coupling 

via double electron-electron resonance (DEER) and echo-detected EPR (ED-EPR) as well as 

proton local concentration in the vicinity of spin labels via spin relaxation. With this toolkit, we 

detected different binding strengths in different food dye molecules with BG, which we 

attributed to the chemical properties of these food dye molecules varying in pKa values and 

molecular planar sizes corresponding to the parameters of hydrogen bonding and hydrophobic 

interaction, respectively. 

To study neutral SDF interaction with small molecules in DLS, we synthesized four 

polysaccharide-block-polypeptide amphiphilic block copolymers (a-BCs) based on one 

hydrophobic polypeptide chain (PBLG) coupled with four different hydrophilic 

polysaccharides, namely BG, GM, AX, and xyloglucan (XG). Two different morphologies 

were observed for these a-�%�&�V�¶�� �V�H�O�I-assembled particles, which were attributed to the 

differences in hydrophilicity and degree of the branching of the polysaccharides. The binding 

phenomena were characterized by the particle size increase in DLS, where the positive control 

calcofluor white (CalW) as the known BG binder was found to specifically bind with BG-based 

particles, while the dye patent blue (PB) was found to bind to all tested polysaccharide-based 

particles, although with different binding affinities. 

Furthermore, a comparison of different technologies, including DLS, UV-vis, ITC, and TEM 

was conducted using free neutral SDFs, neutral SDF-based gold nanoparticles (Glyco-AuNP), 

and neutral SDF-based micelles as the different probing systems. BG, GM, and AX with similar 

molecular weights were selected as the neutral SDF. Different small molecules including gallic 

acid (GA), sodium gallate (NaGal), sodium ferulate (NaFerul), PB, and brilliant blue (BBlu) 

were selected as the ligands. The molecular interactions in the free SDFs were analyzed by ITC; 

the SDF-based gold nanoparticles were analyzed by DLS and TEM; and the SDF-based 

micelles were analyzed by ITC and DLS. 

Overall, the studies used different technologies, namely EPR, DLS, UV-vis, TEM, and ITC, to 

study the interactions between different SDF and small molecules. By developing spin labelling 

methodology for SDF, a difficult -to-solve task of unravelling molecular-level details of neutral 

SDF interactions with small molecules in solution was first addressed by pulse EPR 

spectroscopy, which allows an understanding of the fiber chain conformational rearrangements 

upon small molecule binding and sheds light on some key details of SDF �± small molecule 

interactions. Complementary methods using SDF-based micelle/vesicles and SDF-based AuNP 

as the probes were additionally developed for analysis by DLS, ITC, TEM, and UV-vis 
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technologies, which allows the exploration of other aspects of SDF�±small molecule interactions, 

such as the thermodynamics of binding and binding-induced aggregation. Although there were 

a few mismatches in the successful detection of binding due to the different limitations of the 

various technologies, the observed trends in molecular binding were clear and consistent. This 

research provides strategies to unveil the mystery piece by piece to understand the mechanism 

of the weak SDF�±small molecule interactions, which may contribute to many scientific 

disciplines including analytical chemistry, biophysics, physical chemistry, biochemistry, food 

science, and nutrition science. 
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ZUSAMMENFASSUNG 
Nahrungsfasern (DF), größtenteils bestehend aus unverdaulichen Polysacchariden, wurden für 

die menschlichen Ernährung lange Zeit in ihrer Bedeutung unterschätzt. Mit der Entwicklung 

von Ernährungswissenschaften wurden die entscheidenden physiologischen Wirkungen von 

DF allmählich erkannt. Inzwischen wurde DF neben den traditionellen sechs Arten von 

Nährstoffen, einschließlich Protein, Fett, Kohlenhydrate, Vitamine, Mineralien und Wasser, als 

der siebte essentielle Nährstoff anerkannt und ergänzt. Eine der physiologischen Wirkungen 

von DF ist die Verzögerung der intestinalen Absorption anderer Moleküle, einschließlich 

Cholesterin, Nährstoffe, Salze, Toxine, Arzneimittel, was folglich die menschliche Gesundheit 

beeinflusst. Es wird angenommen, dass zwei Arten von DF, nämlich die wasserlöslichen 

Nahrungsfasern (SDF) und die wasserunlöslichen Nahrungsfasern (ISDF), auf unterschiedliche 

Weise zur molekularen Verzögerungswirkung beitragen. Das Verständnis der Mechanismen 

hinter der molekularen Verzögerungswirkung von DF kann zur Optimierung der menschlichen 

Ernährung beitragen. Bei neutralem SDF ist die direkte molekulare Wechselwirkung ein 

möglicher Mechanismus, und es wird diskutiert, dass sie auch zu den gesamten molekularen 

Verzögerungseffekten beiträgt, obwohl die Wechselwirkungsstärke oft relativ schwach ist. Es 

gibt jedoch nur wenige Veröffentlichungen, die diese schwache Wechselwirkung untersucht 

haben, wahrscheinlich aufgrund eines Mangels an geeigneten Technologien oder Methoden. 

Einige der Technologien, darunter isotherme Titrationskalorimetrie (ITC), 

elektronenparamagnetische Resonanz (EPR)-Spektroskopie, dynamische Lichtstreuung (DLS), 

Transmissionselektronenmikroskopie (TEM) und UV-sichtbares Licht (UV-vis)-

Absorptionsspektroskopie sind die typischen Methoden zum Nachweis molekularer 

Bindungswechselwirkungen, aber nicht alle von ihnen sind geeignet, um Wechselwirkungen in 

neutralem SDF direkt nachzuweisen, entweder aufgrund der Empfindlichkeit des Instruments 

oder der intrinsischen Eigenschaften von neutralem SDF. Darüber hinaus kann eine einzelne 

Technologie nur ein segmentiertes Bild des Bindungsereignisses zeigen und kann einige 

Schlüsselinformationen verlieren. Daher konzentriert sich diese Dissertation auf die 

methodische Entwicklung basierend auf den oben genannten komplementären Technologien, 

um ein vollständigeres Bild der Wechselwirkung zwischen neutralem SDF und kleinen 

Molekülen zu geben. 

Um die neutrale SDF-Wechselwirkung mit kleinen Molekülen in EPR zu untersuchen, müssen 

DFs mit Spin-Radikalen markiert werden. Zwei Spin-Markierungsmethoden, nämlich 

ortsselektive Mono-Spin-Markierung und stochastische Multi-Spin-Markierung, wurden für 

neutrale Polysaccharide entwickelt, darunter lineares Getreide-��-Glucan (BG) und linear-

verzweigtes Weizen-Arabinoxylan (AX) und Guargum-Galactomannan (GM). Beide 

Methoden ermöglichen eine hohe Markierungseffizienz im Vergleich zu veröffentlichten 
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Arbeiten. Die Wirkungen beider Verfahren auf neutrale SDF-Eigenschaften wurden bewertet, 

einschließlich Molekulargewicht (und seine Dispersität), Viskosität und Kettenkonformation. 

Die Markierungseffizienz für die stochastische Multi-Spin-Markierungsmethode wurde weiter 

auf einen Substitutionsgrad (DS) von 3 % optimiert, der die Bindungseigenschaften von 

neutralem SDF maximal bewahrte, während das Spinsignal für die EPR-Messungen immer 

noch ausreichend war. In der EPR-Studie zur Wechselwirkung zwischen neutralem SDF und 

kleinen Molekülen wurde Multi-Spin-markiertes BG als Beispiel ausgewählt, um seine 

Wechselwirkung mit einer Auswahl von Lebensmittelfarbstoffmolekülen zu testen. Basierend 

auf Puls-EPR wurde ein Toolkit zur Untersuchung der Wechselwirkung zwischen neutralem 

SDF und kleinen Molekülen vorgeschlagen, das die Beobachtung der subtilen 

Konformationsänderungen der Polymerkette ermöglicht, indem mehrere Details der lokalen 

Umgebung der Spinmarkierungen erfasst werden, einschließlich der dipolaren Spin-Spin-

Kopplung via Doppel-Elektron-Elektron-Resonanz (DEER) und Echo-detektierte EPR (ED-

EPR) sowie lokale Protonenkonzentration in der Nähe von Spinmarkierungen durch 

Spinrelaxation. Mit diesem Toolkit haben wir unterschiedliche Bindungsstärken von 

verschiedenen Lebensmittelfarbstoffmolekülen mit BG nachgewiesen, die wir den chemischen 

Eigenschaften dieser Lebensmittelfarbstoffmoleküle zugeschrieben haben, die in pKa-Werten 

und molekular in ihrer planaren Größen variieren, die den Parametern der Wasserstoffbindung 

bzw. der hydrophoben Wechselwirkung entsprechen. 

Um die neutrale SDF-Wechselwirkung mit kleinen Molekülen in DLS zu untersuchen, haben 

wir vier amphiphile Polysaccharid-Block-Polypeptid-Blockcopolymere (a-BCs) synthetisiert 

basierend auf einer hydrophoben Polypeptidkette (PBLG) gekoppelt mit vier verschiedenen 

hydrophilen Polysacchariden, nämlich BG, GM, AX und Xyloglucan (XG). Für die 

selbstorganisierten Partikel dieser a-BCs wurden zwei unterschiedliche Morphologien 

beobachtet, die auf die Unterschiede in der Hydrophilie und dem Grad der Verzweigung der 

Polysaccharide zurückgeführt wurden. Die Bindungsphänomene gingen mit einer 

Partikelgrößenzunahme in DLS einher, wobei festgestellt wurde, dass die Positivkontrolle 

Calcofluor White (CalW) als bekanntes BG-Bindemittel spezifisch an BG-basierte Partikel 

bindet, während beobachtet wurde, dass der Farbstoff Patentblau (PB) sich zu allen getesteten 

polysaccharidbasierten Partikeln bindet, wenn auch mit unterschiedlichen Bindungsaffinitäten. 

Darüber hinaus wurde ein Vergleich verschiedener Technologien durchgeführt, einschließlich 

DLS, UV-Vis, ITC und TEM, unter Verwendung von freien neutralen SDFs, neutralen SDF-

basierten Goldnanopartikeln (Glyco-AuNP) und neutralen SDF-basierten Mizellen als 

unterschiedliche Sondierungssysteme. Als neutrales SDF wurden BG, GM und AX mit 

ähnlichen Molekulargewichten ausgewählt. Verschiedene kleine Moleküle wurden als 

Liganden ausgesucht, darunter Gallussäure (GA), Natriumgallat (NaGal), Natriumferulat 
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(NaFerul), PB und Brillantblau (BBlu). Die molekularen Wechselwirkungen in den freien SDFs 

wurden von ITC analysiert; die SDF-basierten Goldnanopartikel wurden durch DLS und TEM 

analysiert; und die SDF-basierten Mizellen wurden durch ITC und DLS analysiert. 

Insgesamt verwendeten die Studien verschiedene Technologien, nämlich EPR, DLS, UV-Vis, 

TEM und ITC, um die Wechselwirkungen zwischen verschiedenen SDF und kleinen 

Molekülen zu untersuchen. Durch die Entwicklung der Spinmarkierungsmethodik für SDF 

wurde eine schwer zu lösende Aufgabe der Aufdeckung von molekularen Details von neutralen 

SDF-Wechselwirkungen mit kleinen Molekülen in Lösung erstmals durch Puls-EPR-

Spektroskopie angegangen, was ein Verständnis der Konformationsumlagerungen von SDF-

Ketten bei Bindung mit kleinen Molekülen erlaubt, und ein Licht auf einige Schlüsseldetails 

der Wechselwirkungen zwischen SDF und Kleinmolekülen wirft. Komplementäre Methoden 

unter Verwendung von SDF-basierten Mizellen/Vesikeln und SDF-basierten AuNP als Sonden 

wurden zusätzlich für die Analyse durch DLS-, ITC-, TEM- und UV-Vis-Technologien 

entwickelt, was die Untersuchung anderer Aspekte von SDF-Kleinmolekül -Wechselwirkungen 

ermöglicht, wie z.B. die Thermodynamik der Bindung und die bindungsinduzierte Aggregation. 

Obwohl es aufgrund der unterschiedlichen Limitationen verschiedener Technologien einige 

Diskrepanzen in der erfolgreichen Detektion von Bindungsvorgängen gab, waren die 

beobachteten Trends der molekularen Bindung klar und konsistent. Diese Forschung liefert 

Strategien, und den Mechanismus der schwachen Wechselwirkungen zwischen SDF und 

kleinen Molekülen aufzudecken, was zu vielen wissenschaftlichen Disziplinen beitragen kann, 

darunter Analytische Chemie, Biophysik, Physikalische Chemie, Biochemie, Lebensmittel- 

und Ernährungswissenschaft. 
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INTRODUCTION  
Dietary fiber (DF), characterized by non-digestibility, has been recognized as a healthy diet 

component in the past decades. Nondigestible polysaccharide (Ps) is the major form of DF, 

which was built up by single or multiple types of monosaccharide. The positive correlations 

between the consumption of DF and lowing risk of many diseases, including diabetes and 

cardiovascular diseases have been gradually discovered (Anderson et al., 2009). Despite the 

acknowledgment of so many health benefits of DF, the optimal daily amount of DF 

consumption, recommended by the WHO, is still not reached (McGill  et al., 2015). The 

physiological functions of DF found in clinical studies should be attributed to the special 

physical and chemical properties of DF (Poutanen et al., 2018). There are abundant DF sources 

in nature, where different types of DF vary in physiochemical properties and consequently 

influence physiological functions. 

DF can be classified in different ways. The classification based on the water solubility of DF 

has been widely used in scientific communities. Water-soluble dietary fibers (SDFs) generally 

differ significantly from water-insoluble DFs (ISDFs) in physiological effects. For example, 

SDFs are generally fermentable in the digestion system which can produce short-chain fatty 

acids to maintain gut and metabolic health (Tungland & Meyer, 2002). However, most ISDFs 

are non-fermentable, which is generally characterized by the functions of creating a sense of 

satiety and increasing fecal bulk. Based on the charge properties, SDF can be divided into two 

types: neutral SDF and charged SDF. 

One important physiological function of SDF is reducing small molecule absorption by the 

digestion system. Several mechanisms behind the physiological effects have been proposed, 

where the non-covalent molecular interaction is thought to play an important role (Gunness & 

Gidley, 2010). Most studies were conducted with charged SDFs, where the electrostatic 

interactions are the main driving force (Cao et al., 2018; Lopez-Pena et al., 2019). Regarding 

the interaction in neutral SDF, the binding affinity is relatively weak compared to the charged 

SDF, leading to a possible lack of proper technology to detect such weak interactions. There 

are only a few methods were proposed to detect the interaction between neutral SDF and small 

molecules. The equilibrium dialysis method is an easy way to indirectly detect the interaction 

by measuring the ligand concentration out of the dialysis membrane after the ligand is absorbed 

by the DF (Marasca et al., 2020). This method may face a problem of non-specific binding of 

the ligand to the membrane, which may lead to an underestimation of the binding capacity. In 

addition, this method provides only an empirical model based on the absorption mechanism of 

a gas or solid surface described by Langmuir's law (Le Bourvellec et al., 2005; Liu et al., 2019). 

Therefore, other analytical tools need to be explored for neutral SDF-small molecule interaction. 
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There are many different methodologies established for molecular interaction studies based on 

many technologies including electron paramagnetic resonance (EPR), isothermal titration 

calorimetry (ITC), ultraviolet-visible (UV-vis) spectroscopy, dynamic light scattering (DLS), 

transmission electron microscopy (TEM), etc. However, most of the above technologies are not 

designed for DF, and some derivations may need to apply these analytical tools in DFs. For 

example, ITC, as a label-free method, is widely used for protein-ligand interaction, which 

�S�U�R�Y�L�G�H�V�� �Y�D�O�X�D�E�O�H�� �L�Q�I�R�U�P�D�W�L�R�Q�� �R�Q�� �V�W�R�L�F�K�L�R�P�H�W�U�\���� �E�L�Q�G�L�Q�J�� �D�I�I�L�Q�L�W�\�� ���.�G������ �H�Q�W�K�D�O�S�\�� ���¨H), and 

�H�Q�W�U�R�S�\�����¨�6�����R�I���W�K�H���E�L�Q�G�L�Q�J���U�H�D�F�W�L�R�Q�V�����2�Q�H���O�L�P�L�W�D�W�L�R�Q���R�I���Q�H�X�W�U�D�O���6�'�)���L�Q���,�7�&���P�D�\���F�R�P�H���I�U�R�P���W�K�H��

high viscose solution of DF. By reducing the viscosity by hydrolyzing neural SDF, Lupo et al. 

(2022) successfully applied hydrolyzed SDF in ITC for the molecular interaction study. 

EPR is also widely used to detect the interaction between protein and ligand, where either the 

protein molecule or the ligand contains at least one paramagnetic center. By detecting the local 

environmental changes of the paramagnetic center, the EPR can determine if the ligand binds 

to the protein. Therefore, some detailed structure changes resulting from the interaction can be 

revealed by EPR. For example, dynamic information of spin-labelled membrane protein can be 

obtained by the line shape analysis of the continuous wave EPR (CW-EPR) (Klug & Feix, 2008) 

since the motion/rotation flexibility of the spin labels is highly dependent on its neighboring 

functional groups as well as the solvent properties. The binding between the protein and ligand 

led to the flexibility changes of the spin labels, which altered CW-EPR spectrum. By detecting 

the distance between the paramagnetic centers in protein with pulse EPR technology, Born et 

al. (2022) observed conformation changes in protein when a ligand binds to its binding pocket. 

To apply EPR in the interaction study in SDF, SDF needs to be labelled with free radicals, 

where the spin labelling method, on one hand, should provide sufficient labelling efficiency to 

meet the lowest limitation of the pulse EPR, on the other hand, should maintain the original 

binding properties of SDF. However, such spin labelling methods is rarely found in literature, 

which still need to be explored. 

DLS and TEM are used for particle size characterization and particle visualization, respectively. 

The interaction between the ligand and the particle basically can be observed by these two 

technologies if the interaction can induce size population changes. For example, DLS has been 

used to detect the interaction between DNA and different cationic surfactant (Cheng & Ran, 

2014), where the DNA-surfactant complex formation was determined by the increasing particle 

size. The TEM was applied to visualize the spital distance between mannose-modified gold 

nanoparticles and lectin, where the aggregation of the gold nanoparticles was observed when 

the complex formed. Another option to apply SDF in DLS is to modify the SDF with a 

hydrophobic block to form an amphiphilic block copolymer (a-BC), where the a-BC can self-



INTRODUCTION  

3 

assemble into the micelle/vesicle structure that can be characterized by DLS technology (Li  et 

al., 2015; Schatz & Lecommandoux, 2010; Schatz et al., 2009). 

UV-vis spectroscopy can be used to characterize molecule light absorption. However, neutral 

SDF polymer usually has no characteristic absorbance in the UV-vis wavelength range. The 

possible application is either detecting the UV-vis absorbance change of the small molecules 

or modifying the SDF polymer on a substance that can be observed by UV-vis spectroscopy. 

For example,  Wu et al. (2008) studied the interaction between ��-glucan and calcofluor white 

molecules by UV-vis spectroscopy, where the interaction is characterized by the intensity 

changes of the UV-vis absorption of the ligand. Hone et al. (2003) modified mannose on the 

gold nanoparticles. The interaction between mannose and lectin was confirmed by observing 

the changes of the surface plasmon absorption of gold nanoparticles in UV-vis spectroscopy. 

However, each mentioned technology has its limitations and not all of them are suitable to 

directly detect interactions in neutral SDF due to either the sensitivity of the instrument or the 

intrinsic properties of neutral SDF. In addition, each method has its advantages and reveals 

different information regarding the binding activities. For example, ITC has a high sensitivity 

for detecting weak interactions and provides accurate quantitative binding parameters, 

including the binding capacity of SDF and the potential binding force. Although the 

conformation changes of SDF can also be hypothesized by the binding �¨�+�� �D�Q�G�� �H�Q�W�U�R�S�\�� �¨�6��

based on the empirical description, the detailed conformational information is still unclear 

based on solely ITC data. This drawback may be compensated by the EPR technology which 

can be used to detect conformation change of spin labelled SDF. Other technologies like DLS 

and TEM can be used to detect binding-induced SDF aggregations. 

Therefore, this thesis aims to establish methodologies based on different technologies, namely 

EPR, ITC, DLS, TEM, and UV-vis, for investigating the weak molecular interactions between 

neutral SDF and small molecules. In EPR, methodologies for spin labelling SDF were first 

established to optimize the labelling efficiency with minimal impact on the binding capacity of 

SDF, then the pulse EPR methodology was established to characterize the conformational 

information of SDF during the binding activities. In DLS, methodology based on the 

construction of SDF-based vesicle/micelle was established to characterize the binding-induced 

aggregation effect. By the combination of different methodologies and technologies, this thesis 

assembled fragmentary information obtained by corresponding technologies to present a more 

integral picture to elucidate the molecular interaction between neutral SDF and small molecules. 
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PART 1: REVIEW OF T HE LITERATURE S 

1 Dietary fiber  

1.1 Definition and Classification 

Since hundreds of years ago, the description of the functions of dietary fiber (DF) or roughage 

has been recorded in ancient herbs and medicinal literature. The substances in this description 

were �Q�R�W���D�F�N�Q�R�Z�O�H�G�J�H�G���D�V���µ�G�L�H�W�D�U�\���I�L�E�H�U�¶���X�Q�W�L�O��the middle of the 20th century (Cui and Roberts 

2009). The �W�H�U�P�� �µ�G�L�H�W�D�U�\�� �I�L�E�H�U�¶�� �Z�D�V��first introduced by Hipsley in 1953 to describe the 

indigestible constituents that exist in the plant cell wall of foods (Hipsley, 1953). Afterward, a 

new definition was given by Trowell (1972) �D�V�� �µthe skeletal remains of plant cells that are 

resistant to digestion (hydrolysis) by enzymes of man�¶�����7�K�H���G�H�I�L�Q�L�W�L�R�Q���Z�D�V���W�K�H�Q���E�U�R�D�G�H�Q�H�G��to 

include all the digestion-resistant polysaccharides (Ps) such as gums, modified celluloses, 

hemicellulose, mucilages, oligosaccharides, pectins, and associated minor substances, such as 

waxes, cutin, and suberin (Trowell et al., 1976), which became the base of new definition 

emerging for next 40 years by various health and regulator organizations (Health and Welfare 

Canada, 1985; US Food and Drug Administration (FDA), 1987; Health Canada, 1988; Institute 

of Medicine, 2001; American Association of Cereal Chemists (AACC), 2001; Codex 

Alimentarius Commission, 2014; British Nutrition Foundation, 2018). One of the most 

accepted definitions is from AACC in 2001���� �µDietary fiber is the edible parts of plants or 

analogous carbohydrates that are resistant to digestion and absorption in the human small 

intestine, with complete or partial fermentation in the large intestine. Dietary fiber includes 

polysaccharides, oligosaccharides, lignin, and associated plant substances. Dietary fibers 

promote beneficial physiologic effects including laxation, and/or blood cholesterol attenuation, 

and/or blood glucose attenuation�¶�� 

However, building up a comprehensive definition for DF is still difficult. For example, the 

argument regarding resistant starch has been presented whether it belongs to DF since resistant 

starch displayed all the characteristics of DF that it is not digested in the stomach and fermented 

in the colon. While experts from some groups hold the opinion that DF should refer to sources 

from wholegrain cereals, fruits, and vegetables where the DF as the Ps consists of the plant cell 

wall. In addition, the limitation in the category of carbohydrates for DF definition rules out 

lignin which is a non-carbohydrate polymer with cross-linked phenyl propane. Lignin is an 

indigestible nature polymer that is a component of many edible plant tissues, and it also 

contributes to health-related functional properties. Regardless of various definitions, one should 

be clear that the definition of DF must correlate the physiological effects with applicable 

analytical technology that can accurately, reproducibly, and conveniently measure all DF 

content (Cui & Roberts, 2009). 
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Parallel to the various versions of the DF definition, the classification of DF can be defined in 

various ways. DF can be primarily distinguished by water-soluble DF (SDF) and water 

insoluble DF (ISDF), where the insoluble DFs generally contain components of cellulose, 

hemicellulose, or lignin. However, only one physical property could not distinguish different 

types of DFs. Thus, DFs are further classified into many categories based on different properties 

such as high and low molecular weight DF, fermentable and unfermentable DF, and high and 

low viscosity DF, etc. Gidley and Yakubov (2019) have classified DFs based on functionalities 

in which bulk structuring, molecular binding, and transport barriers were addressed. In addition, 

the dimensions in classification are also correlated. For example, the fermentable DFs are 

generally water-soluble, and unfermentable or least fermentable DFs are generally water-

insoluble (Tungland & Meyer, 2002); DF with larger molecular weight generally has lower 

water-solubility and higher viscosity of resulting solution; the solubility of DF is also associated 

with the fermenting rate (Gidley & Yakubov, 2019). The correlations between these intrinsic 

properties of DF can be concluded in the structure-functionality relationship, where the physical, 

and chemical properties determine the physiological and biological function. 

SDF and ISDF 

Namely, SDF can be dissolved in a water-�E�D�V�H�G���V�R�O�X�W�L�R�Q���Z�K�L�O�H���,�6�'�)���F�D�Q�Q�R�W�����6�'�)���L�Q�F�O�X�G�H�V����-

glucan (BG), galactomannan (GM), inulin, dextran, pectin, polydextrose, psyllium, etc. ISDF 

includes cellulose, some hemicellulose, resistant starch, lignin, and some non-starch Pss 

(Mudgil & Barak, 2019). And for some hemicelluloses, their solubilities highly depend on their 

chemical structures. For example, arabinoxylan (AX) is a hemicellulose present along with 

cellulose in almost all terrestrial plant cell walls (Scheller & Ulvskov, 2010). Its solubility is 

associated with the degree of arabinosyl substitution on the xylan backbone, where the high 

arabinose/ xylose ratio will increase the water solubility owing to less aggregation (Adams et 

al., 2017; Nishitsuji et al., 2020; Saulnier et al., 2007). The situation for xyloglucan (XG) is 

similar that the degree of galactose substitution to the xylose will also dominate the water 

solubility (Nishinari et al., 2007). 

Most SDFs being dissolved in water will increase the viscosity of the solution and form a gel-

like solution when reaching a high concentration. There is also a part of SDFs dissolved in 

water has no significant viscosity effect such as fructooligosaccharides (FOS), resistant dextrin, 

and inulin (Mudgil, 2017). Thus, SDF can be further divided into two classifications­: viscose 

DF and nonviscous DF. The consumption of SDF generally increases the transition time 

through the human digestive tract and then further prolongs gastric emptying, which intensively 

delays the absorption of glucose. On the contrary, the ISDF does not form a gel solution due to 

poor water solubility, which generally decrease the intestinal transit time and increase the fecal 

bulk. One huge difference between SDF and ISDF is their difference in fermentability. All 
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fermentable DFs are generally regarded as SDF and nonfermentable DF is generally regarded 

as ISDF. However, one should note that not all the SDF are fermentable and not all the ISDFs 

are nonfermentable. For example, methylcellulose as a semi-synthetic DF from cellulose, 

psyllium, and alginate is a soluble DF in water and forms a gel-like solution, but they are 

considered the viscous nonfermentable DFs due to poor fermentability (Rahman et al., 2022). 

On the other hand, resistant starch, if considered as DF based on some definitions, is neither 

viscose nor soluble fiber but can be fermented to produce short-chain fatty acids (SCFAs) in 

digestive system (Lockyer & Nugent, 2017). 

Neutral DF and charged DF 

The charged property of DFs generally refers to the Pss containing charged groups in the 

polymers, which include negatively (acidic polysaccharide) or positively charged Pss. The 

negative charges are generally from -COO- or -SO3
- on acidic Ps that acid group is deprotonated 

or forming conjugated salt (Na+, Ca2+, K+, Li+, etc.) due to high disassociation constant of 

corresponding acid. The positive charges are generally from -NH3
+ where the -NH2 as a good 

nucleophile is easily protonated due to the lone pair of electrons on the nitrogen atom. Pectin, 

alginate, and carrageenan can be the typical examples of negatively charged DF from natural 

sources and chitosan can be the typical example of positively charged DF from natural sources. 

The electrostatic charges on the Ps have a great influence on the properties including hydration 

properties, binding properties, particle size, and chain flexibility. The hydration properties of 

fiber components containing charged groups, such as pectin, are influenced by pH, ionic 

strength, and the nature of the ions (Mudgil, 2017). The charged DF may have better binding 

properties compared to neutral DF due to stronger electrostatic interaction than the traditional 

non-covalent interaction in neutral DFs. For example, the negative charge of pectin enhances 

its binding with positively charged mucin (Meldrum et al., 2017; Sriamornsak & Wattanakorn, 

2008) but reduces binding with phenolic acids (Gidley & Yakubov, 2019; Phan et al., 2017). 

In the aspect of DF derivation, chemical modification, or functionalization, the challenge for 

neutral DF is that high site-selectivity (here refers to the architecture of polymer rather than the 

selectivity on monosaccharide functional group) modification is available only at the reducing 

end of the Ps chain. However, the regioselectivity of monosaccharide in a polymer chain of 

neutral DF still can be achieved, since the chemical activity of the hydroxyl groups on 

monosaccharide are various. For example, the primary hydroxyl on C6 is more active than the 

secondary hydroxyl group on the sugar ring, which was widely used for derivation and 

functionalization (Franz & Alban, 1995; Isogai, 2022; Isogai & Kato, 1998; Zhou & Edgar, 

2022). In the case of charged DF, the site-selectively chemical modification can be easily 

achieved on the site of charged function groups that can be either nucleophile (eg. NH2) or 

electrophile (eg. COOH). For example, selective N-modification (modification on the amino 
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group) of chitosan can be easily achieved due to different chemical activities between hydroxyl 

and amino functional groups (Jesús et al., 2018). Esterification of pectin can also be easily 

achieved selectively on the carboxyl group without interfering with the hydroxyl group 

(Lionetti et al., 2012), which has great importance for application in material science. 

In the aspect of SDF chain conformation, both neutral and charged SDFs may have various 

conformations depending on external conditions including solvent use, pH, solvent ionic 

strength, temperature, etc. The conformation plays an important role in polymer chemical 

modification. The reactant molecules, in principle, can have full access to the fully stretched 

polymers with an appropriate concentration. On the contrary, the reactant molecules have poor 

access to the inner site of the compact polymer chain due to steric hindrance of the polymer 

that hides parts of the polymer fraction inside. For neutral DF in water solution, the chain 

conformation displayed relatively more compact compared to charged SDF. This is because the 

charged SDF bearing charges that are assumed to have the intramolecular repulsion effect 

leading to the more extended configuration (BeMiller, 2019). Therefore, the intramolecular 

repulsion in charged DFs tends to increase the end-to-end chain length and increase the 

hydration volume. The electrostatic repulsion effect can be eliminated or minimized by adding 

salt to the solution to neutralize the charges on Ps (Chen et al., 2014; Wang & Zhang, 2009). 

The solvent has a great effect on the conformation of the Ps due to intermolecular interaction 

between polymers and solvent molecules and intramolecular interaction in a single polymer. 

The intramolecular and intermolecular hydrogen bond as the key contribution to the solubility 

of Ps shows different strengths to different solvents, which consequently affect the 

conformation of Pss. For example, the DF showed a bigger coil radius (Rcoil) in DMSO and 

DMF than in water due to the different strengths of hydrogen bonds (Antoniou et al., 2010). 

The Rcoil also is also affected by temperature since the temperature has different extend of 

effects on intermolecular and intramolecular interactions. The shifting balance between 

intermolecular and intramolecular interactions can lead to conformation changes (Alejandre et 

al., 2000; Antoniou et al., 2010; Basedow et al., 1980). 

1.2 Chemical and physical structure of neutral DF 

1.2.1 Chemical structure 

Pss are built up by monosaccharide blocks, where the various ways of connection between 

saccharide monomers yield various types of Ps and consequently lead to different properties. 

There are different types of monosaccharides, among which glucose and fructose are usually 

the most abundant in nature. 

Monosaccharide composition of DF 
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Monosaccharides�����N�Q�R�Z�Q���D�V���W�K�H���Q�D�P�H���R�I���µ�V�L�P�S�O�H�¶���V�X�J�D�U�����D�U�H���W�K�H���V�L�Pplest forms of sugar and the 

most basic units (monomers) from which all carbohydrates are built (Collins & Ferrier, 1995).  

Monosaccharides generally have multiple forms due to the intramolecular transformation from 

acyclic form to cyclic form via interaction between the aldehyde or ketone and the hydroxyl 

group of different carbons, which leads to different numbers of atoms in the cycle ring. For 

example, a hexose can transform into furanose form with 5 membered ring structure by 

interaction with the C4 position or into pyranose form with 6 membered ring structure by 

interaction with the C5 position. In carbohydrate polymers, pentose (C5H10O5) and hexose 

(C6H12O6) are the main monosaccharide compositions. Pentose has 5 carbon atoms with three 

chiral carbons in its Fischer structure, which consequently have 8 (23) stereoisomers that differ 

in the spatial position of the hydroxyl groups on the 3 chiral carbons. Based on the spatial 

position of hydroxyl groups on C2 and C3 relative to the ones on C4, the hexose is divided into 

four monosaccharides, namely arabinose, lyxose, ribose, and xylose (Figure 1A shows the 

cyclic structures). The conformation of the hydroxyl group on the chiral C1 of these four 

monosaccharides divided them into two catalogs�² alpha and beta configuration. In these four 

monosaccharides, arabinose and xylose are widely found as the composition of DF, the ribose 

is a component of the ribonucleotides from which RNA is built, and lyxose is rarely found in 

nature. The hexose, particularly the aldohexose (aldehyde sugar), has 6 carbon atoms with 4 

chiral carbons in its Fischer structure, which consequently have 16 (24) stereoisomers (Figure 

1B shows the cyclic structures). 8 types of hexose are named allose, altrose, glucose, mannose, 

gulose, idose, galactose, and talose based on the relative chiral position on C2, C3, C4, and C5. 

The difference of chirality in C1 also categorizes these 8 hexoses into alpha and beta 

configurations. In these hexose, altrose, gulose, idose, and talose are non-nature occurring 

monosaccharides, while glucose, mannose, and galactose are widely found in nature and allose 

is a rare monosaccharide that occurs as a 6-O-cinnamyl glycoside in the leaves of the African 

shrub Protea rubropilosa (Biely, 2006). Glucose, mannose, and galactose as the 

monosaccharide composition are widely found in neutral DF. In addition, fructose, a 

ketohexose that has a ketone group rather than an aldehyde group, is also a hexose, which is 

also abundantly found in nature. 
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Figure 1. A) Cyclic chemical structures of pentoses in furanoses form; B) Cyclic chemical structures of hexose in 
pyranose form. (The structure marked in blue are widely found in neutral dietary fibers). 

The various combinations of these monosaccharides as the building blocks build up the 

carbohydrate polymers. By some specific connection and combination among these naturally 

occurring monosaccharides (blue mark in Figure 1), the naturally occurring neutral DFs are 

built up. In general, DFs are considered to have 10 or more monosaccharides based on the 

Codex DF definition, which excludes the oligosaccharides with less than 10 monomers from 

the definition. The number of saccharide monomers plays important roles in physiochemical 

properties including water solubility and viscosity. Based on monosaccharide compositions, the 

Ps is generally classified into two types�² homopolysaccharide and heteropolysaccharide, in 

which the former one has only one type of monosaccharide and the latter one has more than 

one type of monosaccharide. In naturally occurring SDF, for homopolysaccharides, the polymer 

chains can be a linear array of a single type of monosaccharide but also can be a branched chain 

with one monosaccharide composition. For heteropolysaccharides, to simplify in this work, the 
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author appoints it directly as the branched Ps with more than one sugar composition. However, 

one should notice that the heteropolysaccharide also can be linear. To simplify the chemical 

structure of SDF, Table 1 uses glucose and xylose as examples of hexose and pentose 

backbones respectively (other monosaccharides can use the same pattern), where it shows the 

chiral structure of monosaccharides, the linkage between monosaccharides and the linearity of 

the polymer chains. One has to notice that the backbone of polysaccharide can also consist of 

more than one type of monosaccharide, for example, galactoglucomannan from softwoods 

which contains both glucose and mannose as the backbone branching with galactose (Reid, 

1997). 

Glucan backbone 

�7�K�H�� �W�H�U�P�� �µ�J�O�X�F�D�Q�¶�� �R�I�W�H�Q�� �U�H�I�H�U�V�� �W�R�� �W�K�H�� �K�R�P�R�S�R�O�\�V�D�F�F�K�D�U�L�G�H�� �W�K�D�W�� �R�Q�O�\�� �F�R�Q�W�D�L�Qs glucose with 

various types of glucosyl linkage. Glucans are the predominant non-starch polysaccharide of 

cell walls in cereal grains such as barley and oats (Buckeridge et al., 2004). As the linear 

polysaccharide, BG consists of D-glucose units often with a mix of ��-(1�:�� ) and ��-(1�:�� ) 

linkages. The linkages in cereal BG were found arrayed in neither a random regime nor in a 

strictly repeating fashion (Staudte et al., 1983). �7�K�H����-(1�:������linkages are dominant in the BG 

�V�W�U�X�F�W�X�U�H�� �Z�K�L�F�K�� �Z�D�V�� �I�R�X�Q�G�� �L�Q�� �J�U�R�X�S�V�� �R�I�� �W�Z�R�� �R�U�� �I�R�X�U�� �Z�K�L�O�H�� ��-�����:����  linkages occur singly 

(Ahmad et al., 2012). The BG structure resembles the structure of cellulose (an insoluble DF), 

which differs in that cellulose only has ��-(1�:�������O�L�Q�N�D�J�H�V�����&�R�P�S�D�Ued �W�R���F�H�O�O�X�O�R�V�H�����W�K�H����-�����:������

linkages establish a twist in the chain which stabilized the BG and lessens the intermolecular 

affinity to form aggregates. This chain twist resulting from ��-�����:������ �O�L�Q�N�D�J�H�V�� �P�L�J�K�W�� �E�H�� �W�K�H��

reason why BG is soluble in water (Woodward et al., 1983). Another example of linear 

homopolysaccharide DF �X�V�L�Q�J���J�O�X�F�D�Q���D�V���W�K�H���E�D�F�N�E�R�Q�H���L�V���S�X�O�O�X�O�D�Q�����Z�K�L�F�K���K�D�V���E�R�W�K���.-�����:�������D�Q�G��

�.-�����:�������O�L�Q�N�D�J�H�V�����3�X�O�O�Xlans are generally produced from the fermentation of black yeast like 

Aureobasidium pullulans. It consists of maltotriose �U�H�S�H�D�W�L�Q�J���X�Q�L�W�V���M�R�L�Q�H�G���E�\���.-(1�: 6) linkages, 

whereas �L�Q�� �P�D�O�W�R�W�U�L�R�V�H�� �U�H�S�H�D�W�L�Q�J�� �X�Q�L�W�V�� �W�K�H�� �J�O�X�F�R�V�H�� �Z�D�V�� �O�L�Q�N�H�G�� �E�\�� �.-(1�: 4) glycosidic bond. 

With its unique linkage pattern, pullulan possesses distinctive physical properties, such as 

adhesive ability, the capacity to form fibers, and thin film forming ability, which are 

biodegradable, transparent, and impermeable to oxygen. 

Unlike linear homopolysaccharide as BG and pullulan, dextran and scleroglucan as branched 

homopolysaccharides with glucan backbone also have glucose as the only type of 

monosaccharide. �'�H�[�W�U�D�Q���L�V���D���F�R�P�S�O�H�[���J�O�X�F�D�Q���F�R�Q�V�W�U�X�F�W�H�G���E�\���.-�����:�������O�L�Q�N�H�G��glucose as the 

backbone with possible �.-(1�: 2), �.-(1�: 3), or �.- (1�: 4) glucosyl linkage branching (Díaz -

Montes, 2021). Dextran is generally produced by the lactic acid bacteria or by their enzymes 

using sucrose as the feeding source or starting material, which molecular weight or polymer 

length and degree of branching depend on the producing strain of the bacteria. The molecular 
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weight of dextran can be up to 440 kDa (Zarour et al., 2017).  While dextran with low molecular 

weight is generally called oligodextran. The variations in the molecular weight and degree of 

branching of dextran will affect its physical properties, for example, water solubility and 

rheological properties (Guo et al., 2017). In addition, the backbone of dextran that is dominant 

by the �.-(1�, 6) glucosyl linkages is supposed to adopt a helical structure, which will be altered 

by the presence of branching �.-�����:�������� �.-�����:����  or �.-�����:����  linkages leading to a repeated 

folded structure (Monnerie, 1990). Scleroglucan is another type of branched 

homopolysaccharide, which gives only D-glucose upon complete hydrolysis. The term 

Scleroglucan is generally used to designate a class of glucans of a similar structure produced 

by fungi, especially those of the genus Sclerotium (Coviello et al., 2005). Its backbone is 

constructed by (1�, 3)-linked ��-D-glucopyranosyl units with branching of a single ��-(1�, 6) 

linked D-glucopyranose unit in every three glucose units on the main chain (Coviello et al., 

2005). 

The heteropolysaccharide refer to branched Ps with more than one monosaccharide 

composition. There are several examples of heteropolysaccharides with glucan as the backbone. 

Xyloglucan (XG), which was found in the primary cell walls of all higher plants, possesses one 

��-(1�: 4)-�J�O�X�F�D�Q�� �E�D�F�N�E�R�Q�H�� �Z�L�W�K�� �.- (1�: 6)-xylosyl residues along the backbone. The major 

sources of XG are fruit, vegetables, and tamarind, in which tamarind seed XG is the best 

characterized and is used commercially as gums (Lovegrove et al., 2017). Some differences in 

the additional galactosyl and fucosyl-galactosyl residues attached to the xylose residues were 

found in different sources.  Due to the cellulose-like backbone that can work as a tether between 

cellulose microfibrils, xyloglucan contributes to the rigidity of the cell wall when it cross-links 

adjacent microfibrils and to the loosening of the cell wall when it degrades (Hayashi, 1989). 

The tamarind tree seeds contain xyloglucan as a storage polysaccharide, which has been widely 

used in the food industry (Yamatoya et al., 2020), eg. as the food thickener and also as a 

stabilizer and gelling agent (Yamatoya & Shirakawa, 2003). Mannoglucan, another example of 

the heteropolysaccharide with glucan backbone, was ever found in Chinese yam, which has a 

backbone of �.- (1�: 4) linked glucose with branching of mannose by �.-(1�: 2), -(1�: 3), and -

(1�: 6) linkages (P. Li et al., 2020). 

Mannan backbone 

Mannans, which were classified by Singh et al. (2018) �D�V���µ�W�U�X�H�¶���P�D�Q�Q�D�Qs (only have mannose 

as the monosaccharide unit), galactomannans, and glucomannans, represent polysaccharides 

that are the major component of plant secondary cell wall. The linear �� �µ�W�U�X�H�¶ mannans, where 

�W�K�H���P�D�Q�Q�R�V�H�V���Z�H�U�H���I�R�X�Q�G���W�R���E�H����-�����:�������O�L�Q�N�D�J�H�����Z�H�U�H���Z�L�G�H�O�\���I�R�X�Q�G���L�Q���E�R�W�K���S�Oan sources, such 

as Carum carvi (de O. Petkowicz et al., 2001) and Ivory nut (Hägglund et al., 2003), and fungi 

sources such as edible mushroom (Cheung, 2013). The �O�L�Q�H�D�U���.���P�D�Q�Q�D�Q�V, as far as I know, is a 
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rare natural source found in the literature, only several works have been published for the 

�E�U�D�Q�F�K�H�G�� �S�X�U�H�� �.-mannan. For exa�P�S�O�H���� �E�U�D�Q�F�K�H�G�� �.-mannan was found in Kloeckera brevis 

yeast and S. cerevisisae yeast (Liu et al., 2018), where the structure was found �O�L�Q�H�D�U���.-�����×�:�×����-

�P�D�Q�Q�R�V�H���E�D�F�N�E�R�Q�H���Z�L�W�K���.-�����×�:�×����-�	���.-�����×�:�×����-linked side chains (Ballou, 1970). 

In nature, the heteropolysaccharides that have a mannan backbone with branching of other 

�V�D�F�F�K�D�U�L�G�H�V���D�U�H���P�R�U�H���D�E�X�Q�G�D�Q�W���W�K�D�Q���W�K�H���µ�W�U�X�H�¶���P�D�Q�Q�D�Q�V�����6�L�Q�J�K���H�W���D�O������������������ Galactomannans 

(GM), as one of the heteropolysaccharides, are mainly from two sources: 1) plants, mainly in 

the endosperms of seeds in Leguminosae family's dicotyledonous; 2) microbial, such as fungi 

and yeast. The seed galactomannans are mainly from four sources: fenugreek (Trigonella 

foenum-graecum L.), guar (Cyamopsis tetragonoloba), tara (Caesalpinia spinosa Kuntze), and 

locust bean (Ceratonia siliqua), among which locust bean and guar gums are important sources 

in the industry (Prajapati, Jani, Moradiya, et al., 2013). The industrial function of GM from tara 

and fenugreek gums is limited due to availability and price (Cerqueira et al., 2011). GM has a 

��-�����:���� -mannose backbone with branchpoints on the 6-positions of mannose linked to an �.-

D-�J�D�O�D�F�W�R�V�H���������:����-�O�L�Q�N�H�G���.��-D-galactose). The ratios between galactose and mannose differ 

in different plant sources (Singh et al., 2018). Fenugreek gum GM generally has a 

galactose/mannose ratio of 1:1 to 1:1.1, meaning nearly every mannose was linked to a 

galactose unit. This ratio for Gua gum GM generally ranges from 1:1.6 to 1:1.8. The ratio for 

tara gum, lucust bean gum, and cassia gum are nearly 1: 3, 1: 4, and 1:5, respectively. The 

galactomannans are generally water soluble thanks to the galactose side groups that disturb the 

interchain association and crystallization between mannan backbones. Another example of 

heteropolysaccharides with the mannan backbone is glucomannan, which is a hydrophilic, 

noncellulosic polysaccharide. The glucomannan has �D�� ��-�����:�×����-D-mannosyl backbone that 

�U�D�Q�G�R�P�O�\���G�L�V�W�U�L�E�X�W�H�V�������:��������-D-glycosyl residues. Glucomannans are rich in corm tissues of 

Amorphophallus konjac plants, which were also found in the lignified walls of woody tissues 

in coniferous gymnosperms and the cell walls of leaves of ferns. 

Galactan backbone 

Galactan is a generic term to describe polysaccharides that consist of a backbone made of 

galactose. Galactans are a relatively less abundant class of polysaccharides, and their main 

structure is characterized by a chain of galactose units �O�L�Q�N�H�G���E�\���.-�����:�������D�Q�G���.-�����:�������E�U�L�G�J�H�V.  

Kavitake et al. (2016) characterized the galactan produced by Weissella confusa KR780676 

from acidic fermented food. The galactan was found as a linear homopolysaccharide with the 

linkage of �.-�����:����  between galactose units. Another source of linear  galactan was found 

in carrageenans, where the galactoses were linked by alternat�L�Q�J�� �.-�����:������ �D�Q�G�� ��-�����:�� ) 

glycosidic linkages (Hoffman, 1993). For the branched galactan homopolysaccharide,  Zhang 

et al. (2021) elucidate the chemical structure of galactan from polygonatum cyrtonema, where 
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the galactan consists of the ��-�����:�� ) galactan backbone with a single ��-D-galactose at C-6 

position at every nine residues in the main chain. 

In the branched galactan heteropolysaccharides, arabinogalactan is the most found in nature 

(Zhang et al., 2021), which is consisted of galactoses and arabinoses. Arabinogalactan is known 

to have immunomodulatory properties, meaning it can help to regulate the immune 

system(Clarke et al., 1979). As a prebiotic, arabinogalactan can help to feed the beneficial 

bacteria in the gut, promoting digestive health (Showalter, 2001). Some studies have also 

suggested that the ratio between galactose and arabinose in arabinogalactan can affect the anti-

cancer properties and could be useful in the treatment of certain types of cancer (Nabavi et al., 

2018). Arabinogalactan is available in supplement form and is sometimes included in food 

products as a thickener or stabilizer. 

Fructan backbone 

Fructans are defined as any compound where one or more fructosyl-fructose linkage constitutes 

a majority of linkages (Lewis, 1993). Fructans are widely excited in the plant kingdom, 

especially in monocotyledons, dicotyledons, and in green algae. Regarding the structure, 

fructan generally contains a sucrose (a disaccharide consisting of one glucose and one fructose) 

unit at its terminus (In this work, fructan still treat as homopolysaccharide for clarity). Fructan 

can be divided into five types based on the linkage between fructoses (Chibbar et al., 2016): 1) 

��-(2�: 1)-linkages with an example of inulin; 2) ��-(2�: 6)-linkages with examples of levan and 

phlein; 3) graminin with the �F�R�P�S�O�H�[���E�U�D�Q�F�K���R�I���I�U�X�F�W�R�V�H���L�Q���E�R�W�K����-�����:�������D�Q�G����-�����:�������O�L�Q�N�D�J�H�V����

�������L�Q�X�O�L�Q���Q�H�R�V�H�U�L�H�V�����O�L�N�H���L�Q�X�O�L�Q���Z�L�W�K����-(2,1-linkages  but one glucose unit between two fructose 

moieties); 5) levan neoseries (like levan with ��-2,6-linkages but one glucose unit between two 

fructose moieties). For natural occurring heteropolysaccharide with fructan backbone (here 

refers to the substitution on the repeating fructose units), it rarely found in literature. 

Xylan backbone 

The occurrence of homoxylans in plants is rather rare (Stephen, 1983). However, a neutral 

linear xylan has been isolated from guar seed husks as the hemicellulose (Umadevi Sajjan & 

Salimath, 1986). Groundnuts were found to have homoxylans that are highly branched with a 

�E�D�F�N�E�R�Q�H���V�W�U�X�F�W�X�U�H���R�I����-���:�� -linked D-xylopyranose residues and that about 9.6 and 15.6 % of 

the sugar residues are further substituted at C-2 and C-2, C-3, respectively (Tharanathan et al., 

1979). However, �[�\�O�D�Q���P�D�G�H���E�\���.���[�\�O�R�V�H���L�V���U�D�U�H�O�\���I�R�X�Q�G���L�Q��the literature. 

Arabinoxylan (AX), as heteropolysaccharide xylan, is c�R�P�S�R�V�H�G�� �R�I�� ��-1,4 linked D-

�[�\�O�R�S�\�U�D�Q�R�V�\�O���U�H�V�L�G�X�H�V���D�V���D���E�D�F�N�E�R�Q�H���V�X�E�V�W�L�W�X�W�H�G���Z�L�W�K���P�R�Q�R�P�H�U�L�F���.-L-arabinofuranose units 

at the second and/or third carbon positions. AX, as a type of dietary fiber, is found in the cell 

walls of many plants, including cereal grains such as wheat, rye, and barley. AX molecules can 
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be fractionated into two categories based on extraction properties that have a structural and 

conformational basis:  water-extractable (WEAX) and water-unextractable (WUAX) molecules. 

The extractability of AX is not fully understood yet, but several factors are hypothesized to 

contribute including the arabinose substitution rate and pattern, molecular weight, and 

particularly diferulate linkages (Kiszonas et al., 2013). 
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1.2.2 Physical structure (conformation) of DF 

The physical structure of Ps in this work refers to chain conformation, which can be simply 

regarded as the way that the Ps polymer chains align themselves in solution to adopt an 

orientation with lower energies, representing the dimension of geometry for Ps in solvent (Mark 

et al., 2017). Two general types of Ps conformation, namely ordered conformation and 

disordered conformation, can be divided to distinguish the regularity of different Ps. As the 

non-starch Ps, most DFs demonstrated disordered conformation. Owing to the flexible linkage 

between saccharide units, the DF also displayed different disordered conformations, which have 

been generally divided into three extremes of conformation: compact sphere, rigid rod, and 

random coil (Eder et al., 2021; Guo et al., 2013; He et al., 2017). A common way to characterize 

the conformation of DF is using a size exclusion chromatography (SEC) to obtain the 

characteristic parameter called Mark�±Houwink �. value which is a function of molecule weight 

(Mw) and intrinsic viscosity ([ ���@). In the SEC measurement of Ps, an �.��value below 0.5 

generally represent a spherical like structure (theoretically, �.=0 stands for a fully collapsed coil 

in a poor solvent based on Einstein equation prediction). The �. value between 0.5 to 0.8 stands 

for a flexible random coil conformation. The �. value from 0.8 to 1.8 stands for a conformational 

transformation from semi-flexible to a rigid rod like conformation. 

The conformation of DF is determined by many factors which can be divided into two main 

catalogs: internal factor and external factor. The internal factor includes the Mw, the linearity 

or degree of branching, the glycosidic linkage geometry between saccharides, the repeating 

monosaccharide types, etc. For example, it is generally displayed as a rod like conformation for 

a low molecular weight (relatively short polymer chain) due to the movement limitation of the 

glycosidic bond that does not allow the polymer to generate a loop. For a particular Ps material, 

the conformation is determined by external (environmental) factors including temperature, pH, 

dissolved solvent, additives, etc. For example, the effect of solvent type on the conformation of 

dextran was investigated by Antoniou et al. (2010), where a looser random coil conformation 

(larger radius of the coil) was found in ethanolamine, dimethyl sulfoxide, and formamide 

compared to water. In addition, the increased temperature also showed a looser conformation 

dextran. The addition of urea, glycine as well as glucose in water also showed different intrinsic 

viscosity for dextran, which will affect the conformation to a different extend (Mahapatra et al., 

2001). The external factors that affect the conformation mainly relate to the hydrogen bond 

between Ps and solvent or intra-polymer hydrogen bond (Antoniou et al., 2010). 

The description of the random coil conformation can be translated into different parameters. 

One of the most used is the gyration radius (Rg) which describes the size of the polymer and is 

used to indirectly describe the intra-polymer spital space or the particle compactness for a single 

polymer. Therefore, for a given DF, the higher the Rg, the less compactness. However, the Rg 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glycosidic-linkage
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sometimes can be mistakenly measured when aggregation exists in samples, where the 

aggregations might make a considerable contribution to the Rg value and thus cannot represent 

a single polymer conformation. 

1.3 Chemical modification of DF  

Chemical modification of DF, namely modifying the Ps chemical structures by chemical means, 

has been studied for decades, mainly intending to change the characteristics of Ps, for example, 

changing the hydrophilicity or biological activities (Xie et al., 2020). For some particular Pss, 

eg. cellulose, the chemical modifications are very well known and have been carried out at an 

industrial level for more than a hundred years (Cumpstey, 2013). The chemical modification of 

Ps is to modify its monosaccharide repeating units. However, compared to the chemical 

modification of monosaccharide, modification of Ps generally need to consider some additional 

factors including the different chemical activity between monosaccharide and polysaccharide, 

the larger molecular steric hinders for Ps due to linkages, the lower accessibility for Ps due to 

Ps conformation (e.g. the inner monosaccharide units are difficult to access if the conformation 

of Ps is very compact), the solubility, etc. Another characteristic structural difference between 

Ps and monosaccharide is the number of reducing aldehydes, for example, one system has one 

hundred monosaccharides have one hundred reducing aldehydes while one single polymer 

made up by one hundred repeating monosaccharides only has one reducing aldehydes. 

Therefore, despite of the similar structure between repeating monosaccharide units in polymer 

and small molecular monosaccharide, it is still challenging to directly translate the modification 

method from the monosaccharide to polysaccharide. 

For neutral SDF, as mentioned in Chapter 1.2.1, except for the reducing end, the hydroxyl 

groups are the only functional group in its structure which make the derivation more difficult 

compared with the one for charged DF, especially for some site-specific modifications. The 

work in this thesis mainly focuses on neutral SDF, chemical modification of charged DF 

therefore not be discussed in this chapter. 

As for the nature of SDF, one perfect solvent for SDF is the water-based solvent. For the water-

compatible reactions of SDF, for example, reduction amination and Schiff base imide formation, 

it is very common to use pure water or buffer solution as the reacting solvent, which is mainly 

for the modification of reducing end group of Ps. However, most reactions that modify the 

hydroxyl group are not water compatible and sometimes are even water sensitive resulting from 

water content in the reaction, and consequently compromise the final yield of the derivation 

product. On the other hand, SDFs generally also have poor solubility in most of the non-polar 

organic solvents but relatively high solubility for polar organic solvents like DMSO (dimethyl 

sulfone), DMF (dimethylformamide) and DMA (dimethylacetamide). The solubilizing of SDF 

can be optimized by dissolving inorganic salt with these polar organic solvents. Example 
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solvent systems including LiCl/ DMA, LiCl/ DMF, and DMSO/TBAF (tetrabutylammonium 

fluoride) are the common organic polar solvent mixture for solubilizing SDF. In addition, ionic 

liquids (room-temperature ionic liquids) are relatively new solvents that have found use in 

polysaccharide chemistry (Gericke et al., 2012; Köhler et al., 2008), which can dissolve 

polysaccharides, including cellulose, hemicellulose, and wood, allowing derivatization 

reactions to take place under homogeneous conditions (Cumpstey, 2013). 

Site-selective modification 

The site selectivity of neutral SDF modification in this thesis refers to the modification of the 

specific monosaccharide unit(s) of Ps. In the linear homopolysaccharide, in which saccharides 

are repeated from head to tail of the polymer, each monosaccharide repeating unit (except for 

the head and tail monosaccharides) has nearly identical chemical reactivity. The hydroxyl group 

on the C1 of the monosaccharide ring is often used for the linkage to another monosaccharide, 

which makes the tail monosaccharide (the end monosaccharide in the polysaccharide which has 

a hydroxyl group on C1 position) unique to be selectively modified. Taking advantage of the 

different chemical properties in different types of monosaccharide, site-selective modification 

can not only be achieved on the reducing end but also the on the specific type(s) of 

monosaccharide. For example, using galactose-6-oxidase can selectively oxidize the galactose 

C6 hydroxyl for GM without interfering with the mannose backbone (Parikka & Tenkanen, 

2009). 

For the site-selective reaction where modification takes place on the reducing end of Ps, the 

yield (the percentage of polymers that have been modified) can be used to describe the 

efficiency of the reaction. The yield can be demonstrated qualitatively by observing the 

existence of the reducing group or the newly modified group with some traditional technologies 

like NMR (nuclear magnetic resonance). However, for the large molecular weight DF, the ratio 

between the reducing end monosaccharide and the number of monosaccharide repeating units 

is extremely low leading to the signal of the reducing end probably being overwhelmed by other 

signals, which may lead to poor signal on the NMR spectroscopy. In this case, the evaluation 

of the modification yield is challenging. However, if the reactant that is modified on the 

reducing end is very sensitive to be detected in a sensitive technology like EPR (electron 

paramagnetic resonance), the yield can be easily obtained. 

Non-specific site modification 

The non-specific site modification refers to the modification on each monosaccharide non-

specifically regardless of the monosaccharide position in the chain. However, the regioselective 

modification of hexose Ps, that selectivity takes place on the specific carbon position in the 

sugar ring, still can be achieved. For example, regioselective oxidation on C6 can be easily done 
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due to the only primary alcohol in the sugar ring (Cumpstey, 2013). However, compared to the 

regioselective modification on monosaccharide, the regioselective modification on Ps has a 

significant disadvantage. For example, reactions give incomplete regioselective 

monosaccharide product (mixture of the correct regioselective product and incorrect 

regioselective product eg. disubstituted or trisubstituted products, etc.) can be resolved by 

purification using crystallization or preparative chromatography. While such purification is 

impossible in the case of polysaccharides, as the correct regioselective product is covalently 

connected with the incorrect regioselective product. 

For SDF modification that takes place on the hydroxyl of each monosaccharide, the 

modification efficiency is often described as the degree of substitution (DS) which refers to the 

average number of substitutions that were modified on one monosaccharide. Considering the 

linkage between monosaccharides, the DS is up to 3 for hexose Ps and up to 2 for pentose Ps. 

Some of these reactions need harsh experimental conditions like acidic, high-temperature 

environments, etc., which generally decrease the degree of polymerization (DP, giving an 

average length expressed in numbers of monomer units of the polysaccharide). It has been 

pointed out that many reports did not comment on the DP value before and after Ps derivation 

(Cumpstey, 2013). 

Reaction types for Ps derivation  

The oxygen of the hydroxyl group has a lone pair of electrons which can be used as a 

nucleophile to attach some electrophilic groups. In this classification, different types of 

reactions were found: 

Etherification 

Etherification of Ps generally involves the reaction of the hydroxyl groups (the saccharide 

alcohol) with an alkylating agent in the presence of an alkaline reagent (Figure 2). One of the 

most typical alkylating agents is alkyl halides (Cl, Br, I). A strong base generally is required to 

give alkoxide by deprotonating the hydroxyl group. These reactions generally are poor water-

compatible as the alkylating agent is easy to be hydrolyzed in presence of water. 

 
Figure 2 The general Ps etherification reaction 

The most reported etherification Ps was cellulose. The reported DS varies depending on the 

alkylation agent as well as the solvent used. To acquire high DS, high excesses of reagent are 

generally required. The best condition for complete etherification of cellulose was obtained in 

a benzylation reaction using NaOH and BnCl as the base and the alkylation agent, respectively, 
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and the DMSO/SO2/EtNH were used as the solvent (Isogai et al., 1984). The DMA/LiCl 

solvent system gave a slightly worse result (Cumpstey, 2013). 

Other types of Ps were tested based on a similar condition as benzylation on cellulose. Xylan, 

amylose, starch as well as pullulan showed similar DS values using NaOH, BnCl, and DMSO 

systems. A detailed investigation into the benzylation of starch using water as a solvent was 

reported with lower DS, resulting from the widespread hydrolysis of the BnCl by water (Pieters 

et al., 2003). 

Another widely used etherification of Ps is to generate carboxymethyl ethers. Ionic Ps can be 

generated using ClCH2COONa as the esterification agent, which has been widely applied in 

procuring ionic cellulose in the industry. Using the same method, xylan and galactomannan had 

been investigated, which gave a DS of around 0.8. In addition, DS can be improved by repeating 

the same procedure (Petzold et al., 2006; Soderqvist-Lindblad & Albertsson, 2004). 

1) Esterification: carboxylate ester 

Carboxylate ester is the product of esterification, where the acylating agent is applied. For 

carboxylate ester, it can be generated by using carboxylic acids as acylating agents under strong 

acid catalysis (Fischer esterification). This method had been applied to generate cellulose 

acetate in the industry (Malm & Tanghe, 1955), where concentrated sulfuric acid is used as the 

catalyst.  However, a sulfation product as the side product will be generally in the presence of 

concentrated sulfuric acid. 

 

Figure 3 The esterification reaction of Ps to generate carboxylate ester. 

The other acylating agents for generating carboxylate ester is carboxylic acid derivates (eg. acid 

anhydride and acid chloride), which are the activated form of carboxylic acid (Figure 3). These 

reactions generally run under basic condition, where stoichiometric amount of base is used 

neutralize the generated acid (as a by-product) in the reaction. In addition, the base used here 

can be weak base, such as triethylamine or pyridine.  Similar to etherification, the reaction, that 

use the activated carboxylic acid derivates, is also sensitive to the water content due to 

hydrolyse of the acylating agent and consequently deactivating the chemical activity of 

acylating agent. 

However, using carboxylic acid rather than its activated form (acid anhydride or acid chloride) 

is attractive since acid form has a wider availability and better solubility in polar solvent. Except 

for the Fischer esterification, some in situ activation of carboxylic acids under mild conditions 

can also be used for Ps acylation. For example, tosyl chloride was used as the carboxylic acid 
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activating agent for acylation of cellulose with long-chain carboxylic acid, where the DS could 

reach 2.6 (Heinze et al., 2003; Sealey et al., 1996). In addition, the classic coupling reagent, 

DCC (dicyclohexylcarbodiimide) or EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide),  

can also be applied in nonaqueous solvent but with low DS values (Cumpstey, 2013). 

2) Esterification: sulfonate ester 

The other type of esterification is sulfonylation, which reaction condition is similar to 

carboxylic acylation (Figure 4). The base used in this reaction is also for the neutralization of 

the generated acid. The classic sulfonating reagent is TsCl (4-toluenesulfonyl chloride) which 

is an activated form of 4-toluenesulfonic acid. Compared to the chloride acid of carboxylate, 

the TsCl is less sensitive to the water content. For some tosylation reactions of carbohydrates, 

for example, the tosylation of cyclodextrin (Tripodo et al., 2013), the reaction can be conducted 

in a water solution. Another advantage of sulfonylation of Ps using TsCl is that reasonably good 

regioselectivity for the primary hydroxyl groups (hydroxyl on C6 for hexose) can be obtained. 

 

Figure 4 the esterification reaction generating sulfonate ester 

The tosylation of Ps can be conducted in a heterogenous solvent, where the Ps is suspended or 

swollen in the solvent and the tosylation may only perform on the surficial hydroxyl groups. 

The classic tosylation condition in such a heterogenous solvent system generally requires a very 

long reaction duration, where many side reactions could happen. These side reactions mainly 

arise from three possible reaction routes (Cumpstey, 2013): 1) the formed sulfonated ester is 

attacked by one of the oxygen from secondary hydroxyl (eg, OH on C3 position), forming a 

cyclization product; 2) the formed sulfonated ester is attached by the added base, eg. pyridine, 

forming a pyridine salt on C6; 3) the formed sulfonated ester is attached by the chloride, 

forming a chloride substituted product. A good solution for the side reaction is using a 

homogenous solvent system where Ps is fully dissolved. The reaction in a homogenous solvent 

requires a shorter time which can minimise or supress the side reactions. The DS can be easily 

tuned by applying appropriate equivalences of the sulfonating agent. 

Another important role of sulfonate ester is to act as an intermediate product for further 

derivation. For the tosylation of Ps, the sulfonate ester Ts is a good leaving group, which renders 

its attached carbon susceptible to a nucleophilic attack. Therefore, a nucleophilic substitution 

reaction can be performed to replace the leaving group with a nucleophilic group. For example, 

the tosylated Ps can be transformed into halogenated Ps or azide derivates in one step (Figure 

5) to fulfill different needs of the applications. The azide substitution group can be further 

reduced to obtain an aminated Ps. Liu and Baumann (2002) have developed a synthetic route 
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to produce 6-amino-6-deoxy cellulose via tosylation followed by azide substitution and azide 

reduction subsequently. The regioselective tosylation on C6 was found and a full substitution 

of azide was observed. The final aminated cellulose was obtained via reduction on azide using 

LiAlH 4 as the reducing agent. 

 

Figure 5. Examples of Ps derivation routes via tosylation 

The substituted azide group is a universal linker that can connect a wide spectrum of molecules 

with an alkyne group by Cu(I)-catalyzed azide-alkyne 1,3-dipolar cycloaddition (one kind of 

�µ�F�O�L�F�N�¶�� �U�H�D�F�W�L�R�Q������ �7�K�H�� �X�Q�L�T�X�H�� �D�G�Y�D�Q�W�D�J�H�� �R�I�� �W�K�L�V�� �µ�F�O�L�F�N�¶�� �U�H�D�F�W�L�R�Q�� �L�V�� �W�K�D�W�� �W�K�H�� �U�H�D�F�W�L�R�Q�� �F�D�Q be 

performed in water with high yields. The incorporated molecule can be fluorescent dye labels, 

polymers or proteins, etc. For example, Xiao et al. (2011) synthesized a starch-based 

bioconjugate by connecting azide modified starch and the alkyne-terminated poly(vinyl acetate) 

via click reaction. Hasegawa et al. (2006) �L�Q�Y�H�V�W�L�J�D�W�H�G�� �W�K�H�� �µ�F�O�L�F�N�¶�� �U�H�D�F�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �D�]�L�G�H��

modified BG and different alkyne functionalized small molecules including, lactoside, 

ferrocene, pyrene, and porphyrin, where the reaction can be easily monitored by observing the 

intensity of azido peaks in the in situ attenuated total reflection infrared spectra. 

3) Oxidation 

Ps can be oxidized in different ways to give different structures with different functional groups. 

The primary alcohol can be selectively oxidized to an aldehyde or further oxidized to a 

carboxylic acid (eg. at C6 of glucan). Both chemical and enzymatic methods have been used 

for the oxidation of the primary alcohols of polysaccharides. The typical oxidation of primary 

alcohol is using oxygen over a heterogeneous platinum metal surface as a catalyst (Van Bekkum, 

1991). This method is attractive since oxygen gas and water are the oxidants and the only by-

product, respectively. The heterogeneous catalyst can be easily removed and reused. Another 

traditional oxidation of the primary alcohol of Ps is using a homogeneous catalyst, TEMPO 

(2,2,6,6oÀtetramethylpiperidinyloxyl), for the regioselective oxidation of the primary alcohols 

in Ps. Many neutral Pss had been successfully oxidized using TEMPO catalytical method 

including cellulose, starch, amylose, pectin, dextrin, galactomannan, mannan, dextran, pullulan, 

inulin, etc. (Pierre et al., 2017). 
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Figure 6. Different ways of chemical oxidation to aldehyde derivates using ��-1,4 glucan as an example: a) 
oxidation of primary alcohol, b) oxidative cleavage of a diol. 

An alternative way to oxidize Ps is the oxidative cleavage of 1,2-diols of the sugar repeating 

unit, in which the oxidation results in a saccharide ring-opening (eg. at C2 and C3 of glucan) to 

give two carbonyl groups in one sugar unit (Figure 6). Periodate oxidation is a well-known 

reaction that leads to specific oxidation of free vicinal hydroxyl groups to aldehydes with 

internal ring cleavage with high efficiency and selectivity (Kristiansen et al., 2010). By far 

many neutral Ps have been oxidized using periodate including cellulose (Azzam et al., 2015; 

Wiederschain, 2007), mannan-based Ps �����X�U�D�Q�D et al., 2006; Lupo et al., 2021), xylan-based 

Ps (Börjesson et al., 2018; Chemin et al., 2016), starch(Fiedorowicz & Para, 2006) etc. The 

periodate oxidation of Ps creates polyaldehydes that have many aldehyde groups in the PS chain. 

The formed aldehyde groups can be further utilized as the linker for further modifications. For 

example, reductive amination can be easily preferred using NaCNBH3 or NaBH4 as the 

reducing agent. Lupo et al. (2021) and  Seo et al. (2007) modified carbohydrates 

(monosaccharide, disaccharide, oligosaccharide, and polysaccharide) on the gold surface as the 

carbohydrate conjugates by periodate oxidation followed by reductive amination. 

1.4 Health effect from SDF and potential mechanism  

Despite the indigestible property of DF, the intake of DF can have significant effects on human 

health. It has been recognized already in early 1975 that DFs have a health-promoting effect, 

due to their protective effect against the incidence of a wide range of prevalent diseases (Burkitt, 

1975). For a healthy diet, it is recommended that adults daily consume at least 25 grams of DF 

for women and 38 grams for men, although individual needs may vary. It has been proved that 

DF containing diet has numerous health benefits for human beings. The DF can promote 

digestive health by adding bulk to stools, making them easier to pass and consequently 

preventing digestive problems including constipation and hemorrhoids. The high-fiber diet has 

been related to the reduced risk of many chronic diseases, such as heart diseases, type 2 diabetes 

as well as some certain types of cancer. The clinical evidence for risks reduction is that DF 

helps lower cholesterol levels, improves the regulation of blood sugar, and reduces 

inflammation in the body, respectively (Anderson et al., 2009). The European Food Safety 
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Authority (EFSA, 2011) as well as the U.S. Food and Drug Administration (FDA, 2009) also 

confirmed the blood-cholesterol lowering property of the soluble DF cereal BG. However, 

under some conditions, DF may have a side effect on human health. For example, DF may 

reduce drug absorption thus reducing the positive effect of therapy (Fernandez et al., 2012). 

The absorption of some trace elements or minerals including Fe2/3+, Zn2+ and Ca2+ in the 

intestine also be affected by the consumption of DF (Debon & Tester, 2001; Faure et al., 2015; 

Rendleman, 1978). 

1.4.1 Blood glucose regulation  

One important index for positively diagnosed diabetes is the high blood glucose level. The 

International Diabetes Federation (IDF) estimated the global diabetes prevalence that the 

number of people with diabetes was expected to rise to 592 million by 2035 while the number 

was estimated as 382 million for 2013. The low- and middle-income countries are expected to 

contribute significantly to this number increase (Guariguata et al., 2014). The estimated annual 

expenditure on diabetes ranges from US$612 billion to $1099 billion will contribute to diabetes. 

Lifestyle intervention including diet is considered as an efficient way to prevent and manage 

diabetes. 

Blood glucose regulation by diet is an important intervention management strategy for patients 

with impaired glucose tolerance and type 2 diabetes, and also for healthy people to reduce the 

risk of developing these two diseases. One of the health benefits of a sufficient total DF 

containing diet is postprandial control of blood glucose levels after ingestion of meals rich in 

readily available carbohydrates (Goff et al., 2018). In a large-scale study conducted by 

Salmerón et al. (1997), 65173 women age ranging from 40 to 65 years old were tested for 

studying the relationship between type 2 diabetes and their diet, where an inverse correlation 

between diabetes and cereal fiber intake was found. The same result was demonstrated by a 

recent meta-analysis study that included 617968 participants where nearly 6% of participants 

have type 2 diabetes (The InterAct, 2015). The hypothesis that DF rich diet can help regulate 

blood glucose was supported by many other studies (Anderson et al., 2009; Brownlee, 2014; 

Priebe et al., 2008). Based on many studies (Behall et al., 2006; Holm et al., 1992; Juntunen et 

al., 2002; Liljeberg et al., 1996; Östman et al., 2006; Yokoyama et al., 1997), where BG has 

shown a significant postprandial blood glucose reduction or positive insulinemic responses, the 

European Food Safety Authority (EFSA) officially recognized the postprandial blood glucose 

reduction ability of cereal BG (EFSA, 2011). 

1.4.2 Cholesterol regulation 

Cholesterol is present in the blood as low-density lipoprotein (LDL), a high level of which is 

associated with a high risk of cardiovascular diseases including coronary heart disease, stroke, 
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and hypertension. Coronary heart disease (CHD) is the most prevalent cause of death, but it is 

probably one of the most modifiable diseases (Anderson et al., 2009). An estimated 82% of 

CHD is attributed to unhealthy lifestyle practices including unbalanced diets, less physical 

activity as well as cigarette abuse, etc. (Stampfer et al., 2000), among which 60% should be 

attributed to the dietary catalog (Kris-Etherton et al., 2002). 

It has been demonstrated that DF rich diet is associated with a significantly lower prevalence 

rate as well as risk in developed or developing CHD, peripheral vascular disease, and stroke 

(Liu et al., 2000; Liu et al., 1999; Merchant et al., 2003). For CHD, the cohort studies that 

observe the dietary habit of over 158000 individuals indicate significantly lower CHD 

prevalence (29%) with the highest consumption of DF compared to those with the lowest DF 

consumption.  Especially, the effects of cereal DF and whole-grain intake on CHD prevalence 

are very similar, indicating that whole-grain consumption should be the protective source of DF 

consumption (Anderson et al., 2009). Apart from the epidemiologic studies, controlled clinical 

trials also indicated that a high level of DF diet provides high protective values for the major 

risk factor of CHD. 

One key factor behind the lowered risk of cardiovascular diseases mainly attributes to that DF 

can lower serum LDL-cholesterol. The meta-analysis by Brown et al. (1999) investigated 

�Y�D�U�L�R�X�V���6�'�)�¶�V���H�I�I�H�F�W�V���R�Q���V�H�U�X�P���/�'L-cholesterol, which included oat products, psyllium, pectin, 

guar gum, and total DF. This study indicated 3 g SDF from oats (3 servings of oatmeal, 28g 

each) can decrease LDL-cholesterol by <0.13 mmol/L, and a significant difference was found 

in different SDFs. To provide broader and updated information, Anderson et al. (2009) 

reviewed 40 clinical trial publications, and conclude that 9 to 30 g/day (divided into at least 

three servings/day) of guar gum DF intake was associated with a weighted mean reduction of 

10.6% for LDL-cholesterol values. Pectin needs 12 to 24 g/day consumption to reduce 13% of 

LDL-cholesterol values. Barley BG needs 5 g/day to reduce 11.1% LDL-cholesterol values. 

The case for hydroxypropyl methylcellulose (limited information) is 5 g/day would reduce 5.5% 

LDL-cholesterol values. These LDL-cholesterol decreases with consumption of SDF occur 

without significant changes in high-density lipoprotein cholesterol or triglyceride 

concentrations. The U.S. FDA �D�O�V�R�� �D�S�S�U�R�Y�H�G�� �D�� �K�H�D�O�W�K�� �F�O�D�L�P�� �R�I�� �W�K�H�� �F�H�U�H�D�O�� �%�*�¶�V�� �S�U�R�S�H�U�W�\�� �R�I��

lowering LDL-cholesterol (FDA, 2009). 

1.4.3 Immune system regulation 

The human immune system is made up of cells and proteins. The largest immune organ in the 

human body is the intestinal tract comprising cells from non-hemopoietic (epithelia, Paneth 

cells, goblet cells) and hemopoietic (macrophages, dendritic cells, T-cells) origin, and is also a 

dwelling for trillions of microbes collectively known as the microbiota (Chassaing et al., 2014). 

The dietary constituents, especially prebiotics that stimulate health-promoting bacteria growth 
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in the colon, play important roles in the proper function of the gut immune system. In the human 

intestine, the prebiotics are fermented by the health-promoting bacteria to produce short-chain 

fatty acids (SCFA), which maintain the gut and metabolic health. 

Most prebiotics are nondigestible carbohydrates that can be fermented by colon microbes, 

among which inulin as the DF has been extensively studied. The prebiotics can promote the 

growth of bifidobacteria and lactobacilli that generate short-chain fatty acids and stimulate the 

immune system. A lot of animal studies have demonstrated the beneficial effect of DF 

(especially for fructan) on the immune system, which was supported by preliminary studies in 

human (Roberfroid, 2007). In the colon, the inulin can be fully fermented by the microbes and 

promote the growth of bifidobacterial. A lot of benefits can be generated by the bifidobacterial 

including protection from intestinal infection, adjusting intestinal pH, reducing harmful bacteria 

population, activating intestinal function, producing vitamins and antioxidants, assisting 

absorption of calcium, and potentially reducing colorectal cancer risk (Roberfroid, 2007; Vos 

et al., 2007). Apart from inulin, other DFs, including BG, glucomannan, pectin, guar gum, etc., 

were also studied which also showed immune-enhancing effects. 

1.4.4 Potential mechanisms 

The mechanisms regarding the regulation of the immune system are out of the scope of our 

research, therefore focus will be put on the mechanisms of the other two health effects that are 

mentioned above. 

It is necessary to distinguish the significantly different effects on human health that the SDF 

and ISDF may exert separately. For ISDF, the function in the human digestion tract is thought 

to be mainly to fill volume, create a sense of satiety, increase fecal bulk, and regulate bowel 

movement. While water-soluble fiber may have more diverse functionalities in the digestive 

process including affecting gut microbiota, the immune system, and importantly preventing 

nutrition absorptions. However, the mechanism behind the health effects of SDF is still opaque. 

Taking the statement, that SDF can reduce the risk of cardiovascular disease, as an example, 

the biological mechanism behind the health effect of SDF is still under debate with three 

different proposed mechanisms (or work synergistically ): SDF prevents bile salt (BS) re-

absorption from the small intestine leading to an excess fecal BS excretion; SDF reduces 

glycemic response leading to lower insulin stimulation of hepatic cholesterol synthesis; and the 

fermentation products of SDF (mainly propionate) exert a physiological effect on regulating 

cholesterol (Gunness & Gidley, 2010). 

Based on the physicochemical properties of SDF, the other three physicochemical hypotheses 

that prevent bile salt absorption by the digestive system were also summarized, which also can 

be used for other molecules other than bile salts (Figure 7): a) SDF forms a local matrix that 
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entraps small molecules, where the gelation of SDFs creates networks that increase the lumen 

viscosity and entrap small molecules inside of the matrix; b) SDF increases the barrier 

properties of the unstirred layer between small molecules and intestinal absorptive cells, where 

the SDFs act as the layer on the surface of intestinal absorptive cells physically limiting the 

accessing of small molecules to the cells; c) SDF and small molecules are associated/complexed 

at a molecular level, where the SDF have binding effects on small molecules. 

 

Figure 7 Picture inspired from Gunness and Gidley (2010). Schematic representation of the three proposed 

physicochemical mechanisms for SDF prevent of small molecules absorption by enterocytes: a) SDF forms a local 

matrix that entraps small molecules; b) SDF increases the barrier properties of the unstirred layer between small 

molecules and intestinal absorptive cells; c) SDF and small molecules are associated/complexed at a molecular 

level. 

Many in vivo or ex vivo studies have been conducted to study the possible mechanism how SDF 

prevents small molecules from being absorbed by the small intestine, which either by means of 

checking the targeted small molecular consumption or metabolomic products after digestion or 

measuring some biomarkers in blood or urine (Delannoy-Bruno et al., 2022; Munoz, 1982). 

However, in vivo or ex vivo results only gave potentially synergistic effects combining the 

decrease in absorption of a metabolically relevant molecule through the SDF matrix induced 

entrapment-effect of the DFs, SDF increases the barrier properties of the unstirred layer 

between small molecules and intestinal absorptive cells, and the molecular interaction between 

DFs and the molecules, which cannot determine that which mechanism is the dominant factor 

or any of above-mentioned mechanisms may have non-significant effects. 
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This problem may be addressed by some in vitro experiments, which are allowed studying the 

single mechanism separately. For example, Jenkins and Jenkins (1985) designed an experiment 

to study the effect of different DFs on glucose diffusion. The dialysis tubes were used to contain 

solutions of DF with glucose and glucose along, which were then immersed into the distilled 

water reservoir. The glucose concentrations of the reservoir were examined at different time 

points. The sample containing the mixture of DF and glucose showed a delayed effect of 

glucose diffusion compared with the one without the DF, which the author attribute to the 

increasing solution of viscosity because of DF. The same experiment setups were repeated by 

Ou et al. (2001) and  Srichamroen and Chavasit (2011), who used a wider range of DF and 

showed similar results. However, some researchers hold different opinions.  Dhital et al. (2014) 

studied the effect of DF on glucose transport, where sample solutions containing DF, starch, 

and amylase were put in dialysis tubes with an additional magnetic stirrer. The tubes were 

merged in buffer solutions, and the outside glucose content of the dialysis tube was examined. 

The author found the ad�G�L�W�L�R�Q���R�I���'�)���D�W���������D�Q�G���������Z�L�O�O���L�Q�F�U�H�D�V�H���W�K�H���V�R�O�X�W�L�R�Q�¶�V���Y�L�V�F�R�V�L�W�\���E�\������- 

and 100-fold, while the mass transfer coefficients were reduced only by a factor of 1.5 and 2.5 

respectively. This result led the author to conclude that it is unlikely that the blood glucose 

attenuation effect in the intestine is exclusively attributed to the viscosity effects, other 

alternative mechanisms were proposed. A similar conclusion was drawn by another author, who 

used a rheometer equipped with a Peltier plate installed with a custom-designed diffusion cell 

to study the maltose transportation in presence of DF under the intestinal simulated condition 

(Repin et al., 2017). 

2 Interaction between neutral SDFs and small molecules 

Some small molecules can have molecule-molecule interaction with SDF in several ways, 

depending on the specific properties of the SDF and the small molecule. This interaction acts 

as one potential mechanism that SDF slows down the absorption of the small molecule in the 

gut. The interaction in neutral SDF may significantly differ from the charged SDF regarding 

ligand types, binding driving force, and binding affinity. The interaction between SDFs and the 

small molecule is complex and can depend on several factors, including the type and size of 

SDF, the size and polarity of small molecules, and the environmental factor of the solution (e.g. 

pH, ionic strength, etc.). Understanding these interactions can be important for optimizing the 

stability and bioavailability of small molecules in food and pharmaceutical applications. 

2.1 Interested Ligands  

2.1.1 Food additives (edible dye as an example) 

Food additives are applied to maintain or enhance the quality of natural foods. It has been a 

very long history that food additives have been incorporated into the formulations of various 
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food products for a wide variety of reasons. Among the food additives, edible dyes usage in 

food can be traced back thousands of years ago, with naturally occurring dyes such as saffron 

and turmeric being used for coloring food in ancient civilizations. Until the 19th century, 

synthetic dyes were first developed, which becomes much more popular than natural ones 

among food manufacturers because of the lower prices and more stable properties of synthetic 

food dyes. Nowadays, Synthetic food dyes are widely used in the food industry to improve the 

appearance of a wide range of products including candies, baked food as well as beverages. 

Although synthetic food dyes are generally considered safe additives for consumption, concerns 

still have been raised about their potential harm to health. There are several food dyes are 

banned or restricted for use in some countries due to concerns about their safety or potential 

health effects. For example, Red 2G (8-acetamido-1-hydroxy-2-phenylazonaphthalene-3,6 

disulfonate) was banned in European Union (EU), Australia, and some other countries due to 

concerns about its potential to cause cancer (ESFA, 2007), which was allowed to be used before 

2007 as a food dye for breakfast sausages with minimum cereal content of and burger meat with 

minimum vegetable and/or cereal content of 4%.  Due to the same reason, the five Sudan dyes 

(Sudan I-IV) were banned in many countries, including the EU (IARC, 2010). Some studies 

have suggested a link between food dyes and attention deficit hyperactivity disorder (ADHD) 

in children, although the evidence is not conclusive. For this potential risk in children, many 

food dyes had been limited including Red 40 (Allura Red AC) usage in Denmark, Belgium, 

France, and Switzerland (McCann et al., 2007); and usage of Yellow 5 (Tartrazine)  and Yellow 

6 (Sunset Yellow FCF) in EU (EFSA, 2009; ESFA, 2009). 

Food dyes g�H�Q�H�U�D�O�O�\���E�H�D�U���F�R�Q�M�X�J�D�W�H�G���Œ-systems consisting of one or several aromatic rings for 

color generation. To improve the water solubility of dyes, carboxylate, and sulfonate groups 

�D�U�H���J�H�Q�H�U�D�O�O�\���L�Q�F�R�U�S�R�U�D�W�H�G���L�Q�W�R���V�\�Q�W�K�H�W�L�F���I�R�R�G���G�\�H�¶�V���V�W�U�X�F�W�X�U�H�����)�R�R�G���G�\�H���F�D�Q���E�H��classified into 

the following groups based on chemical structure: 1) Azo dyes, which are a group of food dyes 

that contain the azo group (-N=N-) in their chemical structure. Examples of azo dyes include 

Tartrazine (Yellow 5), Sunset Yellow (Yellow 6), and Allura Red (Red 40). 2) 

Triphenylmethane dyes, which are a group of food dyes that contain a triphenylmethane 

structure in their chemical structure. Examples of triphenylmethane dyes include Brilliant Blue 

(BBlu) and Patent Blue (PB). 3) Xanthene dyes, which are a group of food dyes that contain a 

xanthene structure in their chemical structure. Examples of xanthene dyes include Erythrosine 

(Red 3) and Rose Bengal (Red 105). 4) Anthocyanin dyes: These are a group of food dyes that 

are derived from natural sources such as fruits, vegetables, and flowers. Examples of 

anthocyanin dyes include grape skin extract, beet juice extract, and elderberry extract. 5) 

Carmine dyes: These are a group of food dyes that are derived from the cochineal insect. The 

main component of carmine dyes is carminic acid, which gives a red color. 
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The molecular interaction between the food dye molecule and SDF can affect the way that food 

colorings are absorbed and metabolized by the body. Like other small molecules, the absorption 

of food dyes might be slowed down by SDF in the gut, which may attenuate the potential 

negative health effects of these additives. For example, pectin can bind with certain types of 

dyes, such as food coloring agents, and limit their absorption in the gut. On the aspect of the 

development of food products, other types of dietary fiber, such as inulin, can enhance the 

absorption of certain dyes, such as carotenoids, by promoting their solubility and bioavailability 

(Freitas et al., 2021). This can result in more vibrant color in the final product. For example, 

adding inulin to a smoothie containing carotenoid-rich fruits and vegetables can increase the 

intensity of the orange color (Rudra et al., 2017). 

To the best of our knowledge, the study regarding the molecular interaction between SDF and 

food dye is still rare, thereby still needs to be explored. It is worth noting that the interaction 

may be complex and may depend on many factors, including the type and amount of dietary 

fiber, the type and amount of food dye present, and environmental factors. Further research is 

needed to fully understand the effects of food dye and fiber interactions on human health as 

well as functional food product development. 

2.1.2 Nutrition (phenolic compound as an example) 

Dietary fiber and phenolic compounds are both important components of plant-based foods and 

have been shown to have many health benefits. Phenolic compounds are a class of natural plant 

chemicals that have antioxidant and anti-inflammatory properties. Phenolic compounds are the 

most abundant antioxidants in the human diet (Vuolo et al., 2019), and are found in many fruits, 

vegetables, grains, and legumes. When consumed, they can help to protect against chronic 

diseases such as heart disease, cancer, and neurodegenerative disorders. When the natural 

antioxidant system in cells is overwhelmed by the extensive generation of reactive oxygen 

species (ROS), the resulting oxidative stress will lead to cellular damage (Burton & Jauniaux, 

2011). The phenolic compound absorbed or metabolized by the cell can act as an additional 

antioxidant to defend against the overwhelming and consequently release of such oxidative 

stress (Balasundram et al., 2006). 

Phenolic compound is a group of compounds characterized by the hydroxyl group on the 

aromatic ring(s). Based on the chemical structure, including the number of phenol rings and 

functional groups on the ring, phenolic compounds can be classified as simple phenols, phenolic 

acids, flavonoids, xanthones, stilbenes, and lignans (Vuolo et al., 2019). The structural diversity 

of phenolics leads to diverse activity in scavenging reactive species or chelating metal ions. The 

antioxidant power of phenolic compounds originates from the reducing properties of phenol 

group(s). The ability to chelate metal ions (e.g. iron and copper) can, to some extent, suppress 
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metal-catalyzed free radical formation by disabling the metal catalyst, which indirectly releases 

oxidative stress. 

SDF and phenolic compounds are generally studied separately, probably due to differences in 

their chemical structures, physicochemical and biological properties, and metabolic pathways 

(Saura-Calixto, 2011). However, there is increasing evidence suggesting that the presence of 

phenolics�±carbohydrates complexes in food is generally higher than that of simpler compounds, 

and these types of interactions have been underestimated in many papers mainly due to 

analytical problems (Landete, 2012). Furthermore, many phenolic compounds were found 

naturally bond to the cell wall (or DF) constituents, which as the food gradient transverse the 

small intestine together with DF and undergo a common and synergistic physiological process 

within the gastrointestinal tract. 

Both DFs and phenolic compounds have been shown to have numerous health benefits, 

including reducing the risk of chronic diseases such as heart disease, diabetes, and cancer. By 

understanding how these compounds interact with each other, it is possible to optimize their 

health benefits and potentially improve overall health outcomes. The interaction between DF 

and phenolic compounds can be leveraged to develop new functional foods that have enhanced 

health benefits. For example, food manufacturers can develop products that are high in both 

dietary fiber and phenolic compounds to provide consumers with more nutritious options. Some 

phenolic compounds are poorly absorbed in the gut, which can limit their health benefits. By 

understanding how DF interacts with phenolic compounds, we can develop strategies to 

improve their absorption and increase their bioavailability in the body. 

2.1.3 Small molecular drugs 

Small molecular drugs are chemical compounds with molecular weights typically below 900 

Daltons that are designed to interact with specific biological targets, such as proteins, enzymes, 

receptors, or nucleic acids. Small molecules represent the majority of pharmaceutical drugs on 

the market today. According to a report by the Tufts Center for the Study of Drug Development, 

small molecules accounted for about 91% of the new drugs approved by the US FDA between 

2010 and 2019. This trend is consistent with historical data, which indicates that small molecule 

drugs have been the dominant form of drugs for several decades. The bioavailability of orally 

administered small molecular drugs depends on the processes of absorption and plasma 

clearance, which can be affected by the presence of certain dietary components in the 

gastrointestinal tract (Thomas, 1995; Welling, 1977). 

The interaction between SDF and orally administered drugs can be significant, as dietary fiber 

can affect the absorption, distribution, metabolism, and excretion of certain medications in the 

body. The binding of drug molecules to SDF may reduce the drug absorption by the 
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gastrointestinal tract, which decreases drug therapeutic efficacy. In early 1990, patients with 

lithium treatment (for treatment of nervous problems) were found a significant decrease in 

blood lithium level (48%) when daily consuming two teaspoons of ispaghula husk (Perlman, 

1990), and the blood lithium level recovered to normal when ispaghula husk intake was 

discontinued. In 1992, several patients were found refractory to the treatment with tricyclic 

antidepressants after consuming high DF diets, coinciding with a significant decrease in serum 

levels of the drugs (amitriptyline, doxepin, and imipramine). Not only for the nervous treatment 

drugs, other orally administered drugs, including anti-hypoglycaemic drugs (Gin et al., 1989; 

Shima et al., 1983), were found the decreased therapeutic efficiency, which was displayed as a 

decreased serum level of these drugs. 

On the other hand, the interaction between SDF and drug may enhance its bioactivity, especially 

for those drugs with poor water solubility. In this case, the binding process increases the water 

solubility and stabilized the SDF-drug complex together with SDF, where SDF may exert 

positive effects as the drug vehicle. For example, it was reported that levodopa, a drug used for 

�W�K�H���W�U�H�D�W�P�H�Q�W���R�I���3�D�U�N�L�Q�V�R�Q�¶�V���G�L�V�H�D�V�H�����L�V���P�R�U�H���H�I�I�L�F�L�H�Q�W���Z�K�H�Q���F�R�Q�V�X�P�H�G���Z�L�W�K���G�L�H�W�D�U�\���V�X�S�S�O�H�P�H�Q�W��

fiber, where a significant elevation of serum levels of levodopa was found, especially at 30 and 

60 minutes after oral intake (Astarloa et al., 1992). The authors suggested that DF accelerated 

levodopa absorption by shortened gastric emptying and increased gastrointestinal motility.  At 

�W�K�H�� �V�D�P�H�� �W�L�P�H���� �F�R�Q�V�W�L�S�D�W�L�R�Q�� �L�V�� �R�Q�H�� �R�I�� �W�K�H�� �P�R�V�W�� �I�U�H�T�X�H�Q�W�� �D�X�W�R�Q�R�P�L�F�� �G�L�V�R�U�G�H�U�V�� �L�Q�� �3�D�U�N�L�Q�V�R�Q�¶�V��

patients. The combination of levodopa and DF not only increased the therapeutic effect but also 

the accompanied autonomic disorder. In an interaction study between DF and lipid lowering 

drugs, 29 patients with hypercholesterolemia, gemfibrozil, a medication used to treat abnormal 

blood lipid levels, was administered alone (900-1200 mg/day) or combined with guar gum (15 

g/day). This combined therapy resulted in a higher therapeutic effect compared to gemfibrozil 

administration alone as well as the control group with guar gum consumption alone 

(Tuomilehto et al., 1989). Other lipid lowering drugs including cholestipol (Spence et al., 1995) 

and cholestyramine (Turley et al., 1996) were found similar trend in synergetic therapy between 

drugs and DF. 

Therefore, understanding the interaction between DF and small molecule drugs may improve 

the therapeutic efficiency of drugs by optimizing the dosing and timing of drug administration. 

Some drugs may cause gastrointestinal side effects, such as nausea, diarrhea, or constipation. 

DF can help alleviate these side effects by promoting regular bowel movements and 

maintaining a healthy gut microbiome. 

2.1.4 Minerals  

Minerals are essential nutrients that are required by the human body in small amounts to 

maintain good health. They are inorganic substances that are not produced by the human body 
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and must be obtained through the diet. Minerals are involved in a wide spectrum of 

physiological processes, including the formation of bones and teeth, the functioning of the 

nervous system, and the regulation of the body's water balance. There are two main types of 

minerals: macrominerals and trace minerals. Macrominerals, such as calcium, magnesium, 

sodium, and potassium, are required in larger amounts by the body. Trace minerals, such as 

iron, zinc, copper, selenium, iodine, and manganese, are required in smaller amounts.  

Deficiencies in minerals can have a variety of negative effects on human health. For example, 

iron deficiency can lead to anemia, a blood disorder condition in which the blood has 

insufficient red blood cells to carry oxygen to the body's tissues. Calcium deficiency can lead 

to weakened bones, known as osteoporosis. Magnesium deficiency can cause fatigue, weakness, 

and muscle cramps. It may also increase the risk of osteoporosis, hypertension, and 

cardiovascular disease (Barbagallo et al., 2021). Selenium deficiency can weaken the immune 

system and increase the risk of infections. It may also increase the risk of certain cancers, such 

as prostate cancer. 

The consumption of DF in the diet is thought to influence the bioactivity of some minerals. 

However, the interactions between DFs and minerals have been in debate for a long history, 

where controversial results were obtained, especially between in vitro and in 

vivo studies.  Bosscher et al. (2001) investigated the interaction between SDF (lust-bean gum 

and guar gum) and minerals (calcium, iron) for infant formulas, where the dialysis in vitro 

method with preliminary intraluminal digestion and atomic absorption spectrometry for 

elemental contents were employed. The result showed that the SDF inhibited mineral 

availability, whereas the guar gum showed a more severely inhibiting effect than the lust-bean 

gum. The authors suggested adding SDF to traditional infant formulas probably affects minerals 

availability in various ways. A similar result was obtained by by Debon and Tester (2001), who 

additionally indicated the solution pH is also an important factor to influence the binding. 

Several in vivo studies failed to confirm the negative effects of DF on mineral absorption that 

was observed in vitro. Catani et al. (2003) studied the effect of DF on intestinal iron absorption 

in rats during recovery from iron deficiency anemia. The rats with anemia were divided into 

two groups, where one group was fed with diets containing 35 mg of elemental iron with 100g 

pure DF per kilogram diet and the other group received the same amount of iron supplementary 

but without DF. There are no adverse effects on hemoglobin generation, hepatic iron level, or 

the growth of rats found in the DF-containing diet group. Similar results (insignificant influence 

caused by DF) were found in zinc and calcium absorption (Baye et al., 2017). On the contrary, 

the enhancement of mineral absorption was found after the consumption of SDF such as pectin 

and fructan, while no such effect was observed for ISDF (Greger, 1999; Sakai et al., 2000). 
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2.2 Binding force 

The binding force between SDF and small molecules are generally non-covalent binding 

interactions, which are reversible chemical interactions.  It is widely known that SDF can form 

hydrogen bonds (H-bond) intermolecularly as well as intramolecularly due to the abound 

hydroxyl groups in its structure. Apart from H-bond, many other interactions may also be 

involved, such as electrostatic interactions, hydrophobic interactions, van der Waals 

interactions, and in some cases specific interactions. The type and the strength of bind force 

may vary depending on many factors including the chemical structure of both the SDF and the 

small molecule, the pH of the solvent, and the ionic strength of the solvent, etc. Due to the 

intrinsic architecture of polysaccharides, namely polymers that are built up by many 

monosaccharide units via flexible glycosidic bonds, its interactions with small molecules 

should not be only reducible to interactions of single saccharide moieties, but also would 

include additional factors arising from DFs structural motifs and flexibility. For neutral SDF, 

the binding force is restricted to H-bond, hydrophobic interaction, and van der Waals interaction, 

while charged SDF potentially includes relatively strong electrostatic interactions in the case of 

oppositely charged ligands. 

2.2.1 Hydrogen bond 

Hydrogen bond refers to one type of non-covalent bond between a hydrogen atom which is 

covalently bound to an electronegative atom or group, and another electronegative atom bearing 

a long pair of electrons. According to the recommendation by the International Union of Pure 

and Applied Chemistry ( IUPAC) (Arunan et al., 2011), the electronegative atom not covalently 

attached to the hydrogen is named the proton acceptor, whereas the one covalently bound to the 

hydrogen is named the proton donor. The most frequent atoms in forming H-bond are the 

second-row elements including nitrogen, oxygen, and fluorine. 

At the atom level, the H-bond strength is characterized by the enthalpies in vapor or the atom 

distance in the formed H-bond. Typically, a strong H-bond can be formed between hydrogen 

atom and fluorine atom in form of F�±H�« F with binding energy between 38.6 to 161.5 kJ/mol, 

and a relatively weak H-bond between hydrogen atom and oxygen atom in form of O�±H�« O 

from 5 to 21 kJ/mol (Emsley, 1980).  Another indication of the H-bond is that the distance 

between the H-bond donor and H-bond acceptor is smaller than the sum of the van der Waals 

radii of each part. 

At the molecule level, the H-bond strength can be predicted based on the acid-base properties 

of the H-bond donor and acceptor moieties, which is based on the pKa equalization principle 

(Huyskens & Zeegers-Huyskens, 1964; Zeegers-Huyskens, 1986). This principle hypothesized 

that H-bond strength identified in the progressive reduction of the difference of proton affinities 
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(PA) in the gas phase [�û�3�$��� ���3�$���'�í�����í���3�$���$��], or acidic constants in the solution phase [�û�S�.a 

= pKa���'�í�+�����í���S�.a���$�í�++)], of the donor and acceptor groups. Gilli  et al. (2007) utilized the 

available complication of the extended thermodynamic acid-base indication and the 

comprehensive sources of the H-bond database (including the National Institute of Standards 

and Technology (NIST) database, reporting gas-phase dissociation energies of hundreds of H-

bonded complexes, and the Cambridge Structural Database (CSD), reporting the crystal 

structures and H-bond geometries of thousands of chemical compounds), verified the 

hypothesis by matching the experimental data with the theory. In this work, the author divided 

the conventional H-bond into six subgroups, which are called the six chemical leitmotifs (CL). 

1)  OHB (Ordinary H-bond) in form of �'�í�+���������$, which are neither charge- nor 

resonance-assisted and, which are relatively weak. This type of H-bond represents the 

largest number of H-bonds in nature (Figure 8. CL#1). 

2) (±) CAHB (Double charge-assisted H-bond), in form of �������íD···H +···A �������í��deriving from 

�W�K�H���D�F�L�G�í�E�D�V�H��transformational equilibrium ���'�í�+�������$���Ž D:�í�������+�í�$+)  in the conditions 

of close difference in the pKa between the donor and the acceptor (Figure 8. CL#2). 

3) ���í�����&�$�+�%�����1�H�J�D�W�L�Y�H���F�K�D�U�J�H-assisted H-bond), in form of [D1�íH···D 2] �í consisted by an 

acid and its conjugated base (eg. �>�5�í�&�2�2�������+�������2�2�&�í�5�@�í hydrogen dicarboxylates). 

(Figure 8. CL#3). 

4) (+) CAHB (Positive charge-assisted H-bond), A strong [A1�íH···A 2]+ bonds formed by 

two bases connecting one proton.  (Figure 8. CL#4). 

5) Rn-RAHB (Resonance-assisted H-bond), representing the donor and the acceptor are 

�F�R�Q�Q�H�F�W�H�G���E�\���D���V�K�R�U�W���Œ-conjugated system (Figure 8. CL#5). 

6) PAHB (Polarization-assisted H-bond), which was first proposed by Jeffrey and Saenger 

(2012)�����,�W���X�V�H�V���W�K�H���G�H�V�F�U�L�S�W�L�R�Q���R�I���µ�1-bond cooperative H-bond�¶���W�R���G�H�V�F�U�L�E�H���W�K�H��H-bond 

consisted by the chains of hydroxyl groups �L�Q���I�R�U�P���R�I���������2�í�+�������2�í�+������, for instance, 

in water and in alcohol and phenol crystals. (Figure 8. CL#6). 

Another important indicator for the H-bond strength is the symetricity of the final forming H-

bond, which means the H-bond with a symmetric structure is stronger than the one with an 

asymmetric structure. This means the molecule forms stronger binding to itself to form a dimer 

rather than binds to other different molecules that have a similar pKa. For example, if a system 

containing AH, A-, and H2O, and the pKa of AH is similar with H2O, the A- will forming a 

stronger H-bond to AH in form of [A�íH··· A] - than to the H2O in form of [H�íO�íH··· A] -. 
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Figure 8 The Examples for the six chemical leitmotifs corresponding to 6 subgroups for the traditional H-bond. 
Figure is reprinted with permission form (Gilli et al., 2009). Copyright 2019© American Chemical Society 

The pKa theory on H-bond strength perfectly explained the so-�F�D�O�O�H�G���µ�+-�E�R�Q�G���S�X�]�]�O�H�¶���W�K�D�W���W�K�H��

H-bond between water molecules in the acidic or basic medium is 6-folder stronger than the 

case of neutral pure water. In neutral pure water, the water molecules bind to each other in form 

of HO�íH··· OH2, where the �û�S�.a is 17.4 calculated from pKa (HO�íH) �± pKa (H2O�íH)+= 15.7- 

(-1.7)=17.4. The H-bond between two H2O molecules belongs to OHB which has high �û�S�.a 

and asymmetric structure. In acidic water, where there is a considerable amount of H+, a strong 

H-bond can be formed as [H2O··· H··· OH2]+ whose �û�S�.a is 0 calculated from pKa (H2O�íH)+ - 

pKa (H2O�íH)+ = (-1.7) - (-1.7) = 0. This H-bond between H2O molecules belongs to the (+) 

�&�$�+�%�����Z�K�L�F�K���K�D�V���D���V�P�D�O�O���û�S�.a and symmetric structure. The case in basic water is similar that 

H-bond is in form of H�íO··· H�íOH resulting in �û�S�.a=0 and symmetric structure. 

Furthermore, Gilli  et al. (2009) summarized the most frequently used chemical groups, 

separated by H-bond donor and H-�E�R�Q�G���D�F�F�H�S�W�R�U���L�Q���W�Z�R���V�F�D�O�H�V�����L�Q�W�R���D���E�D�U���F�K�D�U�W���F�D�O�O�H�G���W�K�H���µ�S�.a 

�6�O�L�G�H���U�X�O�H�¶���)�L�J�X�U�H�����������0�R�Y�L�Q�J���W�K�H���W�Z�R���V�F�D�O�H�V�����)�L�J�X�U�H�������X�S���W�Z�R���V�F�D�O�H�V�����F�D�Q���E�U�L�Q�J���V�H�O�H�F�W�H�G���+-bond 

�G�R�Q�R�U���D�Q�G���D�F�F�H�S�W�R�U���J�U�R�X�S�V���L�Q�W�R���F�R�L�Q�F�L�G�H�Q�F�H���W�R���H�Y�D�O�X�D�W�H���W�K�H���û�S�.a between the selected H-bond 

donor and acceptor groups (indicated by the black downwards arrow), predicting the H-bond 
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strength between them by empirical appreciation. For example, if one wants to estimate the H-

bond strength between phenols (pKa around 10) as the H-bond donor and water (pKa =-1.7) as 

the H-bond acceptor, one just needs to move the HB ACCEPTORS scale to make the H2O (in 

HB ACCEPTOR scale) match with the phenol (in HB DONORs scale) at the same vertical line. 

The black arrow on HB ACCEPTORS scal�H���Z�L�O�O���L�Q�G�L�F�D�W�H���W�K�H���û�S�.a value (around 11.7) and the 

relative H-bond strength (medium H-bond strength). 

 

Figure 9 �7�K�H���µpKa �V�O�L�G�H���U�X�O�H�U�¶���I�R�U���S�U�H�G�L�F�W�L�Q�J���W�K�H��H-bond strength between different groups. Figure is reprinted 
with permission from (Gilli  et al., 2009). Copyright 2019© American Chemical Society. 

The prediction or comparison of H-bond strength by pKa theory can be very easy in a simple 

system that only involves a single H-bond donor and a single H-bond acceptor. However, the 

analysis of the H-bond with the pKa theory may be very complicated in a realistic system. When 

analyzing the H-bond between neutral SDF and small molecules in a neutral aqueous solution, 

one must consider the H-bond between SDF with water, SDF with ligand, and water with the 

ligand, which are the competitive relationships between them. In addition, both SDF and water 

can act as both H-bond donors and acceptors. For example, the pKa of the hydroxyl group in 

BG (R-OH) as H-bond donor [pKa(R-OH)] is approximately 12~14 (using glucose hydroxyl as 

the estimated pKa), and its pKa as the acceptor [pKa(R-O+H2)] is -2~0. The pKa of H2O as H-

bond donor [pKa(H2O)] is 15.7 and pKa of H2O as H-bond acceptor [pKa(H3O+)] is -1.7. 

Therefore, the H-bond between BG and water is slightly stronger than the H-bond between two 

water molecules, because of the slightly smaller �û�S�.a of the former case (13.7~15.7) than the 

latter one (17.4). This �û�S�.a value indicates a medium H-bond strength between BG and water 

molecule. When a small molecule is added to BG solution, one has to define the small molecule 

acting as the H-bond donor or acceptor or both. If the added small molecule act as the acceptor, 

and the pKa is higher than -1.7 [pKa(H3O+)], then it can in theory replace the water molecule 

and bind to BG due to the lower resulting �û�S�.a between ligand and BG than the one between 

water and BG. At the same time, one also has to consider if the ligand may form H-bond with 

water rather than the SDF. Most of the time, the ligand can act as both the H-bond donor and 

acceptor depending on the pH. For example, the carboxylate compounds may exist the 
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carboxylate species (�íCOO-) and carboxylic acid species (�íCOOH) at the same time depending 

on the pH, where the former act as the H-bond acceptor and the latter one mainly acts as the 

donor. In this regard, the system has 4 species that need to be taken into consideration for the 

H-bond analysis. At the same time, the pH of the solution can significantly influence the relative 

population between �íCOO- and �íCOOH species. When the pH of the solution is equal to the 

pKa(-COOH), the population of these two species should be equal. In this case, the two species 

have priority to bind to each other forming a dimmer in form of �íCOO··· H�íOOC�í rather than 

forming the complex with the SDF, because of the zero �û�S�.a value of the two species in the 

dimer and its symmetric structure. 

Regarding the H-bond in SDF, the pKa theory can be a powerful tool to predict the possible H-

bond between SDF and small molecules or to explain the phenomenon regarding to the different 

H-bond strength in different small molecules as the ligands to SDF, but one must be careful to 

analyze the complex system that contains many different species, where the environmental 

factor (such as pH) can affect the populations of different species and consequently affect the 

H-bond. 

2.2.2 Van der Waals interaction 

In molecule interaction, the van der Waals force is a distance-dependent interaction that results 

from the temporary shift of electron density of the molecule caused by the relative distance 

between the two interacting molecules. The force is very strong and repulsive when the two 

molecules are very close. The force reaches zero at an equilibrium distance characteristic point. 

The force becomes attractive when the distance between the two molecules is larger than the 

equilibrium distance, and becomes weaker when the molecular distance gets larger  (Parsegian, 

2005). 

The van der Waals interaction is seldomly reported in the interaction between neutral SDFs and 

small molecules, which may be due to the relatively long distance between SDF and ligand in 

the complex and consequently very weak van der Waals interaction as well as lack of proper 

technology to detect such weak force. While some small molecular ligands, such as polyphenols, 

have functional groups which can create polarized molecules when ligands get closer to SDF, 

allowing van der Waals interaction. In an interaction study between BG and calcofluor white 

(CalW), a fluorescent dye molecule, Wu et al. (2008) demonstrated the interaction between BG 

and CalW involves three types of binding forces, namely H-bond, van der Waal interaction, 

and hydrophobic interaction, where the formation of H-bond leads to a very close distance 

between aromatic rings of CalW and the sugar rings of BG allowing the generation of the van 

der Waals interaction. A similar van der Waals interaction was also found in the BG-

polyphenols complex (Wu et al., 2011). 
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2.2.3 Hydrophobic interaction 

Hydrophobic interaction is another type of non-covalent binding interaction that occurs 

between nonpolar molecules or nonpolar regions of molecules. Hydrophobic interaction is an 

entropic effect originating from the disruption of highly dynamic hydrogen bonds between 

molecules of liquid water by the nonpolar solute (Silverstein, 1998). In an aqueous solution, 

nonpolar molecules tend to clump up together or attach to another nonpolar molecule to 

minimize their contact with water rather than freely distributing themselves in the solution. 

SDF is soluble in water because of the abundant hydroxyl groups, while the heterocycle sugar 

rings are the biggest hydrophobic units in SDF that could provide the hydrophobic binding sites 

for the nonpolar or nonpolar structure containing molecules. Regarding the hydrophobic 

interaction occurring in SDF with small molecules, many papers have been published, among 

which phenolic compounds are the most studied molecules ���-�D�N�R�E�H�N���	�� �0�D�W�L�ü���� ����������, which 

may mainly be due to the phenols have more than one hydrophobic aromatic ring which 

supports hydrophobic interactions.. Veverka et al. (2014) examined a series of nutraceuticals, 

including phosphatidylcholine, folic acid, boswellic acids, ascorbic acid, quercetin, and 

curcumin complexing with BG by different technologies, and concluded that the binding force 

between BG and nutraceuticals are mainly hydrophobic interaction. Nitta et al. (2004) 

investigated the interaction of epigallocatechin gallate with XG by rheology and differential 

scanning calorimetry and indicated its interaction involves H-bond as well as hydrophobic 

interaction. 

The hydrophobic interaction in SDF is influenced by different environmental factors including 

ionic strength, and temperature. If the binding ability (the number of the associated small 

molecule) can increase with the increase of ionic strength, then it is more likely that the 

hydrophobic interaction dominant the binding effect (Le Bourvellec et al., 2004; Wu et al., 

2011; Zhang et al., 2017). This is because the small molecules with nonpolar chemical 

structures tend to hide in the hydrophobic region of SDF to decrease contact with ionic 

surroundings. 

Temperature is another important environmental factor to influence hydrophobic interaction 

since hydrophobic interaction is an endothermic process that requires energy from its 

environment (Mekoue Nguela et al., 2016). Thus, if an increase in temperature can increase the 

binding ability of SDF, then the hydrophobic interaction may be associated with the binding 

force between SDF and small molecules. In an interaction study between ferulic acid and 

arabinan-rich pectin, Zhang et al. (2017) found that an increase of temperature from 30 to 40 
oC would lead to increase absorption of ferulic acid by the pectin, while further temperature 

increase from 40 to 50 oC would decrease its absorption. The author attributed the absorption 

increase to the enhancement of hydrophobic interaction caused by temperature increases (30 to 
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40 oC) and attributed the second absorption decrease to the degeneration of the H-bond which 

is larger than the effects caused by hydrophobic interaction. 

Apart from the environmental factors that affect the hydrophobic interaction, the intrinsic 

factors regarding the small molecular chemical structure, for example, the molecular size or 

molecular geometry, also play a crucial role in the hydrophobic binding strength. In the 

interaction studies between SDF and polyphenols, McManus et al. (1985) found that 

polyphenol-Ps interactions were influenced by the molecular weight of the polyphenol. A 

similar result was observed by Le Bourvellec et al. (2004) that procyanidin with 70 repeating 

units is 3.5 times absorption (in terms of total procyanidin unit) of the procyanidin with 3 

repeating units. This is not only because of the increasing number of phenol groups for H-bond 

binding sites but also because of the increasing number of aryl rings for hydrophobic binding 

�V�L�W�H�V�����$�Q�R�W�K�H�U���I�D�F�W�R�U���L�V���W�K�H���I�O�H�[�L�E�L�O�L�W�\���R�I���W�K�H���S�K�H�Q�R�O�¶�V���V�S�L�W�D�O���F�R�Q�I�L�J�X�U�D�W�L�R�Q�� Phan et al. (2015) and  

Liu et al. (2017) found that the binding of polyphenols will increase with increasing the 

conformational inflexibility of the phenol rings, which means a more rigid aromatic panel has 

a higher binding affinity. This molecular dimension effect on binding to DF was also found in 

many dyes. Moryganov and Mel'nikov (1957) found the introduction of additional aromatic 

structure in some dyes can increase their affinity for fibers by increasing the hydrocarbon-water 

separation surface. Another study also indicated the successive accumulation of aromatic rings 

in the azoic dye molecules increased its affinity to cellulose (Timofei et al., 2000), which was 

attributed to the increase of the hydrophobic surface caused by the increasing conjugated double 

bond system in the dye molecules. The steric dimension of the dye molecule, which is expressed 

by the maximum length×width×thickness, had been linked to the dye diffusion capacity in 

aqueous solution, which in turn affects the hydrophobic interaction with fibers (Timofei et al., 

2000). The number of conjugated double bonds, the length, the planar dye molecule as well as 

the coplanarity of the dye molecule influence the binding affinity (Giles & Hassan, 1958; Peters, 

1975; Venkataraman, 2012), which is related to hydrophobic interactions. 

2.2.4 Specific binding 

In the context of SDF, specific binding refers to certain types of small molecules that selectively 

bind to certain types of SDF with high affinity. The specificity here means the small molecule 

specifically binds to one type of SDF which is mainly attributed to the architecture of the Ps 

rather than its chemical structure (or type of monosaccharide composition). Due to the chemical 

structure similarity (similar functional groups) in the neutral SDF, there are not too many small 

molecules found for the specific binding.  One example is calcofluor white (CalW), a 

fluorescent blue dye used in biology and textiles, which is known to selectively bind to (1�, 3) 

or (1�, 4) linked BG. Because of the binding specificity and fluorescent property, CalW was 

used to observe the distribution of (1�, 3) or (1�, 4) linked BG in plants.  Wirkijowska et al. 



PART 1: REVIEW OF THE LITERATURES  

42 

(2012) examined three kernels of high-glucan lines of naked barley (STH4561, STH 4671, and 

STH4676) in terms of (1�, 3) (1�, 4) BG distribution, which showed significant differences in 

the kernelp s structure. Miller and Fulcher (1994) observed a higher concentration of bound 

CalW occurred in cell walls of the sub aleurone layer. Wu et al. (2008) studied the interaction 

between CalW and oat BG, in which the binding force involves H-bond, van der Waals 

interaction, and hydrophobic interaction, but did not mention the specificity of the binding. 

Haigler and Brown (1979) and Herth (1980) found the presence of CalW will inhibit the 

cellulose and chitin microfibrillar ribbon aggregate to normal straight and long microfibrils. 

Another specific binding was observed between Congo red (ConR) and BG. Although its 

binding specificity is ambiguous since it was found to bind wide catalogs of substances 

including protein (Nosé, 2018), cell walls (Kopecká & Gabriel, 1992), antigen-antibody 

complex (Jagusiak, Rybarska, et al., 2018), and single-walled carbon nanotubes (Jagusiak, 

Piekarska, et al., 2018), etc. In the catalog of polysaccharides, the ConR was described that can 

specifically bind to BG or Ps containing a similar structure as BG, which can inhibit fungal 

growth by blocking cell wall polysaccharide synthesis because of the binding (Liu et al., 2021). 

The binding between BG and ConR has been made into a standard test to probe the 

conformational structure of the Pss in solution (Liu et al., 2020; Zhao et al., 2014; Zhao et al., 

2019). Generally, if the wavelength of the ConR-�3�V�¶�V maximum absorption had blue shifts 

beyond 505 nm in 0.1 M sodium hydroxide solution compared to the light absorbance of free 

ConR in the same solution, one can conclude that the polysaccharide possesses a triple-helical 

structure in an aqueous solution. 

3 Technology for interaction between neutral SDFs and small molecules  

3.1 Electron paramagnetic resonance 

Electron paramagnetic resonance (EPR), also known as electron spin resonance (ESR), is a 

spectroscopic technique used to study materials with native or artificially added paramagnetic 

centers. This technique is widely used in chemistry, physics, biology, and materials science to 

study free radicals, transition metal complexes, and other paramagnetic species. In EPR 

spectroscopy, a sample is placed in a strong magnetic field, and microwave radiation is applied 

to excite the unpaired electrons in the sample. The absorption of radiation at a specific 

frequency is detected, and the resulting EPR spectrum provides information about the number 

of unpaired electrons, their environment, and their interactions with neighbor atoms. EPR 

spectroscopy can be used to determine the magnetic properties of materials, including their 

magnetic moment, spin density, and g-factor. It is particularly useful in studying biological 

systems, such as proteins and enzymes, as it can provide information about the electronic 

structure and dynamics of these systems. 
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Electron has a magnetic moment and is characterized by a spin quantum number S=1/2. In a 

static magnetic field, the two spin states of a spin S1/2 quantum system correspond to the spin 

projections on the direction of the magnetic field ms= -1/2 or ms= +1/2. When the electron is 

placed in an external magnetic field with a strength of B0, the magnetic moment of the electron 

aligns a�Q�W�L�S�D�U�D�O�O�H�O�����.���V�W�D�W�H���Ps= -�����������R�U���S�D�U�D�O�O�H�O���������V�W�D�W�H���Ps= +1/2) to the magnetic field. The 

alignment has a specific energy according to the Zeeman effect (Figure 10), where ge is the 

electron Landé g-factor (for free electron ge = 2.0023) and µB is the Bohr magneton (Odom et 

al., 2006). 

 
Figure 10. The electron spin Zeeman effect. At zero field (B0 = 0) the spin states �.�� �D�Q�G������ �K�D�Y�H�� �W�K�H�� �V�D�P�H�� �]�H�U�R��
energy in the energy scale. When a static magnetic field (B0 �•���������L�V���D�S�S�O�L�H�G�����W�K�H���.���V�S�L�Q���V�W�D�W�H���L�V���V�K�L�I�W�H�G���D�W���K�L�J�K���H�Q�H�U�J�\����
�D�Q�G���W�K�H�������V�S�L�Q���V�W�D�W�H���L�V���V�K�L�I�W�H�G���D�W���O�R�Z���H�Q�H�U�J�\���V�W�D�W�H�����7�K�H���V�S�O�L�W�W�L�Q�J���H�Q�H�U�J�\���L�V���S�U�R�S�R�U�W�L�R�Q�D�O���W�R���W�K�H���P�D�J�Q�H�W�L�F���I�L�H�O�G���V�W�U�H�Q�J�W�K����
The picture is adapted from Corvaja (2009). 

Electron spin in the lower energy state (�� state) in the presence of magnetic field can absorb a 

quantum of electromagnetic radiation energy provided the energy quantum h�� coincides with 

�W�K�H���H�Q�H�U�J�\���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���.���D�Q�G�������V�W�D�W�H�� 

h�� = E�. �± E�� =g|��B|B0                                              Equation 1 

where �� is the radiation frequency and h is the Planck constant (Andersen & Skibsted, 2017). 

Theoretically, there are two possible ways to perform the EPR experiment: 1) placing the spin 

in a constant magnetic field B0 and irradiating it with microwave radiation of linearly variable 

frequency and constant intensity; 2) using constant microwave frequency to irradiate the spin 

with a magnetic field of linearly variable intensity. For technical reasons, the second one is the 

preferred experimental procedure. 
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3.1.1 EPR in chemistry 

EPR has found wide applications in different disciplines. In chemistry, especially in catalytic 

chemistry, EPR has been applied to understand the reaction mechanisms through the 

characterization of intermediate open-shell electronic states of the reaction centers. In many 

cases, some paramagnetic transition metal ions or radical intermediates are involved in the 

catalytic cycle of interest. For example, transition-metal-based organometallic catalysts 

frequently undergo redox changes during the reaction whilst heterogeneous catalysts may 

involve a defect site or transient species (Van Doorslaer & Murphy, 2012). The EPR 

spectroscopy can serve to unravel the structure and dynamic information of the catalysts. In 

many reactions, radical species are generated as the intermediate compounds in the reaction 

cycle with very low concentrations and short lifetimes. To detect such low concentrations and 

unstable radicals, the spin trapping technique can be employed to transfer the unstable radical 

to a stable radical and increase its concentration to an EPR detectable level. 5,5-Dimethyl-

pyrroline N-oxide (DMPO), as one of the most used spin traps, has been used as the radical 

trapping agent for many reactions. For example,  Dvoranová et al. (2014) used DMPO radical 

trapping to investigate the radical generation by UV irradiation of titanium dioxide suspensions 

in aqueous and non-aqueous environments and found that the generation of reactive species and 

their consecutive reactions are influenced by the solvent properties (e.g., polarity, solubility of 

molecular oxygen, rate constant for the reaction of hydroxyl radicals with the solvent). The 

generated radical was evidenced as the corresponding DMPO spin-adducts were analyzed by 

EPR. Velasco et al. (2021) in situ detected the lipid oxidation of dried microencapsulated oil 

via spin trapping method. 

3.1.2 EPR in proteins 

In biochemistry and biophysics, EPR has been used in different ways since many biological 

processes involve free radicals. For example, a large group of enzymes is coordinated with 

paramagnetic metals including Cu2+, Fe3+, and Mn2+, on the active site. For those proteins 

coordinating with non-paramagnetic metal ions such as Ca2+, it is also possible to replace these 

non-paramagnetic metal ions with paramagnetic ones preserving the protein structure and 

sometimes preserving the enzymatic activities. Except for the paramagnetic metals, some stable 

organic radical tags can be introduced to proteins to probe their structure, dynamics, or other 

properties through the influence of the surroundings on the EPR signal of the spin probes. One 

of the most frequently used spin labels is based on nitroxide radicals, which are small, stable 

molecules that contain a stable free radical with the major part of spin density situated on a 

well-shielded N-O bond. 

The introduction of the stable spin labels to protein has been developed for decades and led to 

a foundation of the site direct spin labelling (SDSL) technique (Kosen, 1989). Thanks to the 
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specific chemical reactivity of some amino acids, in particular cysteines, one can attach the spin 

labels to a specific site (or pair of sites) in the protein, which allows the EPR to monitor the 

magnetic interactions and the local dynamics at the specific sites. The most commonly used 

SDSL method utilizes the reactivity of the sulfhydryl group of cysteine. In this case, 1-oxyl-

2,2,5,5-tetramethyl-3-pyrroline-3-methyl) methaneethiosulfonate (MTSSL) is most often used 

to form covalent disulfide bonds between spin labels and cysteine residues (Berliner et al., 

1982).  Other nitroxide radical compounds are commercially available, such as the 1-oxyl-

2,2,5,5-tetra-methyl, 2,5-dihydro-1H-pyrrole-3-carboxylic acid (2-methanethiosulphonyl-ethyl) 

amide (MTS-4-oxyl) spin label, comprising longer or sterically more demanding linkers (Klare 

& Steinhoff, 2009). 

3.1.2.1 EPR in protein interaction study 

EPR technologies have been widely used in interaction studies of protein molecules with small 

ligands as well as other proteins since the environmental changes of spin probes induced by the 

interaction can be detected. When the spin labels are attached to the protein, the binding 

phenomenon can be generally summarized in three conditions (Figure 10): a) the ligand goes 

�W�R���W�K�H���Y�L�F�L�Q�L�W�\���R�I���W�K�H���O�D�E�H�O�V�����Z�K�H�U�H���W�K�H���O�D�E�H�O�V�¶���O�R�F�D�O���H�Q�Y�L�U�R�Q�P�H�Q�W���Z�L�O�O���F�K�D�Q�J�H�����I�R�U���H�[�D�P�S�O�H�����W�K�H��

dynamic information of spin labelled membrane protein can be obtained by the line shape 

analysis of the continuous wave EPR (CW-EPR) (Klug & Feix, 2008) since the motion/rotation 

flexibility of the spin labels is highly dependent on its neighboring functional groups as well as 

the solvent properties; b) the ligand not only goes to the vicinity of the label but also induces 

aggregation or repulsion between proteins; c) the ligand binds to the protein and induces the 

conformation changes. 

 
Figure 11. a) The ligand binds to spin labeled protein and goes to the near vicinity of the spin label; b) The ligand 
goes to the vicinity of the spin label and induces aggregation or separation within proteins. c) The ligand goes to 
the vicinity of the spin label and induces the conformation changes of the protein. 

Another situation for protein binding is that the paramagnetic center is in the ligand rather than 

in the protein. In this case, the environment of ligand spin is probed. Junk et al. (2011) studied 

the interaction between fatty acid and human serum albumin protein, where the fatty acid was 
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labeled with nitroxide spin. With titration of fatty acid into protein, a saturation point with a 

protein/fatty acid ratio of 1:7 was found, which indicated the 7 fatty acid binding points in 

human serum albumin protein. The EPR method used here is probing the spin-spin distance, 

which is in other words probing the distance between fatty acids. When two fatty acid molecules 

bind to the same protein, the mean distance between fatty acids starts to decrease until all the 

binding sites in the protein were occupied. Another popular ligand for protein interaction study 

is Cu2+ ions, which is a paramagnetic species to be probed by EPR. For example, with the 

combination of EPR and other biophysical techniques, many studies demonstrated that high 

physiologically relevant concentrations of Cu2+ effectively accelerated the aggregation of the 

�.-synuclein protein, which is relevant for protein aggregation-induced Alzheimer's disease 

(Boas et al., 2008; Klare, 2012; Rasia et al., 2005). 

3.1.3 EPR in food science 

EPR also finds broad applications in food science, where a comprehensive introduction of the 

application of EPR in food oxidative processes characterization was conducted by Andersen 

and Skibsted (2017), which provided mechanistic and quantitative information of reaction in 

food, helping early prediction of shelf life of food and beverages. Trace levels of copper in wort, 

which may influence the flavor stability of beer, were investigated via EPR technology 

(Pagenstecher et al., 2021). It was found that high-temperature treatment during malting 

decreased Cu (II) binding affinities in the worts, with roasted malt worts having lower affinities 

than caramel malt worts of similar color and pH. EPR also finds some applications in 

carbohydrate research, and the present thesis attempts to show that there is an interesting 

perspective of further broadening such applications. Pasanphan et al. (2010) demonstrated the 

chitosan-galloylate conjugation as the potential antioxidant using the EPR method. Free 

radicals including 1,1-diphenyl-2-picryl-hydroxyl (DPPH), horseradish peroxidase (HRP)�±

H2O2, carbon-centered alkyl radicals, and hydroxyl radicals were examined in the presence of 

the chitosan-galloylate complex. The active radicals were found to be oxidated by the chitosan-

galloylate conjugation, especially for the DPPH free radical. The radical scavenging capacity 

of the potential antioxidant is maintained even after thermal treatment at 100 °C for an hour. In 

addition, Ionita et al. (2009) studied cyclodextrin supramolecular assemblies by EPR. The 

cyclodextrin molecule was labelled with spin radical TEMPO. The intramolecular host-guest 

interaction between spin labelled cyclodextrins was observed by probing the local proton 

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���L�Q���W�K�H���V�S�L�Q���Y�L�F�L�Q�L�W�\�����Z�K�H�U�H���W�K�H���7�(�0�3�2���O�D�E�H�O�V���Z�H�Q�W���L�Q�W�R���W�K�H���F�\�F�O�R�G�H�[�W�U�L�Q�V�¶���F�D�Y�L�W�\��

to form a dimer complex. The intermolecular host-guest interaction with the external gust 

molecule (adamantol) was demonstrated by a ligand competing experiment, where the external 

gust molecule replaced the TEMPO labels in the cavity. 
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For the EPR application in the Ps interactions, the focus is mainly concentrated on paramagnetic 

metal ions as the ligands.  Freire-Nordi et al. (2005) studied a series of Anabaena spiroides 

extracellular Ps interaction with a series of paramagnetic metal ions including Mn2+, Cu2+, Pb2+, 

and Hg2+. The Mn2+ was mixed with the Ps in a water solution, the bound Mn2+ was quantified 

by quantitative EPR. The binding capacity of the Ps was found 8.52 mg/g (Mn/Ps). Other 

paramagnetic metal ions were added to the Mn2+absorbed Ps to replace the Mn2+ from the 

binding sites. The results of metals competition in this binary mixtures showed the binding 

Mn2+ to Ps can be replaced by other metals, where the Pb2+ presented the highest proportion of 

Mn2 replacement.  Mattos et al. (2014) also studied the interaction between Cu2+ and charged 

chitosan and found Cu2+ strongly chelated with nitrogen and oxygen atoms in Ps. In another 

work done by our group, the non-covalent interaction between Cu2+ and BG dietary fiber was 

investigated by the advanced EPR methods (Syryamina et al., 2022). Two different Cu2+ 

sources, namely Cu(AcO)2 and CuSO4, were tested and found different affinities to BG. It was 

found that Cu2+ is strongly coordinated with its acid anion in the case of Cu(AcO)2 which 

consequently showed weak binding of the whole Cu(AcO)2 complex to BG. For CuSO4, the 

easier disassociation of the Cu2+ and the SO42- leads to free Cu2+ that can stronger bind to BG.  

�0�L�W�L�ü et al. (2011) also investigated the interaction between Cu2+ and charged DF pullulan by 

EPR. They showed that the change in pH value affects the Cu2+ EPR spectrum, which 

indicated the variability of statistical metal ion binding interactions with pH. The metal-fiber 

interactions were assigned to be mainly driven by electrostatic attraction. 

For many other ligands that lack a paramagnetic center, due to the ligand being diamagnetic, it 

is necessary to incorporate at least one paramagnetic center in DF (or in the ligand) to make Ps 

detectable in EPR. EPR related methods for interaction study are also rarely found probably 

due to the weak interaction in Ps and the lack of proper EPR methods to characterize such weak 

interactions. In this thesis, we will describe some steps toward filling this gap. 

3.1.3.1 Spin labelling of Ps 

Site-specific labelling 

As described in Chapter 1.4, the site-specific modification of neutral Ps may only take place 

at the reducing ends since the chemical reactivities of different monosaccharides are similar 

except for the end monosaccharide that has a reducing aldehyde group in the C1 position. 

Unfortunately, only a few papers were found for the site-specific labelling of Ps. Yalpani and 

Brooks (1985) specifically modified neutral Ps including dextran, locust bean gum, and guar 

gum, at its reducing end with 4-amino-TEMPO radical by reductive amination procedure. The 

reagent used in this system was NaBH3CN as the reducing agent and acetate buffer as the 

solvent. The final yields were only 10-15% even under extended reaction duration (3 days). 

While in other reductive aminations in the same system, the yield can reach 60-80% but at very 
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high temperatures. However, the free radical TEMPO may be degraded under the same 

condition. This may be the reason why it is very difficult to increase the labelling efficiency. 

With such low labelling efficiency, CW EPR may still be applicable with the relatively small 

concentration of Ps. While for some advanced pulse EPR measurements, the absolute detectable 

spin concentration is relatively high, which means the Ps concentration needs to dramatically 

increase to meet the minimal spin concentration requirement. Because of the limitation in the 

DF solubility, the DF low labelling efficiency may not be applicable in pulse EPR. Even if it 

can be solubilized, the largely increasing PS concentration will lead to a very viscose solution, 

which is also a problem in the following measurements. 

On the other hand, the modification of the reducing end of Ps has not only been applied in spin 

labelling but also in other fields. A similar method for reducing end modification with 

substantial modification efficiency was described by Bondalapati et al. (2014). In this work, 

the authors reported a very high modification rate (up to 95%) on the reducing end of Ps using 

alkoxy-amine instead of simple alkyl -amine as the reactant, aniline as the catalyst, and 

guanidine (Gn)·HCl  (pH 4.5) as the solvent. In addition, the reaction only requires several hours 

at room temperature. The reaction between the Ps aldehyde group (reducing end) and the 

alkoxy-amine forms the oxime group while the case for alkyl-amine forms imine.  The alkoxy-

amine group is considered as higher reactivity than the simple amine group due to its more 

nucleophilic nitrogen. 

Stochastic labelling 

Another way of labelling neutral Ps is randomly attaching spin labels along the Ps chain. This 

type of labelling can significantly increase absolute spin concentration with a low concentration 

of Ps since one chain could attach more spin labels, which makes the advance EPR applicable 

for spin labelled Ps. Compared to reducing end labelling, more papers have been reported for 

stochastic labelling, especially for charged Ps. Gnewuch and Sosnovsky (1986) systematically 

summarized a series of spin labelling methods for different carbohydrates including, 

monosaccharides, disaccharides as well as Pss. In the section of Ps, most data are reported on 

charged Ps, such as chitin, chitosan, xanthan gum, and alginic acid. The labelling efficiency 

(here equal to the degree of substitution) can reach up to DS=1 (here 1 demonstrated full 

labelling since labelling on the charged group where one monosaccharide only has one such 

group) for these charged Ps. For example, alginic acid reacts with hydroxyl TEMPO yielding 

DS=1 labelling efficiency by using coupling agent EDC in organic solvent (Yalpani, 1980). 

Using the same method, DS= 0.43 can be obtained for xanthan gum. For chitosan, which 

contains an amino group, spin labelling efficiency was reported up to 0.8 using aldehyde 

TEMPO by reductive amination methods (Yalpani & Hall, 1984). 
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For neutral Ps, the highest labelling efficiency was reported on cellulose as DS=0.5. The 

corresponding labelling method is complicated and it involves acetylating protection of all the 

hydroxyl groups in cellulose, changing the parts of acetylate protection with the trityl group. 

The trityl groups were then removed to expose the hydroxyl group, and finally, the carboxyl 

TEMPO can react with the exposed hydroxyl groups through esterification (Gnewuch & 

Sosnovsky, 1986). For other neutral Pss reported spin labelling efficiency was ranging from 

DS= 0.001 to 0.026. Among these neutral Pss, dextran showed the highest spin labelling 

efficiency among the reported data. The best labelling efficiency was obtained mainly through 

three methods (Gallez et al., 1994): a) using anhydride carboxyl instead of the free carboxyl for 

esterification with the hydroxyl of neutral; b) using acyl chloride acid to increase the carboxyl 

reactivity for esterification; c) by integrating the epoxide group in the spin label, the hydroxyl 

group of Ps then reacts with the epoxide via ring-opening reaction. All these three methods are 

sensitive to moisture due to hydrolysis of the active groups (anhydride acid, chloride acid, and 

epoxide, respectively), and therefore need to use an anhydrous organic solvent to maintain the 

high reaction yields. However, one has to keep in mind that the water content in neutral SDF is 

not easy to be completely removed due to strong hydrogen bonding between neutral SDF and 

water molecules. This probably is the main reason that the labelling efficiency has not been 

improved for neutral SDF. 

Regarding the spin labelling efficiency at random spin labelling, on the one hand, one should 

achieve reasonable labelling efficiency values, to have spin labels close enough to each other 

so that their interactions can be efficiently probed. On the other hand, the randomly spin 

labelling along the Ps chain means turning some of the hydroxyl groups into spin labels, which 

may alter the properties of the Ps. As described in Chapter 1.4, the extensive substitution of 

the hydroxyl groups of Ps with hydrophobic molecular can decrease the water solubility. The 

extensive labelling may also compromise the binding capacity of SDF since the hydroxyl group 

is the key functional group for interaction as mentioned in Chapter 2.2. 

3.1.4 EPR toolkit for interaction study 

In a Ps interaction study, many EPR methods including both CW-EPR and pulse EPR can be 

applied. In CW EPR, the phenomenon of interaction can be determined by the changes in the 

line shape resulting from the mobility of the spin or the changes in the spectroscopic parameters 

upon environment modification. Pulse EPR, as an advanced EPR technique, has been applied 

in interaction studies for about four decades. Many methods have been developed based on 

pulse EPR. For example, echo-detected EPR (ED EPR) spectra is a CW-like spectrum 

generated by pulse EPR technology, which has advantages for the measurement of precise 

spectral line positions because of the absence of saturation and passage effects and because of 

the ability to edit spectra based on relaxation times. The spin relaxing measurement can be used 
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for interaction study since relaxation times are strongly dependent on the electronic structure 

of the paramagnetic center and on its interactions with its environment (Eaton & Eaton, 2000). 

A wide variety of information about the interaction can be obtained by measuring spin 

relaxation. For instance, nuclear spins commonly determine the phase memory time (Tm) for 

dilute electron spins at low temperatures, so spin echo decays can be used to determine local 

concentrations of nuclear spins (Eaton & Eaton, 2000). Electron spin echo envelope modulation 

(ESEEM) can measure the distance out to �ý 8 Å between a spin label and a single 2H nucleus 

(Lorigan et al., 1994; Sahu & Lorigan, 2019). Double electro-electron resonance (DEER) can 

be used to measure the spin-spin distance. For this thesis, the focus will be concentrated on 

some specific EPR methods including CW-EPR, ED-EPR, spin relaxation measurement, and 

DEER. 

Continuous wave EPR (CW-EPR)  

In the CW-EPR experiment, the sample is continuously irradiated with microwaves. The 

spectrum is recorded by linearly varying the external magnetic field and recording the 

�H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F���Z�D�Y�H�¶�V���D�E�V�R�U�S�W�L�R�Q�����)�R�U���Q�L�W�U�R�[�L�G�H���U�D�G�L�F�D�O�����W�K�H���X�Q�S�D�L�U�H�G���H�O�H�F�W�U�R�Q���L�V���G�H�O�R�F�D�O�L�]�H�G��

over the N-O�‡ group, where 40% of the electron density is localized on the nitrogen and the rest 

60% on the oxygen (Clark et al., 2016).  The interaction between electron spin and 14N nucleus 

leads to hyperfine interaction responsible for splitting each spin state into three sub-states. Since 

three different transitions are allowed, the EPR spectrum of free nitroxides is composed of three 

defined lines (Torricella et al., 2021). With a typical X-band EPR spectrometer, the anisotropy 

of the hyperfine interaction is the key to the spin labelling based EPR, rending the spin labels 

sensitive to its local environment. Because of the averaging of the anisotropy, the nitroxide spin 

label motion can be directly detected by the line shape of the CW-EPR spectrum (Figure 12) 

(Hubbell et al., 1996). 

 

Figure 12 �(�[�D�P�S�O�H���R�I���D�Q���(�3�5���V�S�H�F�W�U�X�P���R�I���I�U�H�H���Q�L�W�U�R�[�L�G�H���V�S�L�Q�����û�+0, the linewidth of the central field line; h0, the 
amplitude of the middle field line; h-1, the amplitude of the high field line). 
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In CW-EPR, The most informative parameter is the rotational correlational time (�2r) which 

represents the molecular re-orientation of the spin label concerning the magnetic field 

(Steinhoff, 1988).  A simple method to obtain the �2r parameter from EPR spectra is to measure 

the central line width, while these approaches could not be sufficient for multi-component 

spectra coming, for example, from multi-conformational states under investigation. One 

empirical equation (Equation 2) was described when the nitroxide radical spectrum was 

measured at room temperature and low viscosity solvent (Marsh, 1981; Ulrih et al., 2007). A 

more accurate way to obtain the dynamic parameters is based on the simulations of 

experimental data with some professional software including EasySpin (Stoll & Schweiger, 

2006) and SimLabel (Etienne et al., 2017). 

�ìr = K �ûH0[(h0/h-1)1/2 - 1]                                                Equation 2 

h-1 and h0 are the amplitudes of the high and central field lines of the EPR spectra, respectively; 

�û�+0 is the line width (in Gauss) of the middle field line (Figure 12������ �D�Q�G�� �.�� � �� �������Â����-10 is a 

constant typical for the TEMPO spin probe. 

CW-EPR combined with spin labelling technology can be used to monitor disorder-to-order 

transition-induced structural variations or conformational changes due to the binding activity 

of the partner molecules (Kavalenka et al., 2010; Sameach & Ruthstein, 2019; Smirnova & 

Smirnov, 2015). Palombo et al. (2017) studied the binding activity of the Sporosarcina 

pasteurii Urease accessory protein G (Sp-UreG) with various additives by X-band CW-EPR. 

The Sp-UreG protein was labelled with MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-

pyrrol-3-yl)methyl methanesulfonothioate) nitroxide radical on the cysteine (C68). The CW 

EPR results showed two different conformations demonstrated by two �2r values (0.43 ns and 

5.5 ns), which were obtained by experimental EPR spectra simulations. Adding an external 

agent,2,2-trifluoroethanol (TFE), trimethylamine N-oxide (TMAO), and sodium dodecyl 

sulfate (SDS) induced a shift between these two states, which was displayed in the line shape 

of the CW-EPR spectrum. In another study,  Fournier et al. (1998) used the hydrophobically 

modified dextran as the coating material to reduce macroporous polystyrene-divinylbenzene 

particle specific protein absorption. The dextran was labelled with TEMPO radical, and its 

conformation was studied by CW-EPR. The EPR line was found getting narrow when 

increasing the surface coverage of the particle, which indicated a more flexible polymeric 

conformation of the dextran. 

Echo-detected EPR (ED EPR) and spin phase memory time (Tm)  

ED EPR can be generated by the integration of the Han echo as a function of the magnetic field, 

where the Han echo is generated by a two-pulse sequence (�Œ����-t-�Œ-t-echo) and the magnetic 

field is swept (Bartucci et al., 2006). To obtain an ED EPR spectrum, the time t between the 
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two pulses is designed and fixed, the echo signal is integrated against the change in the strength 

of the magnetic field. 

In ED EPR measurement, information about the spin-spin interactions in the sample can be 

obtained. At low temperatures, molecular motion is restricted but the ED EPR spectra are 

sensitive to spin�±spin interactions, which cause the so-called instantaneous diffusion (D. A. 

Erilov et al., 2004). By recording the ED EPR spectra for different echo delay time t, 

information on rotational molecular dynamics can be obtained. Therefore, instantaneous 

diffusion characteristically causes the central region of the spectrum to decay faster with 

�L�Q�F�U�H�D�V�L�Q�J���H�F�K�R���G�H�O�D�\���W�L�P�H�����2���W�K�D�Q���G�R���W�K�H���R�X�W�H�U���Z�L�Q�J�V (Toropov et al., 1998).  Denis A. Erilov 

et al. (2004) studied the dynamics of spin labelled lipid chains interaction with dipalmitoyl 

phosphatidylcholine membranes in the presence or absence of cholesterol. The ED EPR was 

recorded using different time t between two pulses to detect rapid angular motion of the spins.  

Guzzi et al. (2011) used the same Han echo sequences with different time t between pulses to 

record a series of ED EPR spectra for spin labelled Na,K-ATPase enzymes from shark salt 

gland and pig kidney. The instantaneous spin diffusion in ED EPR was found different in the 

presence and absence of the urea molecules, which indicated the urea unfolded the protein at 

extramembrane domains. The analysis of the ED EPR line shapes led the authors to conclude 

that urea enhances the amplitude and rate of fluctuations between conformational substates, in 

the higher temperature regime, and depresses the glasslike transition in the protein. 

The spin phase memory time (Tm) can be generated by the same pulse sequence, while the time 

t varies with a designed increment. The spin transversal decay is measured by the echo intensity 

against the time t. Tm is a generic term encompassing all processes that cause loss of electron 

spin phase coherence. The shape of the echo decay curve depends upon the rate of the process 

that dominates the dephasing (Eaton & Eaton, 2000). A fit to the full shape of the curve provides 

the most detailed description. The stretched exponential (SE) function is commonly used to 

describe the relaxation of the electron spin in glassy metrices: 
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Where �� is the stretch parameter determined by the mechanism of phase memory decay, and A 

is the amplitude factor. 

However, some echo decay data cannot perfectly converge especially for samples in the 

deuterated solvent, where the echo decay curve is dominated by the ESEEM oscillations due to 

deuterium modulation (El Mkami & Norman, 2015). For example,  Soetbeer et al. (2018) found 

that SE fitting for their spin relaxation data is not sufficient even already from visual inspection. 

Instead, a sum of two stretched exponential function (SSE) function (Equation 5) showed a 

perfect fitting with a flat residual line. The SEE model for the Hahn echo decay experiment can 
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divide the decay into fast and slow processes which provide good parameterization in separating 

intra-molecule and matrix specific relaxation. 
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Relaxation generally depends on temperature and the matrix composition as well as on the 

structure of the paramagnetic species (Soetbeer et al., 2018). The electron spin phase memory 

time Tm can be strongly affected by nuclear-spin interactions. In a spin labelled protein, the Tm 

varies with the spin label position due to the different nuclear-spin interactions in different spin 

labelling sites (Lindgren et al., 1993). Tm depends on the proton concentration, and the 

concentration and mobility of methyl groups in the medium surrounding the spin label (Huber 

et al., 2001). Generally, Tm decreases when increasing local proton concentration while the 

electron-nuclear contribution in the echo decay is determined by the local concentration of 

magnetic nuclei within ca. 2 nm from the spin label (Canarie et al., 2020). 

To some extent, Tm is also affected by electron-electron dipolar couplings interaction. If the 

local spin concentration is high enough, Tm is decreased by the effects of instantaneous diffusion 

(Klauder & Anderson, 1962). 

DEER 

Double electron-electron resonance (DEER) is also known as pulse electron-electron double 

resonance (PELDOR), which has been designed to measure the inter-radical distances for 

several decades. This method can measure the dipolar electron-electron coupling distance in 

the nanometer range from 1.5 to 8 nm with high precision and reliability (Reginsson & 

Schiemann, 2011). DEER not only can analyse the distance distribution between spins to 

provide access to conformational distribution and dynamics but also can be used to count the 

number of monomers in a complex or determine spin relative orientations with respect to each 

other. 

In the history of DEER development, there are two types of pulse sequences: the three-pulse 

sequence and the four-pulse sequence (Figure 13). The tree-pulse DEER sequence was first 

introduced by Milov  et al. (1981), where the deadtime occurs because the inversion pulse 

cannot usually be applied instantly after the �Œ/2-pulse of the detection sequence (Figure 13A). 

Based on the three-pulse DEER sequence, Spiess, Jeschke, and colleagues extended the 

sequence to a four-pulse sequence (Figure 13 B), which is free from the deadtime influence 

(Martin et al., 1998; Pannier et al., 2000). In the deadtime free 4-pulse DEER sequence. which 

�L�V�� �P�R�V�W�O�\�� �X�V�H�G�� �Q�R�Z�D�G�D�\�V���� �W�K�H�� �R�E�V�H�U�Y�D�W�L�R�Q�� �S�X�O�V�H�� ���Œ����-�21-�Œ-�21-echo1-�22-�Œ-echo2 where echo1 is 

the primary echo and echo2 �L�V���W�K�H���U�H�I�R�F�X�V�H�G���H�F�K�R�����Z�L�W�K���P�L�F�U�R�Z�D�Y�H���I�U�H�T�X�H�Q�F�\����o is applied to 

observe spin A, and the pump �Œ �S�X�O�V�H���Z�L�W�K���I�L�[�H�G���P�L�F�U�R�Z�D�Y�H���I�U�H�T�X�H�Q�F�\����p is applied to the flip 

spin B. The pump �Œ���S�X�O�V�H position is varied between the positions of echo1 and the refocusing 



PART 1: REVIEW OF THE LITERATURES  

54 

�Œ���S�X�O�V�H����The time position of the observational echo2 does not change during the experiment 

since the time intervals of the detection sequence are not changed. During the experiment, the 

increment of the pump pulse will induce an oscillation of the amplitude of the echo if spin A is 

coupled with spin B. The frequency of this oscillation is the dipolar coupling �K�×�× between both 

spins, which is a function of the distance (r) between spin A and B determined by Equation 6 

(Jeschke et al., 2000). 

�K�×�× 
L
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�8�� �Û
�C�Ô�C�Õ
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�å�/
                                                     Equation 6 

Where �C�Ô and �C�Õ are the �C values of the two spins, �ä�4 is the vacuum permeability, �ä�» is the 

Bohr magneton, r is the distance of the two spins, and h is the Planck constant. 

 

Figure 13. A) The three-pulse DEER sequence in which the deadtime of the �Œ/2 pulse hides information at 
beginning of the DEER trace; B) Deadtime-free four-pulse DEER sequence generating full trace along dipolar 
evolution time. The figure is inspired form Jeschke et al. (2000) 

One of the most difficult aspects of DEER distance measurement is to extract the distance 

distribution from the experimental data. It is an ill-conditioned mathematical problem so it is 

easy to calculate the DEER trace shape from a distance distribution but it is not easy to recover 

the distance distribution from an experimental DEER spectrum since many distance 

distributions substantially different from each other can nearly reproduce the experimental data 

(Brustolon & Giamello, 2009). This problem can be addressed by applying mathematical 

techniques such as Tikhonov regularization or fitting to a Gaussian distribution of distance. 

Programs like DeerAnalysis or DeerLab have been developed, where DeerAnalysis includes 

features like approximate Pake transformation (APT), model-based fitting, Tikhonov 
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regularization, spin counting, concentration measurements, and background correction based 

on experimental data (Fábregas Ibáñez et al., 2020; Jeschke et al., 2006). 

In ligand binding research, especially in protein and lipid science, DEER has been widely 

applied. By measuring the distance distribution in two domains of Pin1 protein with DEER,  

Born et al. (2022) observed the so-called �³�L�Q�W�H�U�G�R�P�D�L�Q���D�O�O�R�V�W�H�U�\�´���S�K�H�Q�R�P�H�Q�R�Q���W�K�D�W���W�K�H���O�L�J�D�Q�G��

binding to one domine of the protein led to the conformation change and then modulated the 

other domine of the protein. The four-pulse DEER sequence was applied for the measurement 

and the spin-spin distance distribution was plotted using the DEERLab program with 95% 

confidence. The conformation changes were characterized by the changes in the spin label 

distribution. In another study of the interaction between human serum albumin protein and fatty 

acid,  Junk et al. (2011) used DEER to characterize the intermolecular distance in spin labelled 

fatty acid as the ligand to the protein. More than one fatty acid molecule binding to the protein 

�L�Q�G�X�F�H�G���D���V�S�L�Q���µ�D�J�J�U�H�J�D�W�L�R�Q�¶���R�Q���W�K�H���S�U�R�W�H�L�Q���P�R�O�H�F�X�O�H���Z�K�L�F�K���Z�D�V���R�E�V�H�U�Y�H�G���D�V���W�K�H���V�K�R�U�W�H�Q�L�Q�J���R�I��

the spin distance. The four-pulse DEER sequence was used to detect spin-spin dipolar coupling 

and the DEER Analysis program was used to plot the spin distance distribution. 

For some systems with heterogeneous distribution of spins or with different local magnetic 

surroundings, the transverse relaxation time is altered �D�Q�G���Z�R�U�N�V���D�V���D���µ�I�L�O�W�H�U�¶���R�I���W�K�H���'�(�(�5���V�L�J�Q�D�O��

for different spins (Baber et al., 2015; Bode et al., 2007). The Tm-filtered DEER data can be 

analyzed by applying a Tm-filter kernel or by conducting numerical simulations based on the 

object structure, which is a very demanding multi-parameters approach. Alternatively, one can 

simplify the DEER data by simply fitting the DEER data with the SE function (Equation 4) to 

describe or compare different samples by the fitted parameters, which was also described by 

Milov  et al. (1998) and Milov and Tsvetkov (1997) for the disordered system with a fractal 

dimensionality. 

3.2 Dynamic light scattering (DLS) 

Dynamic light scattering (DLS), also known as photon correlation spectroscopy, is a technique 

used to measure the size distribution of particles in a sample by analyzing the fluctuations of 

light scattered by the particles as they move randomly in the solution. DLS measures the 

intensity autocorrelation function of the scattered light, which gives information about the 

diffusion coefficient of the particles. By analyzing this function, it is possible to calculate the 

size distribution of the particles in the sample, as well as their hydrodynamic radius, which 

takes into account their size and shape, and the properties of the surrounding medium. DLS is 

commonly used in the characterization of macromolecules, nanoparticles, and colloidal 

suspensions in the fields of chemistry, biology, and materials science. It is a non-invasive and 

rapid technique that requires only small sample volumes, making it a valuable tool in the study 

of biological and biotechnological systems. 
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Regarding the interaction study, the DLS technology has been used in different areas. Ma et al. 

(2014) developed a DLS-based approach for the real-time detection of melamine using gold 

nanoparticles as the probes. The strong interaction between melamine and gold nanoparticle 

was determined by the increase in the hydrodynamic diameter of the particle when adding 

melamine. The sensitivity of this approach is about 0.05 ppm of melamine concentration in the 

pH ranging from 2.5-5.0. In addition, the interaction detection between the gold nanoparticle 

and melamine was not affected by other analytes including aminoacetic acid, L-alanine, L-

valine, L-serine, L-threonine, L-isoleucine, triethylamine, and ethanediamine, which 

demonstrated a good selectivity. With DLS technology, Giri et al. (2014) also observed the 

interaction between protein and gold nanoparticles. The hydrodynamic radius of the particle 

was 30 nm, and the 5 min incubation with protein lysates would induce a broad size distribution 

with a z-average of 283.5 nm. This large size number would reduce when longer incubation 

time were performed, which indicated the aggregates formed at the beginning of the incubation 

and stabilized with longer incubation time. The DLS measurements also indicated that each 

particle complexed with more than one protein. In addition, Cheng and Ran (2014) studied the 

interaction between DNA and different cationic surfactant with different alkyl chain lengths by 

DLS. The DNA-surfactant complex formation was observed by the increasing particle size, 

where the longer hydrophobic chain of the surfactant molecules forms stronger binding to DNA. 

3.2.1 Polysaccharide in DLS 

DLS is widely used as a tool to characterize Ps/SDF, especially combined with other 

technologies including static light scattering (SLS), and size exclusion chromatography (SEC) 

(Du et al., 2022).  Theoretically, the hydrodynamic radius of Ps in the dilute solution obtained 

by DLS should reflect the size of a single polymer provided the polymer does not aggregate. 

Ma et al. (2008) used DLS combined with SEC, SLS, and viscometry to characterize the 

molecular weight, size, and shape information of BG isolated from Auricularia auricula-judae. 

In this work, the BG concentration was adjusted to 0.2 mg/mL in 0.1M NaCl solution. Wang et 

al. (2005) characterized soybean polysaccharides by DLS also combining with SEC and SLS. 

In this work, the fraction of aggregates in the sample was removed by consecutive filtration of 

the diluted Ps solution using membranes with different pore size to reduce the artifacts caused 

by the aggregates. The concentration of the Ps sample ranged from 0.1 to 1.5 mg/mL. 

For DLS as the tool to probe SDFs interaction, it is only found in concentrated SDF solution, 

where the DLS measures the aggregates formed by multi Ps chains. Tudorache and Bordenave 

(2019) used DLS to probe the size change of different DF including BG, GM, and xanthan gum 

when adding phenol compounds, where the 7.5 mg/mL DF concentration was used. The high 

concentration resulted in a high viscose solution, which showed a very large particle size in the 

micrometer range. The typical hydrodynamic radiuses of a single polysaccharide are usually in 
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the range of a few tens to a few hundred nanometers (Striegel & Timpa, 1995), the much bigger 

sizes in this work represent the size of the overlap polymers as the colloidal particles instead of 

homogenously dispersed polymers (Okubo, 2015). Different phenol compounds induced size 

changes in the particle size. For example, BG cultivating with vanillin induced a particle size 

decrease by a factor of 0.8, with caffeic acid induced an increase by a factor of 3.4, and (-)-

epigallocatechin gallate induced an increase by a factor of 5.2. The authors summarized the size 

changes induced by a series of phenolic compounds (Vanillin, ferulic acid, caffeic acid, ethyl 

gallate,  (-)-epicatechin, (-)-epicatechin gallate, and (-)-epigallocatechin gallate) regardless of 

types of DF by averaging the size change factor (Tudorache & Bordenave, 2019). The (-)-

epigallocatechin gallate shows the strongest binding determined by the biggest size increase 

factor, which the authors attribute to the highest number of phenol groups that showed the 

strongest hydrogen bonding with DF. In another work, Carn et al. (2012) study the interaction 

between tannins and hyaluronan as the colloidal system by DLS as well as other light scattering 

technologies including SLS and small-angle X-ray scattering. The hyaluronan Ps in DLS 

displayed two size populations corresponding to the size of a single polymer and the size of the 

aggregates, respectively. The adding tannins induced more aggregates that shift the size 

population from single polymer to the aggregates which was also indicted by the increase of 

the scattering intensity. 

Although it is theoretically feasible to use DLS direct measure the interaction between neutral 

SDF and ligands, one should be very careful to measure such systems due to the following 

reasons: 1) The DLS measurement is very sensitive to the viscosity of the solvent, a high 

concentration of SDF will significantly increase the viscosity, the size present in DLS may not 

accurate enough to represent the real hydrodynamic diameter of the SDF even if there is a small 

size peak in DLS; 2) Using concentrated SDF in DLS for interaction study may lead to 

underestimating of binding parameters (eg. binding capacity) since the overlaps of SDF 

polymers may inhibit the ligand accessing to the center area of the aggregates. 3) Although it 

is possible to precisely measure the size of a single neutral SDF polymer chain by DLS in a 

diluted solution, it is still not easy to prevent SDF polymer aggregation under normal conditions. 

Consequently, it may be difficult to determine if aggregation (size increase in DLS) results from 

the adding ligand or the naturally interacting between SDF polymers. For example, a ligand 

may induce two SDF polymers aggregates, while the SDF dimer (theoretically has more 

hydrogen binding sites compared to single SDF polymer) as the aggregates may absorb another 

SDF polymer due to polymer-polymer interaction instead of binding with the ligands. 

3.2.2 Polysaccharide functionalized inorganic particles in DLS 

Because of the size instability of SDF alone in DLS resulting from aggregation, one alternative 

way to stabilize the size distribution of SDF in DLS is to modify the Ps on the surface of the 
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inorganic particles. The size of Ps modified particle can be measured in the absence/ presence 

of ligands to compare the size difference, which can determine the interaction. Unfortunately, 

pure interaction studies were barely found in Ps-modified inorganic nanoparticles. However, 

the binding property of Ps are well known and have been utilized as Ps modified inorganic 

nanoparticles to absorb substances, especially in the field of drug delivery systems. Zhu et al. 

(2009) used different functional Pss including chitosan, O-carboxymethylchitosan, and (N-

succinyl-O-carboxymethylchitosan to modify the Fe3O4 nanoparticles. The different Ps 

functionalized Fe3O4 particles showed similar sizes in DLS. Due to the different charge of these 

particles resulting from the Ps, their hydrodynamic size change differently when adding the 

drug molecules. The negatively charged Ps functionalized nanoparticle showed insignificant 

changes when mixing drug molecules with the particle. The positively charged and the 

ampholytic Pss functionalized particles showed clear size shifts when adding drugs. The 

interactions induce the drug absorption by the Ps part of the conjugated particles, which 

displayed a size increase from several ten nanometers to several hundred nanometers. The latter 

two particles were used to load the drug because of the electrostatic and hydrophobic interaction 

between the charged Ps and the drugs. Kumari et al. (2020) studied the interaction between 

apple polysaccharides and insulin drugs. The gold nanoparticle was used as the substrate. The 

apple Ps was capped on the gold nanoparticle, where the mean size of the Ps functionalized 

gold nanoparticle was around 40 nm displayed in DLS. The size shifted to around 120 nm when 

adding insulin to the solution, which indicated absorption of insulin on the Ps. 

Apart from DLS, other technologies including transmission electron microscopy (TEM) and 

ultraviolet�±visible (UV-vis) spectroscopy can be used to study Ps functionalized inorganic 

particles and ligand interaction. Using mannose functionalized gold nanoparticles, Hone et al. 

(2003) observed a particle aggregation effect by TEM upon the mannose on the gold surface 

interacting with lectin. Due to the large surface plasmon absorption band of gold nanoparticles, 

the absorption of the lectin by mannose also induced the gold surface plasmon shift to the lower 

energy. Similarly, Lupo et al. (2021) in our group synthesized GM functionalized gold 

nanoparticles and studied their interaction with the same lectin, where a similar particle 

aggregation phenomenon was observed by TEM when adding the lectin. 

3.2.3 Polysaccharide based amphiphilic block copolymers in DLS 

Another way to detect interaction in neutral SDF is to integrate the Ps polymer into a micelle 

or vesicle structure, where the Ps can assemble in an orderly way in the solvent. SDF as Ps has 

abundant hydroxyl groups which render Ps a good hydrophilic polymer. When one Ps polymer 

covalently connects with a hydrophobic polymer, an amphiphilic block copolymer (a-BC) will 

be produced where the hydrophilic Ps can act as the shell to expose outside to contact with 

water in aqua solution. The final morphology of the a-BC self-assembly product depends on 
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many factors including the relative molecular weight ratio between hydrophilic and 

hydrophobic polymers, and the hydrophilicity of Ps as well as the hydrophobicity of the 

hydrophobic part (Aranda-Espinoza et al., 2001). However, the factors mentioned above are 

from a general empirical function, which in some cases may lead to a discrepancy between the 

theory and experimental phenomenon. For example, in the case of Ps-based a-BCs, the sugar 

composition, as well as the branches of the Ps chain, may also need to be taken into 

consideration, where the sugar composition may affect the hydrophilicity that affects polymer-

solvent interaction, and the degree of branching may create different steric hindrances that 

affect interpolymer interaction. 

Different Ps based a-BCs have been developed for decades, among which dextran has been 

widely used as the Ps. The strategy for connecting two block polymers is generally to modify 

the dextran with a linker at its reducing end, then the hydrophobic polymer containing another 

linker can be linked via the reaction between these two linkers. Li  et al. (2015) synthesized a 

biocompatible a-BC by connecting the acetal-modified dextran and diethylenetriamine poly(L-

aspartic acid), which can self-assemble into a cationic nanoparticle. The alkyne linker was first 

introduced at the reducing end of the dextran followed by acetylation of the hydroxyl group in 

the dextran. The hydrophil ic polymer was synthesized with an azide linker at its end. These two 

polymers were linked by copper-mediated azide�±alkyne click reaction. Similarly, Breitenbach 

et al. (2017) synthesized the same acetal-modified dextran with an alkyne linker at its reducing 

end, and another dextran without acetylation as the hydrophilic block was modified with an 

azide linker. An a-BC containing two dextran derivates was synthesized by connecting these 

two blocks via click chemistry. A core-shell micelle structure can be obtained by the a-BC self-

assembly where the dextran without acetylation is placed outside of the micelle as the shell and 

the acetal-modified dextran is placed inside as the core. In another work, the dextran with an 

alkyne linker and the hydrophobic polypeptide (PP) with an azide linker were used to build a-

BC, where the self-assembly product of the a-BC has indicated a vesicle structure with layer 

membrane consisting of antiparallelly stacked a-BCs (Schatz et al., 2009). 

Most of the Ps based a-BCs are used for drug delivery vehicles to deliver drugs. Unlike Ps 

modified inorganic particles, the drug loading in a-BC formed particles is due to the 

encapsulation of the drugs during the self-assembling. The size of the drug loaded vesicle or 

micelle is generally larger than the vesicles without loading drugs. The drug loading process is 

mixing the drug and a-BC molecules in a good solvent (eg. DMSO) where the a-BCs are 

randomly distributed in the solvent. Then the mixture is then added to a water-based solvent to 

induce the vesicle or micelle together with encapsulating the drugs at the same time. However, 

the small molecules generally barely enter the core area after a vesicle or micelle is already 

formed due to the poor permeability of the vesicle or micelle membrane. Therefore, one can 
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study the interaction between SDF and small molecules by observing the light scattering 

intensity of SDF-based vesicle/micelle by DLS. 

3.3 Isothermal Titration Calorimetry (ITC)  

Isothermal titration calorimetry (ITC) is a powerful analytical technique used to measure the 

thermodynamics of binding reactions between biomolecules, such as proteins, nucleic acids, 

carbohydrates, and small molecules. In ITC, a solution containing one molecule (the ligand) is 

titrated into another solution containing a molecule that binds to it (the receptor) while 

monitoring the heat released or absorbed during the binding process. The changes in heat are 

recorded as a function of the molar ratio of the two solutions, and the resulting data can be used 

�W�R���G�H�W�H�U�P�L�Q�H���W�K�H���V�W�R�L�F�K�L�R�P�H�W�U�\�����E�L�Q�G�L�Q�J���D�I�I�L�Q�L�W�\�����.�G�������H�Q�W�K�D�O�S�\�����¨�+�������D�Q�G���H�Q�W�U�R�S�\�����¨�6�����R�I���W�K�H��

binding reaction. ITC has several advantages over other binding assays, including its ability to 

measure binding constants without labelling or immobilizing the molecules, its sensitivity to 

weak and transient interactions, and its ability to distinguish between different binding modes 

(such as cooperative or competitive binding). ITC is widely used in drug discovery, 

biochemistry, and biophysics to study a wide range of biomolecular interactions. 

Isothermal Titration Calorimetry (ITC) can also be used to study the binding of DF to other 

molecules, such as small molecules, enzymes, and or proteins. In this context, ITC can provide 

important information about the mechanism of action of DF, as well as its potential health 

benefits. Massa et al. (2022) studied the interaction between different charged SDF and bile 

salts to elucidate the potential mechanism of cholesterol lowering ability of charged SDF. 

Sodium cholate, sodium deoxycholate, sodium taurocholate, and sodium taurodeoxycholate 

were used as bile salts. Alginate, pectin, and chitosan were used as the charged SDF. A strong 

exothermic bond was found between negatively charged pectin and sodium deoxycholate, and 

the binding capacity was evaluated that each gram of pectin binds about 6 mM sodium 

deoxycholate. The positively charged chitosan was studied under low pH due to the solubility 

limit. The interaction between chitosan and bile salts led to precipitation which the author 

attributes to bile salts aggregated due to the high local concentration over the critical micelle 

concentration (CMC) on the fiber. Similar experiments were conducted by  Espinal-Ruiz et al. 

(2014), who test the bile salts, calcium metal ions as well as lipase interaction with pectin. The 

ITC measurements were conducted in phosphate buffer to mimic the physiological environment 

and found endothermic interaction with bile salts but exothermic interaction with Calcium and 

lipase. For neutral SDF, our earlier work about the interaction between different neural SDFs 

and small molecules revealed the dissociation constant (Kd), binding stoichiometry (N), 

�H�Q�W�K�D�O�S�\�����¨�+�������D�Q�G���H�Q�W�U�R�S�\�����¨�6�����R�I���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q�V�����Z�K�H�U�H���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q�V���Z�H�U�H���P�D�L�Q�O�\���G�U�L�Y�H�Q��

by an entropic factor, presumably with hydrophobic type associations, and possible 

conformational changes of the polysaccharide (Lupo et al., 2022). 
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AIM OF THE STUDY  
Dietary fiber (DF) rich diet is considered a healthy lifestyle for human beings. The health-

related effects of DF have been evidenced by many studies including clinic, in vivo, ex vivo, 

and in vitro studies. The two types of DF, namely water-soluble dietary fiber (SDF) and water-

insoluble dietary fiber (ISDF), are recognized to have significantly different effects contributing 

to the health-benefit effects. Understanding the mechanisms of the effects of DF can help to 

optimize DF containing diet for a healthy daily life. Regarding the effect contributed by SDF, 

many different mechanisms have been proposed, among which the molecule-molecule 

interaction plays an important role. Interactions in charged SDFs have been understood very 

well thanks to the easily detectable strong electrostatic interaction between charged SDF and 

its counter ligands. For neutral SDF which has a relatively weak interaction with small 

molecules, very limited methods can be applied to detect such weak interactions and therefore 

only a few studies have been conducted. Some technologies including isothermal titration 

calorimetry (ITC), electron paramagnetic resonance (EPR), dynamic light scattering (DLS), 

ultraviolet visible light (UV-vis) spectroscopy, and transmission electron microscopy (TEM) 

are generally typical applications for molecule binding experiments. Unfortunately, except for 

the ITC, other technologies listed above may be impossible to be directly applied to neutral 

SDF due to either the sensitivity of the instrument or the intrinsic properties of neutral SDF. 

Therefore, it is necessary to develop methodologies for these technologies in the application of 

neutral SDF interaction study. This thesis aims to establish different methodologies, including 

EPR, DLS, ITC, UV-vis, and TEM, to characterize the interaction between neutral SDF and 

small molecules. Subsequently, compare the advantages and limitations of these technologies. 

To achieve these goals, the aim can be divided as follows: 

EPR: 

1) To achieve EPR application, neutral SDF needs to be labelled with stable spin radical(s). 

Therefore, the methodologies for spin labelling neutral SDF need to be established with 

sufficient labelling efficiency as well as with minimal compromising SDF binning 

property. (Manuscript I) 

2) Establish EPR methods to characterize the interaction between spin-labelled neutral 

SDF and small molecules at a molecular level. (Manuscript II) 

ITC, DLS, UV-vis, and TEM: 

1) Constructing neutral SDF-based vesicles/micelles as probes to study the interaction 

between neutral SDF and small molecule in DLS. (Manuscript III) 

2) Studying the advantages and limitations of different methods, namely neutral SDF in 

ITC, neutral SDF-based vesicles/micelles in DLS, and neutral SDF-based gold 

nanoparticle in DLS, TEM, and UV-vis for SDF-small molecule interaction. 

(Manuscript IV)
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Manuscript I  

Site-selective and stochastic spin labelling of neutral water-soluble dietary 

fibers optimized for electron paramagnetic resonance spectroscopy 

Xiaowen Wu, Samy Boulos, Maxim Yulikov, Laura Nyström, Carbohydrate Polymers, 2022, 

293, 119724.  

Abstract 

Use of spin labels to study structures of polymers has been widely spread in polymer science. 

However, for the studies of neutral water-soluble dietary fibers (DFs), labelling efficiencies in 

past studies have only been sufficient for application of continuous wave electron paramagnetic 

resonance spectroscopy (CW-EPR), but still insufficient for some advanced methods such as 

pulse EPR. Thus, in this paper, two spin labelling strategies, namely, site-selective mono-spin-

labelling and stochastic multi-spin-labelling, were examined on linear cereal ��-glucan, as well 

as linearly branched arabinoxylan and galactomannan. The effects of both methods in DF 

properties were evaluated. For the mono-labelling pathway, labelling efficiency could reach up 

to 46%. In the stochastic labelling strategy, a degree of substitution (DS) up to 150% could be 

reached, whereas optimized conditions for this strategy were achieved at DS= 3% to obtain DFs 

whose bioactivity properties were still preserved while spin labelling efficiency was still 

sufficient for CW and pulse EPR experiments. 

Keywords: water-soluble dietary fibers; site-selective spin labelling; stochastic spin labelling; 

Electron Paramagnetic Resonance; binding interaction; Size exclusion chromatography. 
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Introduction  

Neutral dietary fibers, as primarily non-digestible polysaccharides, offer several beneficial 

health effects in lowering risks of various chronic diseases such as cardiovascular disease and 

Type II Diabetes (Lockyer et al.,2016; Threapleton et al.,2013; Wald et al.,2014). Accordingly, 

there is an increasing trend to study the bioactivity of various DF and the underlying 

mechanisms of action. It has been widely recognized that the physico-chemical properties (like 

viscosity, bulking ability) of DF affect the uptake of small molecules in the digestive tract 

system (Jenkins et al.,1978; Lattimer & Haub,2010; Oppenheim et al.,1996). To better 

understand the mechanism behind the interactions between polysaccharides and small 

nutritionally relevant molecules both at the molecular and macroscopic level, magnetic 

resonance technologies such as EPR (Electron Paramagnetic Resonance) and NMR (Nuclear 

Magnetic Resonance) can be applied, with available methodologies for both in vitro and in vivo 

studies. In particular, EPR spectra of polysaccharides can provide valuable information about 

the micro-environment of these biopolymers in solution as well as in the gel and solid states 

(Gallez et al.,1994; Gnewuch & Sosnovsky,1986). 

To address DF properties with EPR technologies, it is necessary to make DF marked with 

paramagnetic labels. The most common way of such paramagnetic labelling is to incorporate 

stable free radicals on the fiber chains using chemical synthesis. Unlike charged 

polysaccharides, which possess several functional groups like amino or carboxyl groups that 

can be used for targeted chemical derivatization for spin labelling (Takigami et al.,1993), 

neutral uncharged DFs only have the reducing end, that can easily be used for site selective 

labelling.  Yalpani and Brooks (1985) took advantage of this reducing end to site-selectively 

attach a free radical at the end of polysaccharides (dextran, guar gum and locust bean gum) via 

reductive amination method using NaBH3CN as reducing agent. However, the reported 

labelling efficiency was quite low (10�±15%) even for labelling with large excess of amino-

TEMPO and extended reaction time. While this may be an acceptable labelling efficiency for 

e.g., continuous wave EPR methods, it is insufficient for several pulse EPR and paramagnetic 

NMR technologies. Another strategy for spin labelling DF is based on randomly attaching 

stable radicals along the polymer chain without attempting to achieve site-selectivity. Several 

studies have been published on such random labelling procedures for polysaccharides via 

different methods. Among these studies, cellulose, a water-insoluble fiber, has been one of the 

most studied spin labelled polysaccharides with different synthetic spin labelling methods 

applied, achieving various labelling efficiencies (DS from 1% to 50%)  (Dushkin et al.,2005; 

Gnewuch & Sosnovsky,1986). When it comes to neutral water-soluble DF, however, only a 

limited number of papers have been published so far.  Gallez et al. (1994) synthesised randomly 

spin labelled arabinogalactan via esterification with an unknown DS;  Adma and Hall (1979) 
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as well as  Mawhinney et al. (1983) synthesised multi-spin labelled guar gum via s-triazine 

alkylation and esterification, respectively, which yielded a very low DS of 0.5% and 0.11%, 

respectively, even with an excess of labelling reagent. Thus, both for reducing end spin labelling 

and for stochastic multi-spin-labelling of water-soluble neutral DFs, there is a demand for 

further improvement of the spin labelling efficiency to make DFs available for pulse EPR and 

paramagnetic NMR studies. On the other hand, we should keep in mind that the hydroxyl 

groups in DF play a key role in functionalities like hydrogen bonding, conformational 

preferences, solubility, and solvent holding ability. Therefore, the functionality of these natural 

polymers may be altered by derivatisation. The high labelling efficiency in multi-spin-labelling 

of DF, namely extensive substitution of hydroxyl groups, may change some intrinsic properties 

of native DF. Thus, it is very important to balance the labelling efficiency in DF with the 

preservation of the functionality of interest as much as possible. In theory, labelling efficiency 

can be easily tuned by controlling the stoichiometry of the labelling reagent.  

�,�Q���D�G�G�L�W�L�R�Q�����W�K�H���'�)�V�¶���I�X�Q�F�W�L�R�Q�D�O�L�W�L�H�V���L�Q���W�H�U�P�V���R�I���L�Q�W�H�U�D�F�W�L�R�Q�V���D�Q�G���E�L�Q�G�L�Q�J���Z�L�W�K���V�P�D�O�O���P�R�O�H�F�X�O�H�V��

are increasingly of great interest in health and nutritional sciences, as the effect of binding may 

have a great influence on human health. For example, the bioactivities of phenolic compounds 

during digestion can be affected by the intake of DFs, as its binding with DFs can reduce the 

bioaccessibility as well as bioavailability in the intestine and in plasma ���-�D�N�R�E�H�N���	���0�D�W�L�ü��������������

Macdonald & Wagner,2012; Saura-Calixto,2011). Based on the chemical structure of neutral 

DFs, the high number of hydroxyl groups in DF chains play an important role in the binding of 

molecules, predominantly through hydrogen bonding (Timofei et al.,2000; Wu et al.,2008). 

Different technologies can be applied to evaluate the binding properties of DFs, including for 

example UV-vis spectroscopy (Wu et al.,2008), NMR & DLS (dynamic light scattering) 

(Tudorache & Bordenave,2019), and ITC (isothermal titration calorimetry) (Lupo et al.,2022; 

Wei et al.,2019). Among these methods, ITC is considered a powerful tool for interaction study, 

which provides valuable data concerning binding enthalpies, critical aggregation concentrations, 

and binding stoichiometries (Chang et al.,2011; Espinal-Ruiz et al.,2014; Wangsakan et 

al.,2004). 

In this work, we propose two new pathways for the synthesis of spin labelled DFs aiming to 

significantly improve labelling efficiency, namely the site-selective labelling at the reducing 

end via oxim formation and the stochastic multi-spin-labelling via click chemistry. As 

�V�X�E�V�W�U�D�W�H�V���� �E�D�U�O�H�\�� ��-glucan (BG) was used as a model of linear neutral DF, whereas wheat 

arabinoxylan (AX) and guar galactomannan (GM) were used as models of linearly-branched 

neutral DFs. In both pathways of labelling, systematic studies in conformation, molecular 

weight (Mw and Mn), dispersity (Ð), sugar composition, and functionality in terms of binding 

with small molecules were conducted to evaluate the effect of the spin labelling on the 
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properties of the neutral DFs. Hence, we hypothesize that balancing spin labelling 

efficiency with the preservation of the relevant dietary fiber properties allows for pulse EPR 

analysis to provide accurate structural information of the polysaccharide. In addition, CW-EPR 

was applied to evaluate the structure and conformation of the spin labelled DFs. These spin 

labelled DFs may in the future be used for studies by advanced pulse EPR to assess interactions 

between neutral soluble polysaccharides and various interesting ligands when assessing their 

activities in a number of applications in fields ranging from food, health, and medicine to 

material science. 

Materials and Methods 

Materials 

The commercial standards of neutral dietary fibres were purchased from Megazyme (Bray, 

�,�U�H�O�D�Q�G�������E�D�U�O�H�\����-glucan (BG) (low viscosity, Lot 100401, Mw 179 kDa, ~ 95% purity); wheat 

arabinoxylan (AX) (medium viscosity, Lot 40601a, Mw 323 kDa, Ara: Xyl = 38/ 62, ~ 95% 

purity); guar galactomannan (GM) (high viscosity, Lot 100301c, Mw 380 kDa, Gal: Man = 38 

/ 62). The Mw of GM reported in this work is nearly 4 times higher than reported by Megazyme 

in the technical data, which was also found in other works (Lupo et al.,2020; Robinson et 

al.,1982; Tayal et al.,1999). The stable free radical, 4-carboxy-2,2,6,6-

tetramethylpiperidinyloxy (4-carboxy-TEMPO), 4-amino-2,2,6,6-tetramethylpiperidinyloxy 

(4-amino-TEMPO) were purchased from Sigma-Aldrich (St. Louis, MO, United States) and 

used without further purification. The chemicals N-(3-dimethylaminopropyl)-

N�•-ethylcarbodiimide hydrochloride (EDC), 4-dimethylamino-pyridine (DMAP), 

2-propynylamine, p-toluenesulfonylchloride (TsCl), (Boc-aminooxy)acetic acid, aniline, 

sodium azide (NaN3), lithium chloride (LiCl), triethylamine (TEA), trifluoroacetic acid (TFA), 

cuprous bromide (CuBr), iron(II) chloride tetrahydrate (FeCl2·4H 2O), and N,N,N�•��N�•�•��N�•�•-

pentamethyldiethylenetriamine (PMDETA) were from Sigma-Aldrich (St. Louis, MO, United 

States). The solvents dichloromethane (DCM), methanol (MeOH), dimethylsulfoxide (DMSO), 

and N,N-dimethylacetamide (DMA) were purchased from Acros (Geel, Belgium). Water was 

purified using a Millipore Milli-Q system (Billerica, MA, USA). Dialysis membranes made 

from regenerated cellulose with MWCO 12�±14 kDa (25 Å; 29 mm) were supplied by SERVA 

(Heidelberg, Germany). 

Methods 

Synthesis of reducing end spin labelled DF 

Synthesis of alkoxylamin TEMPO 

171 mg (1 mmol) 4-amino-TEMPO was dissolved in 10 mL anhydrous DCM, and 1 equiv. 

(191 mg, 1 mmol) (Boc-aminooxy) acetic acid, 1 equiv. (171 mg, 1 mmol) EDC, and 0.1 equiv. 



PART 2: RESEARCH PAPERS�² Manuscript I  

70 

(12 mg, 0.1 mmol) DMAP was added in that order. The resulting mixture was stirred at rt (room 

temperature) for 24 h in the dark. Ice water was used to quench the reaction, and the organic 

phase washed with each brine and water 3 times. After removing DCM by a rotary evaporator 

at 30 oC, the crude product was purified by silica column chromatography using as eluent 

DCM:MeOH = 30:1 to obtain 280 mg of compound 1 (Scheme 1) as an orange crystalline 

powder (yield: 81%). 

 
Scheme 1. Synthetic route for alkoxyamine TEMPO (compound 2). 

To allow for the NMR characterization of compound 1, the nitroxide radical was reduced to the 

respective hydroxylamine in aqueous solution in the presence of FeCl2. Briefly, compound 1 

(15 mg) was dissolved in 5 mL water, 5 equiv. of FeCl2·4H 2O were added, and the solution 

stirred for 6 h at room temperature. The product was extracted with DCM, and the organic phase 

washed with water three times. The solvent was removed under vacuum to obtain 8 mg of a 

pale yellow powder, ready for NMR analysis. 

Compound 1 (150 mg) was dissolved in 15 mL DCM, 1 mL TFA was added, and the mixture 

was stirred at room temperature until TLC showed no more traces of compound 1 after 6 hours. 

After quenching with ice water, the product was extracted using 20 mL DCM and the organic 

phase washed three times with each saturated NaHCO3 and NaCl. DCM was removed under 

vacuum and the resulting oil-like residue was further dried under a stream of nitrogen gas. 

Finally, 80 mg of yellow oil-like compound 2 was obtained (yield 75%). 

Synthesis of reducing end spin labelled DFs  

 
Scheme 2. Synthetic route for reducing end spin labelled DFs. Gn, guanidine. 

Water-soluble neutral DF (100 mg BG, AX or GM) was dissolved in 20 mL 6 M guanidine 

(Gn)·HCl buffer solution containing 0.1 M aniline, and the pH was adjusted to 4.5 with aqueous 

NaOH. The required molar amount of the reagent was calculated on the basis of Mn of the 

different DFs. Accordingly, 2 equiv. of compound 2 was added to each of the three DF solutions. 

The resulting reaction mixtures were stirred at room temperature for 2 h, then dialysed against 

fresh water for three days (3 x 5 L). The resulting solutions were frozen and lyophilized to 
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�R�E�W�D�L�Q���I�L�Q�D�O���U�H�G�X�F�L�Q�J���H�Q�G���V�S�L�Q���O�D�E�H�O�O�H�G���I�L�E�U�H�V����-glucan (BG-SL), arabinoxylan (AX-SL), and 

galactomannan (GM-SL). 

Synthesis of stochastic multi-spin-labelled DFs 

Synthesis of alkynyl-TEMPO 

 

Scheme 3. Synthesis of alkynyl-TEMPO (compound 3). 

4-Carboxyl-TEMPO (200 mg) was dissolved in 10 mL anhydrous DCM, 1 equiv. of 2-

propynylamine was added followed by 0.1 equiv. DMAP, and 1 equiv. EDC (Scheme 3). The 

resulting mixture was stirred at room temperature for 24 h. The reaction was quenched by ice 

water, and the organic phase washed with saturated NaCl solution and water three times each. 

DCM was removed by rotary evaporator. Finally, the resulting crude oil underwent silica gel 

flash column chromatography eluted with DCM: MeOH = 50:1 to get 180 mg of compound 3 

as a light-yellow powder (yield 75%). The product was characterized by HRMS (High 

Resolution Mass Spectrometry). MS (m/z) (ESI, MeOH) calculated for [C13H21N2O2]+: 

237.1603; found 237.1606.      

 
Scheme 4. Illustration of the synthetic pathway to produce multi-spin labelled BG (BG-MSL) using different 
�H�T�X�L�Y�D�O�H�Q�W�V�� �R�I�� �W�R�V�\�O�� �F�K�O�R�U�L�G�H�� ���7�V�&�O���� �W�R�� �R�S�W�L�P�L�]�H�� �W�K�H�� �G�H�J�U�H�H�� �R�I�� �V�X�E�V�W�L�W�X�W�L�R�Q�� ���'�6���� �Z�K�L�O�H�� �S�U�H�V�H�U�Y�L�Q�J�� �W�K�H�� �'�)�¶�V��
properties. The inserts show the structures of the chemical modifications on the monosaccharide repeating unit 
(only the predominant products with substitution at C6 are shown).  

Synthesis of azide substituted BG (BG-N3) via tosylation (BG-OTs) 

�%�D�U�O�H�\����-glucan powder (~1 g) was dried under vacuum at 100 oC, then was divided into four 

250 mg portions. Each portion was dissolved in 30 mL of 3% anhydrous LiCl/DMA solution 

at 100 oC under vigorous stirring until fully dissolved. Then, the resulting solutions were placed 

in an ice bath, and 2 mg TEA (0.012 equiv. on the basis of monosaccharide repeating units) 
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was added to each portion while stirring. Then, i) 0.13 equiv., ii ) 0.18 equiv., iii ) 0.26 equiv., 

or iv) 0.36 equiv. (monosaccharide basis) TsCl dissolved in 2 mL DMA were added dropwise 

into the 4 portions, respectively, followed by stirring in the ice bath for 30 min, and then at 

room temperature for 24 h. The resulting solutions were diluted with 300 mL water and purified 

by dialysis against water (3 x 5 L) for three days, and were lyophilized to obtain the four varying 

degrees of partially tosylated polysaccharides BG-OTs (i, ii, iii, iv ) as solid products (recovery 

yield of 94%, 96%, 97%, 98% for i, ii , iii,  and iv, respectively). 

From each of the four BG-OTs products, 100 mg was dissolved in 10 mL anhydrous DMSO, 

followed by the addition of 20 mg NaN3. The solutions were stirred at 100 oC for 24 h. 

Afterwards, they were diluted with 100 mL water and purified by dialysis against water (3x5 L) 

for three days, resulting in four BG-N3 portions of cotton like solids after lyophilization. A 

recovery yield of 83%, 85%, 80%, and 76% was obtained for i, ii , iii,  and iv, respectively. 

Synthesis of multi spin-labelled BG (BG-MSL) 

From each of the four BG-N3 products, 50 mg was dissolved in 5 mL DMSO. 10 mg alkynyl-

TEMPO (3), 2 mg CuBr, and 0.1 mL PMDETA was added to each solution under stirring. The 

solutions were stirred for 3 days at room temperature in the dark. Then, they were each diluted 

with 50 mL water and dialysed against water (3 x 5 L) for three days. Next, each solution was 

washed with DCM three times. Finally, after lyophilization, the products of the four BG-MSL 

(i, ii, iii, iv) were isolated as solids. A recovery yield of 92%, 95%, 89% and 90% was obtained 

for i, ii, iii, and iv, respectively. 

After analysis of the final to varying degrees spin-labelled products BG-MSL (i, ii, iii, iv ) (see 

result and discussion), the optimal labelling efficiency of BG was chosen as DS = 3.2%, which 

was produced using condition ii ) 0.18 equiv. TsCl in the first step of the synthesis (Scheme 4). 

The same conditions as above were applied as the determined optimized condition in the 

synthesis of multi spin-labelled arabinoxylan (AX-MSL) and galactomannan (GM-MSL). 

Molecular weight (Mw and Mn) determination 

The molecular weight of both native and spin-labelled DFs were determined by high 

performance size exclusion chromatography (HPSEC) using an OMNISEC unit (Malvern 

�3�D�Q�D�O�\�W�L�F�D�O���/�W�G������ �0�D�O�Y�H�U�Q���� �8�Q�L�W�H�G���.�L�Q�J�G�R�P���� �H�T�X�L�S�S�H�G���Z�L�W�K���W�Z�R���$�¶���������0���F�R�O�X�P�Q�V���L�Q���V�H�U�L�H�V��

(8.0 mm × 300 mm, Viscotek, parent organization: Malvern Panalytical Ltd., Malvern, United 

Kingdom). OMNISEC RESOLVE detector compartment was equipped with a low and right-

angle laser light scattering detector (LALS/RALS), a refractive index (RI), a UV detector and 

a viscometer. The temperature of autosampler and column were set at 30 oC (for BG derivates 

with observed aggregations in the HPSEC, the autosampler was set to 60 oC to acquire accurate 

mass distributions by minimizing aggregation which forms when prepared BG solutions are 
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cooled to room temperature). An aqueous solution of 0.1 M NaNO3 with 0.02% NaN3 was used 

as the mobile phase, and the fiber samples were dissolved in the mobile phase at 80 oC for 1 h 

and stirred overnight. The samples were filtered through a 0.45 µm nylon filter before injection. 

For absolute molecular weight determination, a calibration using narrow molecular weight 

distribution polyethyleneoxide (PEO-24K, provided by Malvern) was applied, and a standard 

dextran sample (Dextran-T68K, provided by Malvern) was applied for validation of the 

calibration. All samples were measured in triplicate. 

Monosaccharide composition analysis for AX and GM samples 

High-performance anion-exchange chromatography with pulsed amperometric detection 

(HPAEC-PAD) (Thermo Scientific AG, Basel, Switzerland) was used to measure the 

monosaccharide composition. An amount of 50 mg of samples were completely hydrolysed in 

10 mL 2 M HCl solution at 100 oC for 45 min. After cooling to room temperature, the reaction 

mixture was neutralized with 4 M NaOH and centrifuged for 15 min at 4000 rpm. The 

supernatant hydrolysates were diluted with water to reach a concentration of 10 mg/L and 

filtered through a 0.45-µm PTFE filter. The mobile phase consisted of (A) 200 mM NaOH and 

(B) water. An isocratic method was applied for the sugar separation, namely 8% (A) and 92% 

(B) for the first 22.5 min, followed by 100% (A) for 8.5 min to clean the column, and back to 

8% (A) and 92% (B) for 8 min. The total run time was 39 min. For the determination of the 

absolute monosaccharide amount, an external standard calibration was performed using 

standard galactose and mannose for galactomannan samples, and arabinose and xylose for 

arabinoxylan samples. D-Sorbitol was used as internal standard and added at a constant 

concentration of 10 mg/L to each sample and calibrant solution. The monosaccharides 

concentration was quantified relative to the internal standard signal. All samples were measured 

in triplicates. 

Room temperature CW-EPR 

The spin labelled DFs and standard free TEMPO solutions were measured with a benchtop ESR 

Spectrometer MiniScope MS300 (Magnettech, Berlin, Germany) equipped with a frequency 

counter FC300. Setup for measurements: the microwave frequency was 9.42 GHz, B0 was 3350 

G, sweep width was 100 G, number of measured field points was 4096, sweep time was 30 s, 

magnetic field modulation was 0.1 mT, microwave attenuation was 22 dB, video gain was 200, 

and number of scans was 3. TEMPO in H2O (2 ���0�����Z�D�V���X�V�H�G���D�V���D���G�D�L�O�\���U�H�I�H�U�H�Q�F�H���V�W�D�Q�G�D�U�G���I�R�U��

the EPR instrument. 

Spin concentration determination 

�)�R�U���W�K�H���F�D�O�L�E�U�D�W�L�R�Q���F�X�U�Y�H���R�I���I�U�H�H���7�(�0�3�2�����V�R�O�X�W�L�R�Q�V���Z�L�W�K���7�(�0�3�2���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���I�U�R�P�����������0��

�W�R�������������0���Z�L�W�K���D�Q���L�Q�F�U�H�P�H�Q�W���R�I�����������0���Z�H�U�H���S�U�H�S�D�U�H�G���D�Q�G���P�H�D�V�X�U�H�G���L�Q���W�U�L�S�O�L�F�D�W�H�V���Z�L�W�K���&�:-
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EPR (Figure 1A). Next, a double integration of the spectrum (Figure 1B) was performed using 

home-written MATLAB scripts, and a linear calibration curve based on double integration was 

obtained (Figure 1C). The spin labelled fibers were measured (in triplicates) under the same 

conditions as the calibration to determine their spin concentrations. 

 

 
Figure 1. A) EPR spectra of 20, 40, 60, 80, 100 ��M free TEMPO in water solution; B) double integration of A); 
C) Linear calibration curve of double integration intensity against TEMPO concentration. 

Rotational correlation time (�ìr) determination  

Because room temperature and a low viscosity solvent (water) were used in this work, the �ìr 

was defined using an empirical equation (Equation 1) which is valid for fast isotropic motion 

�Z�K�H�Q�����Â����-11 s < �ìr < 10-9 s but can be taken as an approximation to evaluate the differences in 

the EPR spectra of different samples at such high temperatures (Marsh,1981; Ulrih et al.,2007). 

�ìr = K �ûH0[(h0/h-1)1/2 - 1]     Equation (1) 
where h-1 and h0 are the amplitudes of the high and middle field lines of the EPR spectra, 

respectively; �û�+0 is the line width (in Gauss) of the middle field line (as example EPR line of 

free TEMPO shown in Figure 2�������D�Q�G���.��� ���������Â����-10 is a constant typical for the spin probe. 

 
Figure 2. Example of an EPR spectrum (�ûH0, linewidth of middle field line; h0, amplitude of middle field line; h-

1, amplitude of high field line). 
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Calculation of labelling efficiency 

For reducing end spin labelled fibers, the spin labelling efficiency P is defined as: 

                                                                        P��
L
�¼�Þ�Û�Ô�Ù

�¼�Ñ�Ô�Í�Ý�Ð
�Â100%                                  Equation (2) 

Where Cspin is the molar concentration of spin label in the sample solution which can be 

calculated by double integration via the calibration curve obtained from the free TEMPO, and 

Cfibre is the overall molar concentration of the fibre based on the number average molecular 

weight Mn. 

For multi-spin labelled DF, the spin labelling efficiency P was computed in the following way. 

First, the molecular weight of spin labelled fibres was determined by HPSEC and the equation 

(3) was considered: 

                                                             Mw = n1�ÂMw1 + n2�ÂMw2                             Equation (3)  

Here, Mw is the weight average molecular weight of the spin labelled fibre; n1 is the average 

number of TEMPO derivative moieties on one fibre chain, and Mw1 is the molecular weight of 

the corresponding TEMPO-moiety (Mw1 = 279 g/mol); n2 is the mean number of 

monosaccharide repeating units in one fibre chain and Mw2 is the molecular weight of a single 

repeating unit sugar moiety in the polysaccharide (Mw2 = 162 g/mol for GM and BG; 132 g/mol 

for AX). Knowing the average molecular weight of the spin labelled fibre Mw, and accordingly, 

the fibre concentration in the solution, after determining the spin concentration, the value n1 

could be computed as: 

                                                                        n1��
L
�¼�Þ�Û�Ô�Ù

�¼�Ñ�Ô�Í�Ý�Ð
                                       Equation (4) 

where Cspin is the molar concentration of TEMPO in the sample, and Cfibre is the molar 

concentration of the spin labelled fibre. 

By substituting Equation (4) into Equation (3), we could compute n2:  

                                                  n2 = (Mw �± 
�¼�Þ�Û�Ô�Ù

�¼�Ñ�Ô�Í�Ý�Ð
�®Mw1)/Mw2                                            Equation (5) 

At last, the labelling efficiency (percentage number per monosaccharide repeating unit = degree 

of substitution (DS)) was determined as 

                                                                        DS = n1/n2�Â100% 

Chemical structure confirmation for products of the synthesis  

The synthetic compounds or polymers including pre-synthesised TEMPO derivates and 

modifications of DF were characterized by different techniques. 1H and 13C NMR (Bruker 
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AVANCE III -400, Ettlingen, Germany) were used to confirm the synthetic product structures 

(the deuterated solvents used in the measurements are specified in the respective figure caption 

in the supporting information). Fourier-transform infrared (FT-IR) Varian 640 spectroscopy 

(Agilent Technologies, Inc., CA, USA) was used to characterize the functional groups of DFs. 

Samples were mixed with pre-dried potassium bromide (KBr), milled to a fine powder, and 

pressed to a transparent tablet (subtracting the background by using a pure KBr tablet). The IR 

transmittance was scanned over the range from 4000 to 400 cm-1 with a resolution of 2 cm-1 at 

room temperature and averaged over 64 scans. 

Evaluation of bioactivity in terms of binding ability in vitro 

The bioactivity related to biomolecular binding and interactions were evaluated by isothermal 

titration calorimetry (ITC) using a MICROCAL PEAQ-ITC (Malvern Panalytical Ltd., 

Malvern, UK). Congo Red was used as the standard binding ligand for BG and its spin labelled 

products, whereas aspirin was used as the standard binding ligand for AX, GM, and their spin 

labelled products. The sample cell was loaded with DF sample solution in PBS buffer (pH = 

7.4) or water solution, the same solution of small molecules (same solvent as in sample cell) 

was filled in the titration syringe, and the reference cell was filled with water. Titration was 

conducted at a constant temperature of 25 oC with the 19 drops mode as the default setting, and 

��������cal/s as the reference power. The sample cell was constantly stirred at 750 rpm throughout 

the titration experiment. Data analysis and reporting were performed with Microcal PEAQ-ITC 

�$�Q�D�O�\�V�L�V���V�R�I�W�Z�D�U�H���X�V�L�Q�J���µ�R�Q�H���V�H�W���R�I���V�L�W�H�V�¶���I�L�W�W�L�Q�J���P�R�G�H�O���W�R���I�L�W���W�K�H���P�H�D�V�Xred binding isotherms 

and calculate the binding stoichiometry (N). 

Results and discussion 

Site-selective reducing end spin labelled fiber 

Detailed structural information on frozen DF solutions can be assessed by pulse EPR techniques, 

designed to selectively probe electron-electron and electron-nuclear magnetic interactions. 

However, on one hand, this requires achieving certain minimal bulk spin concentration. This is 

a method-related threshold. For instance, for the double electron-electron resonance (DEER) 

experiment at Q band (35 GHz) the minimal necessary bulk spin concentration is about a few 

micromoles (Polyhach et al.,2012). The DF bulk concentration in solution is also limited, 

because the viscosity of solution starts to rapidly increase once the contacts between DFs build 

up. Thus, there is a certain minimal spin labelling efficiency needed to produce pulse EPR 

compatible samples. On the other hand, the size of a spin label is similar to the size of a sugar 

monomer. Thus, spin labelling will likely affect the DF properties in its nearest vicinity. 

Provided that a relatively low spin label to native sugar ratio can be kept, such local 

perturbations will not affect the global DF properties much, and pulse EPR experiments on spin 
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labelled DFs would still provide structural information relevant also for the native DFs. This 

sets a limit for the maximum spin labelling efficiency or degree of substitution (DS) that can 

be used in experiments with DFs. 

The challenge here for reducing end labelling was mainly, however, to achieve a higher spin 

labelling efficiency that fulfil both minimal spin label concentration and less viscose sample 

for EPR. However, publish reports which are mostly dedicated to the more sensitive CW EPR 

technique that, on the downside, is more restricted regarding the accessible structural 

information. The required increased spin labelling efficiency of DFs was achieved by changing 

the amino group (compound 1 in Scheme 1) to a more nucleophilic alkoxy-amine (compound 

2 in Scheme 1) by amidation (the successful synthesis of 2 was confirmed by 1H and 13C NMR 

of the reduced form of TEMPO derivative as shown in Figure S1 and S2, as well as HRMS in 

its radical form). Additionally, aniline was used as the catalyst for formation of oxime that is 

more active in reductive amination comparing with alkylamine. With this new method, a 

significant increase in labelling efficiency was achieved (nearly 3 times as previously published 

method (Yalpani & Brooks,1985)) for reducing end spin labelling of BG, AX and GM, in which, 

up to 46% labelling efficiency could be achieved for these DFs (see Table 1).  

Effect of reducing end labelling on properties of DF   

For the reducing end labelling, a pH of 4.5 of Gn·HCl buffer solution at room temperature was 

used, and the reaction was only carried out for 2 h before purification. As shown in Figure 3 of 

HPSEC retention profile, when comparing the retention volume between native DF and 

reducing end labelled DF-SL, different extents of degradation were found in the different types 

of DF.  The labelling process caused a small decrease in Mw (from 168 kDa to 146 kDa, Table 

1�����Z�L�W�K���E�D�U�O�H�\����-glucan (BG-SL), while, virtually no changes were found in the dispersity (Ð), 

intrinsi�F���Y�L�V�F�R�V�L�W�\�����>���@�����D�Q�G hydrodynamic radius (Rh) (Table 1). Similarly, a slight decrease of 

Mw in addition to a significant decrease in dispersity Ð = Mw/Mn were found for arabinoxylan 

(AX) as the result of an increase of Mn, which means this method made AX sample more 

homogenous in terms of molecular weight distribution. Compared to BG and AX, GM, on the 

other hand, seemed to be more sensitive under the applied reaction conditions, since there was 

a significant decrease in both Mn and Mw. In addition, a more significant decrease of Mn than 

of Mw was found for spin labelled GM that led to a significant increase in Ð (from 1.2 to 2.7, 

see Table 1), which also can be observed as the broadened peak in the retention volume profile 

in the HPSEC analysis (Figure 3). As expected for significantly shortened DF, the values of 

viscosity and hydrodynamic radius of GM-SL are almost half those of the native GM values. 

For both linearly branched DFs (AX and GM), there is no change in the sugar composition from 

this spin labelling method. 
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Table 2. Molecular weight (Mw) and its dispersity (Ð), intrinsic viscosity ([��]), hydrodynamic radius (Rh) and 
sugar composition before and after spin labelling in BG, AX, and GM, as well as the labelling efficiency (P). Ara, 
Xyl, Gal and Man stand for arabinose, xylose, galactose and mannose, respectively. 

 BG-Native BG-SL AX-Native AX-SL GM-Native GM-SL 

Mw (kDa) 168±1 146±3 305±1 252±17 1900±12 696±3 

Ð (= Mw/Mn) 1.50±0.00 1.58±0.00 2.30 ±0.02 1.68±0.07 1.20±0.02 2.71±0.18 

�>���@�����G�/���J�� 2.49±0.01 2.52±0.01 3.93±0.00 3.59±0.05 13.41±0.43 6.57±0.03 

Rh (nm) 17.8±0.02 17.2±0.08 25.0±0.02 23.0±0.46 72.6±2.37 39.0±0.14 

P (%) - 43±3 - 42±5 - 46±3 

Sugar 

composition 

- - Ara/Xyl 

40/60 

Ara/Xyl 

40/60 

Gal/Man 

40/60 

Gal/Man 

40/60 

 
Figure 3. HPSEC elugrams using the refractive index signal of native BG, BG-SL, native AX, AX-SL, native GM 
and GM-SL. 

In addition, a conformation study was conducted by using the Mark-Houwink-Sakurada 

equation that describes the relationship between viscosity and molecular weight as shown 

below (Halabalová et al.,2004): 

[��] = K·Mw�. 

                                                     log ([��]) = log (K) + �.· log( Mw)                           Equation (6) 

in which, the parameter of �. reflects the conformational state of the polymer. In general, when 

�.< 0.5, a compact sphere structure of the polymer is expected in solution, and �. values between 

0.5 to 0.8 are considered as flexible polymers with a random coil structure, whereas from 0.8 

to 1.8, the conformation of the polymer tends to transform gradually from semi-flexible to a 
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rigid rod like conformation (�.>1.8). In addition, the �. value as a function of Mw was obtained 

by the first derivative of the original Mark-Houwink relationship:  

                                                     d(log[��]) = �.·d(log( Mw)) 

consequently:                                     �. =��
�b�:�j�m�e�>�—�?�;

�b�:�j�m�e���:�Æ�ê�;�;
                                                Equation (6) 

�)�R�U����-glucan, the slope of Mark-Houwink curve of BG-SL (Figure 4A) changed in the high 

Mw range (above 300 kDa) and low Mw range (below 70 kDa) compared with native BG. The 

�.���S�D�U�D�P�H�W�H�U���D�V���D���I�X�Q�F�W�L�R�Q���R�I���W�K�H���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W����Figure 4D) showed that there were in fact 

four different conformations found in native BG, a very small portion of rigid rod like structure 

(�.>1.8) below Mw of 70 kDa; a portion of semi-flexible structure (0.8<�. <1.8) located in Mw 

range from 70�±100 kDa, one larger portion on flexible structure in the range of 100 to 350 kDa, 

and a portion in the high molecular weight range (above 350 kDa) corresponding to a compact 

sphere structure. Interestingly, after reducing end spin-labelling, it seems that the spin labelled 

BG became more homogenous in conformational distribution, with most of the BG-SL located 

in the flexible coil conformation area and with only a small portion in the sphere and semi-

flexible conformation area. In the case of AX, there was no significant change in Mark-

Houwink plot excluding a slightly different slope below 70 kDa (Figure 4B), and the derivative 

data (Figure 4E) indicated that the conformation was conserved after the reducing end labelling 

(both containing sphere, random coil, and semi-flexible structures). However, in the case of 

GM, although there was a relatively large decrease in Mw after labelling, the slope seems not 

to have changed so much in the Mark-Houwink plot (Figure 4C), however, the labelling 

process seems to have removed compact sphere conformation from the sample that only contain 

random coil and semi-flexible conformations (Figure 4F). Again, a more homogeneous 

conformational distribution was the result of the spin labelling process also for GM-SL, with 

predominant flexible coil conformation and a small portion of semi-flexible structures below 

~120 kDa. 

�2�Q�H���K�D�V���W�R���N�H�H�S���L�Q���P�L�Q�G���W�K�D�W���W�K�H���D�F�F�X�U�D�F�\���R�I���W�K�H���.���Y�D�O�X�H�V���L�V���W�K�H highest in the middle portion 

of the Mw distribution were most of the material elutes in the HPSEC, and that towards low 

and high Mw, the data is less precise due to the low concentration of material at the front and 

tail ends of a DF peak in HPSEC, as well as due to potential interference from e.g. remaining 

traces of aggregates at higher Mw that could inflate the light scattering signal. Nevertheless, the 

first derivative of the Mark-Houwink plot still gives valuable information on DF conformation 

trends, and allows for easy idenfitication of significant heterogeneous populations as was the 

case for native GM. 
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Figure 4. Top row A) to C):  Mark-Houwink plot of BG, AX, and GM, respectivcly. Each show the data before 
(black line) and after (red line) the reducing end labelling; bottom row D) to F): the first derivative taken of the 
respective Mark-Houwink data from the top row, which describes �. as a function of Mw. The dotted reference 
lines refer to the conformation guides (�.< 0.5: compact sphere; 0.5<�.<0.8: flexible random coil; 0.8< �.<1.8, semi-
flexible polymer; �.>1.8 rigid rod like conformation), and the greyed in area emphasizes the difference in �. values 
for the same Mw range between native fiber and reducing end labelled fiber. 

Stochastic multi-spin labelled DF (DF-MSL) 

Multi -spin labelling can reveal detailed structural information that site-selective reducing end 

labelling cannot, since the spins are randomly distributed along the fiber chains and not only on 

the chain ends. For instance, the ESR spectra of multi-spin labelled polysaccharides were 

complex and seemed to indicate the presence of two nitroxyl populations, one more mobile and 

probably located at the exterior surface, the other less mobile and located in interior pockets or 

cores (Gnewuch & Sosnovsky,1986; Yalpani & Hall,1981). Unfortunately, most efforts of 

multi-spin labelling polysaccharides have been invested into charged polysaccharides (like 

alginic acid, xanthan gum) or water-insoluble polysaccharides (e.g. cellulose), only few papers 

were published for neutral, water-soluble DFs, and still exhibited very low labelling efficiency, 

and did not verify if the properties of DF have been preserved (Gnewuch & Sosnovsky,1986). 

Among these works for spin labelling neutral water-soluble DFs, the most popular method was 

using the water sensitive reagents carboxylic anhydride or acyl chloride for the acylation of 

hydroxyl groups in the polysaccharide. However, for native water-soluble DF, there is 

intrinsically a relatively high residual water content even in the lyophilized materials, which is 

difficult to remove completely due to hydrogen bonding. This may be the reason for the 

obtained low labelling efficiency, since the acylating reagent is hydrolysed. Thus, we developed 

a new pathway for synthesis of stochastic multi-spin labelled BG, AX, and GM, and the 

influence of this method on the properties of the polysaccharides was evaluated.  
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In our synthetic pathway, a pre-activation was performed by partially tosylating hydroxyl 

groups of the polysaccharide to produce DF-OTs, which was confirmed by 1H NMR (see 

Figure S4, S5, and S6) as the proton signals in the low field of the spectrum (chemical shifts 

at 7.49 and 7.48 ppm) correspond to phenyl protons, and the signal at 2.42 ppm corresponds to 

�W�R�V�\�O�¶�V�� �P�H�W�K�\�O�� �J�U�R�X�S���� �7�K�H�Q���� �D�]�L�G�H�� �J�U�R�X�S�V�� �D�V�� �W�K�H�� �O�L�Q�N�H�U�V�� �Z�H�U�H�� �L�Q�W�U�R�G�X�F�H�G�� �L�Q�W�R�� �W�K�H�� �F�K�D�L�Q�� �Ey 

nucleophilic substitution of OTs groups, with 1H NMR showing a complete substitution to DF-

N3 taking place, confirmed by disappearing proton signals of the OTs groups. The N3 group 

was further confirmed by FT-IR (Figure S7), with a significant band at 2100 cm-1 in the 

spectrum corresponding the N3 group attached to the fibers. In the last step, the pre-synthesised 

alkynyl-TEMPO (3) (confirmed by HRMS, MS (m/z): (ESI, MeOH) Calculated for 

[C13H21N2O2]+: 237.1603; found 237.1606) was introduced into the fib�H�U�� �W�K�U�R�X�J�K�� �µ�F�O�L�F�N�¶��

chemistry.  

Labelling efficiency optimization  

In our initial experiment, a large excess of reagent was first applied to test the feasibility of this 

MSL-method on BG. Briefly, 5 equiv. of TsCl, 5 equiv. of NaN3, 5 equiv. alkynyl-TEMPO (3) 

(equivalents on the basis of monosaccharide repeating unit) were applied in the first, second 

and last step of the pathway, respectively (Scheme 4). An extremely high labelling efficiency 

���'�6�§�����������Z�D�V���R�E�W�D�L�Q�H�G���X�Q�G�H�U���W�K�H�V�H���F�R�Q�G�L�W�L�R�Q�V�����D�Q�G���W�K�H���&�:-EPR spectrum showed very slow 

motion (�ì�U��� ���������Â����-10 s; Figure S8 in the supporting information). However, this high degree 

of hydroxyl groups substituted with spin labels led to a water-insoluble product. Therefore, we 

optimized the labelling efficiency by running the tosylation reaction under four different 

conditions (i, ii, iii, iv) by controlling the equivalents of TsCl in the first step of the reaction 

pathway (see Scheme 4). These BG-MSL products were tested with HPSEC, and products 

prepared from condition ii) and iiii), formed an aggregate according to the right-angle light 

scattering (RALS) signal (Figure S9B). From the Mark-Houwink plot (Figure S9C), there was 

no significant change in the shape of the curve, except the product made from condition iv) 

(Figure S9D). An increasing intensity of UV absorption (resulting from the TEMPO-moiety on 

BG; Figure 5A) with increase of DS value was found, which demonstrated a successful 

introduction of TEMPO on BG, as well as additionally confirmed an increasing labelling 

efficiency in the order of i), ii), iii), and iv) products. Due to the observed aggregation in the 

RALS signal, 60 oC was set in the temperature of the autosampler to remove aggregation in 

order to acquire accurate Mw, and to subsequently calculate labelling efficiency. At higher 

temperature, the aggregates disappeared (Figure S10), without change of the retention volume 

position of the main peak compared to the room temperature HPSEC conditions, and thus, Mw 

could be determined accurately with these data. As shown in Table 2, with increasing 

equivalents of reactant (TsCl) in the first step of the pathway, an increasing labelling efficiency 
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was found. It is worth noting that there is a linear relationship between the equivalents of TsCl 

in first step and the final labelling efficiency (Figure 5B), which means a tuneable labelling 

efficiency was achieved, and it is possible to obtain a desired labelling efficiency by controlling 

the amount of added reagent in the first step of our method. In the resulting multi -spin labelled 

BG, the molecular weight (Mw and Mn), dispersity (Ð) and hydrodynamic radius (Rh) are very 

similar (in i, ii and iii, Table 2) when labelling efficiency stays below 4.8%, and a lower Mw, 

Mn, Ð, and Rh was found when labelling efficiency reaches 6.7% in iv. Mw changes of BG-

MSL compared to BG-native are discussed in section 3.1.4. 

 
Figure 5. HPSEC elugrams with A) Ultraviolet (UV) detection of BG-MSL (i, ii, iii, iv ) of different labelling 
efficiencies. The linear relationship between equivalents of TsCl and final labelling efficiency. 

Table 2. The weight average molecular weight (Mw), molecular weight dispersity (Ð), and hydrodynamic radius 
(Rh), all determined by HPSEC run at 60 oC, and the labelling efficiency (as DS) of final multi-spin labelled BG 
when adding different equivalents of TsCl in the first step of the synthetic route. 

 equiv. of TsCl Mw (kDa) Ð (= Mw/Mn) Rh (nm)  DS (%) 

i) 0.13 89.8±0.3 1.19±0.01 13.5±0.00 2.3±0.02 

ii)  0.18 93.3±0.6 1.19±0.03 12.3±0.00 3.2±0.05 

iii)  0.26 84.6±0.2 1.17±0.05 12.0±0.00 4.8±0.07 

iv) 0.36 30.3±0.2 1.20±0.13 6.33±0.00 6.7±0.05 

�7�R���H�Y�D�O�X�D�W�H���W�K�H���S�R�W�H�Q�W�L�D�O���F�K�D�Q�J�H�V���R�Q���W�K�H���E�L�R�D�F�W�L�Y�L�W�\���R�I����-glucan in terms of binding property 

caused by synthesis, an isothermal titration calorimetry (ITC) experiment was conducted. This 

is of great importance to interaction studies, which should not be altered through the labelling 

procedure. Congo red, known to strongly bind to �����:�������� �����:��������-linked polysaccharides 

(Semedo et al.,2015; Wood,1980), was used as the positive control ligand to study binding 

property of native and spin-labelled cereal ��-glucan. In this experiment, the same mass 

concentration (0.1 mg/mL in PBS buffer, pH 7.4) was used in the sample cell for native and 
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BG-MSL of various labelling efficiency (i, ii, iii, iv ) to make sure the repeating unit 

monosaccharide concentrations are almost the same, and 2.5 mM congo red in the same buffer 

solution was loaded into the syringe for titration. There was no significant change with labelling 

efficiency i) 2.3% in the titration raw heating flow compared to native BG, while a tiny change 

was found for ii ) 3.2% labelling efficiency (see Figure 6A). However, the significant smaller 

heat flow spikes were observed when labelling efficiency reached DS = 4.8% and above, which 

means the binding ability is significantly compromised. From the binding isotherm plot, a very 

�V�L�P�L�O�D�U���E�L�Q�G�L�Q�J���P�R�G�H���Z�L�W�K���V�L�P�L�O�D�U���V�D�W�X�U�D�W�L�R�Q���S�R�L�Q�W�V�����P�R�O�D�U���U�D�W�L�R���D�U�R�X�Q�G���������Â����-2 = 0.005 congo 

red per monosaccharide unit) was found among native BG and BG-MSL with labelling 

efficiency of i) 2.3% and ii ) 3.2% (see Figure 6B). A different binding behaviour with lower 

�V�D�W�X�U�D�W�L�R�Q���S�R�L�Q�W�����D�U�R�X�Q�G���������Â����-2 = 0.003) was found in BG-MSL with labelling efficiency of 

iii ) 4.8% and iv) 6.7% due to a larger number of hydroxyls on DF having been substituted by 

the spin labels.  Therefore, a labelling efficiency up to 3.2% is acceptable for maintaining the 

binding property, which was considered as the optimal labelling efficiency. 

 
Figure 6. ITC of congo red with native BG and BG-MSL (i, ii, iii, iv ). A) Experimental raw data consisting of a 
series of heat flow spikes, with every spike corresponding to one ligand injection for native BG ; BG-MSL labelling 
efficiency with DS = i) 2.3% , ii ) 3.2%, iii ) 4.8%, and iv) 6.7% ; B) Binding isotherms resulting from the integration 
of the heat flow spikes, showing the total heat exchanged per injection; the molar ratio refers to the ratio between 
congo red over monosaccharide units; vertical dotted lines represent the saturation point of molar ratio between 
congo red and monosaccharide units for the respective BG and BG-MSL. 

Effect of stochastic multi-spin labelling on properties of DF 

According to the results from the ITC experiments in multi-spin labelled BG, the labelling 

efficiency (or degree of substitution per repeating unit) can maximally reach 3.2% without 

significantly compromising the property of the binding. Thus, the same conditions that 

produced 3.2% labelling efficiency of BG were applied in synthesising AX-MSL and GM-MSL, 

namely using 0.18 equiv. (equivalents to monosaccharide repeating unit) of TsCl in the first 

step of the synthetic pathway for multi-spin labelled polysaccharides. A labelling efficiency of 

3.1% and 3.3% for AX and GM were obtained (Table 3), respectively, which are remarkably 
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similar to the 3.2% labelling efficiency of BG, hence demonstrating a high reproducibility of 

the method even with different DF. For all the three DFs (BG, AX, GM), the final Mw as well 

as viscosity decreased after the multi-spin labelling process (Table 3). However, for BG, no 

significant degradation was found in the first step of TsCl modification as well as the last step 

�R�I���µ�F�O�L�F�N�¶���F�K�H�P�L�V�W�U�\���Z�L�W�K���D�O�N�\�Q�\�O-TEMPO (3) (Scheme 4), instead, the degradation happened 

in the second step, namely the substitution of OTs with NaN3, probably due to the thermal 

treatment (Lu et al.,2018; Saravana et al.,2018), leading to an overall reduction of Mw by nearly 

half (from 167 to 93 kDa, see Figure 7A and Table 3). However, for AX, the degradation 

occurred in both the first step of tosylation and the second step of NaN3 substitution as peak 

shift to high retention volume in HPSEC elugrams (Figure7B�������Z�K�L�O�H���W�K�H���I�L�Q�D�O���µ�F�O�L�F�N�¶���U�H�D�F�W�L�R�Q 

between alkyne and azide group had a minor effect on Mw, and an overall degradation of only 

28% in Mw was found (Table 3). It is worth noting that the Mw dispersity of final AX-MSL 

did not change from the native AX. Among these fibers, it seems that GM is the most sensitive 

in the three DFs with a continually decreasing Mw in every step of the synthesis (Figure 7C), 

resulting in the most extensive degradation (from 1900 to 60 kDa) among the three DFs, 

similarly to the extensive degrataion that was found in producing of reducing end labelled GM 

(GM-SL). The Mw dispersity (Ð), on the other hand, did not change in the final GM-MSL 

product when compared with the native GM. Conformational changes were again analysed by 

Mark-Houwink plots. For BG, no significant change in the conformation was found (Figure 

7D). However, for AX and GM, there is an additional small portion of rigid rod like 

conformation (�.>1.8) at the low molecular weight range produced by the synthetic process 

(Figure 7E and F; for detailed information on molecular weight distribution vs. �. value, see 

Figure S11). 

 
Figure 7. HPSEC elugrams with refractive index (RI) detection for the -Native, -OTs, -N3, and -MSL products of 
A) BG; B) AX; C) GM; and the respective Mark-Houwink plots in D) BG; E) AX; and F) GM. The synthetic 
conditions for all three fibers are the same using the optimal ii ) 0.18 equiv. (to monosaccharide units) condition of 
the tosylation reagent in the first step (Scheme 4). 
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Table 3. The weight-average molecular weight (Mw), molecular weight dispersity (Ð), intrinsic viscosity ([��]), 
and hydrodynamic radius (Rh) results from HPSEC analysis of BG, AX & GM and their synthetic intermediates 
and final multi-spin labelled products (MSL). 

 
Mw (kDa) Ð (= Mw/Mn) [��] (dL/g) Rh (nm) 

BG-Native 168±1 1.50±0.00 2.49±0.01 17.8±0.02 

BG-OTs 167±2 1.53±0.01 2.48±0.03 17.9±0.13 

BG-N3 93±1 1.16±0.04 1.09±0.01 12.3±0.00 

BG-MSL 93±1 1.19±0.03 1.11±0.04 12.3±0.00 

AX-Native 305±1 2.30±0.02 3.93±0.00 25.0±0.02 

AX-OTs 272±6 1.76±0.04 3.14±0.01 22.4±0.15 

AX-N3 188±3 1.94±0.04 1.93±0.00 16.3±0.72 

AX-MSL 222±4 2.32±0.40 1.67±0.05 16.2±0.30 

GM-Native 1900±12 1.20 ±0.02 13.4±0.4 72.6±2.4 

GM-OTs 828±6 2.20±0.05 6.68±0.01 23.3±1.6 

GM-N3 157±1 1.20±0.01 4.03±0.03 21.0±0.12 

GM-MSL 60±0.2 1.20±0.01 1.75±0.01 11.6±0.04 

To make sure that the optimised labelling efficiency for stochastic multi-spin labelled BG is 

valid for AX and GM, similar ITC experiments on the binding ability to small molecules were 

conducted as established for BG. Here, aspirin (ASP) was selected as the ligand for the 

interaction study, which was already studied in our previous work (Lupo et al.,2022). Briefly, 

0.5 mg/mL of DF samples in water were used in sample cells for native DF and DF-MSL. 3 

mM ASP in water solution were loaded into the syringe for titration. In the raw titration heat 

flow data, no significant change was found in stochastic multi-spin labelled AX (AX-MSL) 

compared to AX-native (Figure S12A), and the binding stoichiometry (Figure 8A) showed an 

�L�Q�V�L�J�Q�L�I�L�F�D�Q�W���V�K�L�I�W���R�Q���W�K�H���V�D�W�X�U�D�W�L�R�Q���U�D�W�L�R�����$�6�3���W�R���P�R�Q�R�V�D�F�F�K�D�U�L�G�H�����I�U�R�P�����������Â����-2= 0.0052 (for 

�Q�D�W�L�Y�H�� �$�;���� �W�R�� ���������Â����-2= 0.0046 (for AX-MSL). In the case of GM, similar results were 

obtained, with insignificant change in the raw titration heat flow data (Figure S12B) as well as 

�L�Q���W�K�H���U�H�V�X�O�W���R�I���E�L�Q�G�L�Q�J���V�W�R�L�F�K�L�R�P�H�W�U�\�������������Â����-2� �����������������D�Q�G�����������Â����-2= 0.0045 for native GM 

and GM-MSL, respectively, Figure 8D). These results demonstrate that the optimised 

condition for synthesis of BG-MSL are also applicable in the cases of AX and GM, with 

insignificant changes in the function of binding with small molecules.  
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Figure 8. ITC binding isotherms resulting from the integration of the heat flow spikes (Figure S12 in supporting 
information), giving the total heat exchanged per injection for (A) AX-Native, AX-MSL; and (B) GM-Native, 
GM-MSL. The molar ratio refers to the ratio between ASP over monosaccharide units; vertical dotted lines 
represent the saturation point of molar ratio between ASP and monosaccharide. 

Room temperature CW-EPR study  

Room temperature continuous wave electron paramagnetic resonance (CW-EPR) study was 

conducted for both reducing end spin labelled DF (BG-SL, AX-SL, GM-SL) and stochastic 

multi-spin labelled DF (BG-MSL, AX-MSL, GM-MSL) in aqueous solutions. The EPR 

spectrum of the nitroxide radical consists of three components due to the interaction of the 

electron spin with the strongly coupled nuclear spin of 14N (nuclear spin 1, ms=-1, 0, +1). In 

solution state, due to the stochastic rotational tumbling, the anisotropies of the electron spin 

Zeeman interaction and electron-nuclear hyperfine interaction average out to result in three 

nearly symmetric lines in the CW-EPR spectrum of nitroxide radicals. However, due to the 

differences in the hyperfine interaction for the three different nuclear spin states, the overall 

anisotropy of the resonance field is different for the three EPR lines, and while rotational 

tumbling is capable of averaging them, the remaining linewidths are not equal: the central line 

has the smallest overall anisotropy and thus has the narrowest line in the case of rotational 

tumbling, the low-field line has intermediate anisotropy and thus intermediate linewidth, while 

the high-field line is characterized by the strongest anisotropy and thus has the largest linewidth 

under rotational tumbling conditions. Differences in the linewidth manifest themselves also in 

the differences in the peak-to-peak amplitudes of the three lines. The shorter the characteristic 

rotational tumbling time is, the less pronounced are the differences in the linewidths of the three 

nitroxide lines in the CW-EPR spectrum. 

The free radical TEMPO showed the described three sharp lines pattern with nearly equal peak-

to-peak amplitude (black line in Figure 9A and 9B), indicating a very fast rotational tumbling. 

However, when attaching the TEMPO-moiety to the end of the DF based on our reducing end 

labelling pathway, line broadening was observed for all three lines, and the peak-to-peak 
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amplitude of the high-field EPR line decreased, as compared to the central EPR line (Figure 

9A). This phenomenon was detected in all three reducing end spin labelled fibers, that may be 

attributed to the reduction of the rate of TEMPO tumbling upon its attachment to the fiber. 

Interestingly, the third line of hyperfine triplets showed lower peak-to-peak amplitude in 

branched fibers AX-SL and GM-SL than in linear fiber BG-SL which reflects a more restricted 

tumbling of spin label that may be due to larger viscosity of the AX-SL and GM-SL in 

comparison to BG-SL (refer to Table 1).  

An even stronger decrease in the relative peak-to-peak amplitude of the third line of the EPR 

spectrum was found on DF-MSL as shown in Figure 9B. This showed the same trend as in the 

previously published works (Gallez et al.,1994), and may be explained by somewhat larger 

mobility of the DF ends as compared to the middle parts of the DF chain. The values of the 

rotational correlation times of the nitroxide radical moieties were calculated using an empirical 

equation described in the method section.It is worth noting that GM-MSL showed the lowest 

rotational correlation time (�ìr being double the value of AX-MSL; Table 4), which could be 

related to the degree of branching for GM-MSL (Gal: Man = 40:60) being higher than for AX-

MSL (20:80) (Figure S14), as determined by monosaccharide analysis with HPAEC-PAD. 

 
Figure 9. EPR spectra measured in aqueous solutions at room temperature of A) Free TEMPO; BG-SL, AX-SL, 
and GM-SL; B) Free TEMPO; BG-MSL, AX-MSL, and GM-MSL. 

Table 4. The rotational correlation time (�ìr) of Free TEMPO, BG-SL, AX-SL, GM-SL, BG-MSL, AX-MSL, and 
GM-MSL calculated from EPR lines measured in water at room temperature. 

Sample Rotational correlation time �ìr (10-10 s) 

Free TEMPO 0.16±0.03 
BG-SL 0.80±0.02 
AX-SL 1.64±0.03 
GM-SL 1.97±0.05 

BG-MSL 2.80±0.03 
AX-MSL 2.40±0.04 
GM-MSL 4.32±0.04 
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Conclusion 

�,�Q���W�K�L�V���Z�R�U�N�����X�V�L�Q�J���E�D�U�O�H�\����-glucan, arabinoxylan, and galactomannan as three different neutral 

water-soluble dietary fibers, we established two strategies, namely the site-selective reducing 

end labelling and stochastic multi-labelling for the synthesis of spin labelled polysaccharides. 

In the site-selective labelling, the labelling efficiency was improved to up to 46% (per chain), 

nearly three times higher than previously published work. In the stochastic multi-spin labelling, 

a controllable labelling efficiency was achieved by the equivalents of tosylating reagent in the 

first step of the synthetic route, the labelling efficiency can reach extremely high levels of 

DS~1.5, but at the price of compromising functionality. Thus, the labelling efficiency was 

o�S�W�L�P�L�V�H�G�� �D�W�� ���������� ���S�H�U�� �V�X�J�D�U�� �U�H�S�H�D�W�L�Q�J�� �X�Q�L�W�� �I�R�U�� ��-glucan) to maximally preserve its binding 

properties while ensuring a strong enough EPR signal. In addition, the influence of each 

synthetic step of the labelling method on molecular weight, conformation, and viscosity was 

evaluated. Namely, for the site-selective reducing end labelling method, the resulting BG-SL 

displayed no significant changes in Mw and viscosity, but a more homogenous distribution of 

mainly flexible coil conformation. AX showed little decrease in weight average molecular 

weight (Mw) and dispersity (Ð). GM, on the other hand, displayed the largest changes with 

extensive Mw degradation, viscosity decrease, and increase of dispersity (Ð).  

For the stochastic multi-spin labelling method (MSL), for BG, the changes occured in the first 

tosylation step of the synthetic pathway. In the case of AX, Mw changed in both the first and 

the second step (substitution with azide), while GM was more sensitive and showed again the 

biggest changes (similar to reducing end labelled GM) in every step of the synthesis. Although 

the method of stochastic multi-spin labelling decreased the Mw and viscosity of all the three 

fibers, the study of binding ability by ITC showed no significant change in binding functionality 

for all the DFs. In addition, room temperature CW-EPR was conducted, and the rotational 

correlation times were calculated, which showed reduced mobility of the spin label in multi-

labelled DFs as compared to the reducing end labelled DFs, and more rigid mobility of highly 

branched fiber (GM) than less branched or linear fibers (AX and BG).  

In conclusion, this work used BG, AX, and GM as models for neutral water-soluble dietary 

fibers for spin labelling, which provide a new scope in labelling DF. But it should be noted that 

the synthetic routes are not limited to these types of polysaccharides. The optimised spin 

labelled DFs from these methods are currently under investigation via pulse EPR technologies, 

which could provide more detail information on the bioactivity and physicochemical properties 

to better understand the function of polysaccharides. 
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Figure S1. 1H NMR spectrum of reduction product from compound 1 (400 MHz, Chloroform-d) �/ 8.04 (s, 1H), 
4.29 (s, 1H),4.23 (m, 1H), 1.84 (s, 9H), 1.46 (m, 2H), 1.22 (m, 12H) ppm. The radical form the product was 
characterized by HRMS. MS (m/z): (ESI, MeOH) calculated for [C13H21N2O2]+ : 344.2185; found 344.2186. 

 

Figure S2. 13C NMR spectrum of reduction product from compound 1 (400 MHz, CDCl3) �/ 167.84, 157.86, 82.98, 
76.02, 45.09, 40.43, 32.13, 28.02, 19.62 ppm. 
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Figure S3. 1H NMR of the reduction product from compound 2 (400 MHz, Chloroform-d) �/ 5.64 (s, 2H), 4.19 (m, 
1H), 4.16 (s, 2H), 1.93�±1.89 (m, 2H), 1.39 (t, J = 12.3 Hz, 2H), 1.23 (m, 12H) ppm. 

 

Figure S4. 1H NMR (400 MHz, DMSO-d6) of native BG (blue line), BG-OTs (green line), and BG-N3 (red line). 
The inserted red numbers are the assigned of chemical shifts to tosyl group on BG-OTs. 
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Figure S5. 1H NMR (400 MHz, DMSO-d6) of native GM (blue line), GM-OTs (green line), and GM-N3 (red line). 
The inserted red numbers are the assigned of chemical shifts to the tosyl group on GM-OTs. 

 

Figure S6. 1H NMR (400 MHz, DMSO-d6) of native AX (blue line), AX-OTs (green line), and AX-N3 (red line). 
The red numbers are the assigned chemical shifts to the tosyl group on AX-OTs. 
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Figure S7. FT-IR spectra of A) native BG, BG-OTs, BG-N3; B) native AX, AX-OTs, AX-N3; C) native GM, GM-
OTs, GM-N3. 

 

Figure S8. EPR spectra of free TEMPO and BG-MSL with DS of 1.5 in DMSO solution. MLS, multi-spin labelled; 
DS, degree of substitution (number of labels per monosaccharide unit). 
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Figure S9. HPSEC elugrams with A) refractive index (RI) detection; B) right angel light scattering (RALS) 
detection; C) Mark Houwink plots; D) the first derivative of the Mark-Howink plots (�Æ y-axis = �. parameter) of 
native BG and BG-MSL (i, ii, iii, iv ) of different labeling efficiencies. 

 

Figure S10. Right angle light scattering (RALS) signal of native BG, and BG-MSL with labelling efficiencies of 
2.30%, 3.16%. 4.75%. and 6.70% (using auto-sampler at 60 oC to reduce aggregations). 
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Figure S11. The first derivative of Mark-Houwink plots corresponding to the �. parameter distribution of native 
DFs and their synthetic intermediates (-OTs, tosylated; -N3, azide substituted) and final multi-spin-labelled (MSL) 
products for A) BG; B) AX; and C) GM.  

 

Figure S12. Experimental raw data consisting of a series of heat flow spikes, with every spike corresponding to 
one ligand injection for A) AX native, AX-MSL and water as the control; and B) GM native, GM-MSL and water 
as the control. 

 

Figure S13. HPSEC right angle light scattering (RALS) signal of A) native BG and BG-SL; B) native GM and 
GM-SL; C) native AX and AX-SL. 
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Figure S14, Sugar composition for AX-MSL and GM-MSL determined by HPAEC-PAD. Ara, Xyl, Gal and Man 
stand for arabinose, xylose, galactose and mannose, respectively. 
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Interaction of Barley ��-Glucan with Food Dye Molecules �± an Insight from 

Pulse Dipolar EPR Spectroscopy 

Xiaowen Wu, Samy Boulos, Victoria Syryamina, Laura Nyström, Maxim Yulikov, 

Carbohydrate Polymers, 2023, 309, 120698 

Abstract 

The interactions between dietary fibers (DFs) and small molecules are of great interest to food 

chemistry and nutrition science. However, the corresponding interaction mechanisms and 

structural rearrangements of DFs at the molecular level are still opaque due to the usually weak 

binding and the lack of appropriate techniques to determine details of conformational 

distributions in such weakly organized systems. By combining our previously established 

methodology on stochastic spin-labelling of DFs with the appropriately revised set of pulse 

electron paramagnetic resonance techniques, we present here a toolkit to determine the 

interactio�Q�V���E�H�W�Z�H�H�Q���'�)�V���D�Q�G���V�P�D�O�O���P�R�O�H�F�X�O�H�V�����X�V�L�Q�J���E�D�U�O�H�\����-glucan as an example for neutral 

DF and a selection of food dye molecules as examples for small molecules. The proposed here 

�P�H�W�K�R�G�R�O�R�J�\�� �D�O�O�R�Z�H�G�� �X�V�� �W�R�� �R�E�V�H�U�Y�H�� �V�X�E�W�O�H�� �F�R�Q�I�R�U�P�D�W�L�R�Q�D�O�� �F�K�D�Q�J�H�V�� �R�I�� ��-glucan by detecting 

multiple details of the local environment of the spin labels. Substantial variations of binding 

propensities were detected for different food dyes. 

Key words: water-�V�R�O�X�E�O�H�� �G�L�H�W�D�U�\�� �I�L�E�H�U�V���� ��-glucan; binding interaction; food dye; electron 

paramagnetic resonance, double electron-electron resonance.  
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Introduction  

Dietary fibres (DFs) are commonly defined as polysaccharides and lignins that cannot be 

digested by the endogenous secretions of the human alimentary tract (Bach Knudsen, 2001; Jha 

& Berrocoso, 2015; Jha & Mishra, 2021). Lignins are poorly soluble, and together with 

insoluble polysaccharide-based DFs, their function in the human digestion tract is thought to 

act mainly to fill volume and create a sense of satiety. Water-soluble polysaccharide-based DFs 

have more diverse functions in the digestive process: they have effects on gut microbiota, 

immune system and, importantly for our study, on the absorption of small molecule nutrients 

during digestion. For brevity, we will further in this work refer to the polysaccharide-based DFs 

as just DFs. Retention of molecules through the action of DFs contributes to the decrease of the 

�P�R�O�H�F�X�O�H�V�¶���D�E�V�R�U�S�W�L�R�Q���I�U�R�P���W�K�H���G�L�J�H�V�W�L�Y�H���W�U�D�F�W�����$�V���D�Q���H�[�D�P�S�O�H�����V�R�P�H���V�R�O�X�E�O�H���'�)-rich diets limit 

the reuptake of bile salts and hence can decrease blood levels of metabolically related low-

density lipoprotein cholesterol, reducing the risk of cardiovascular diseases (Anderson et al., 

2009). The blood-�F�K�R�O�H�V�W�H�U�R�O�� �O�R�Z�H�U�L�Q�J�� �S�U�R�S�H�U�W�\�� �R�I�� �W�K�H�� �V�R�O�X�E�O�H�� �'�)�� �F�H�U�H�D�O�� ��-g-lucan is even 

recognized as health claims by the European Food Safety Authority (EFSA, 2011) as well as 

the U.S. Food and Drug Administration (FDA, 2009).  

The physiological reasons behind these effect on health are widely recognized to be mainly 

physical properties of the DF in an aqueous environment: During digestion, the DF gets 

hydrated forming a gel while part of it reaches full solubilization (to varying degrees), 

increasing the viscosity of the intestinal contents. This consequently prevents partial absorption 

of some molecules due to physical entrapment in the formed gel and/or slow down nutrient 

absorption from the gut due to a viscosity-induced slower diffusion  (Gunness & Gidley, 2010; 

Weickert & Pfeiffer, 2008). On the other hand, retention by direct interaction (molecule-

molecule interaction) of DFs with nutrients might also play an important role on the health-

related effects, which is difficult to determine due to the relatively weak binding (Gunness & 

Gidley, 2010). Unlike charged DFs, where the modes of non-covalent binding include relatively 

strong electrostatic interactions in the case of oppositely charged ligands (Aguirre-Ramírez et 

al., 2021; Meldrum et al., 2017), neutral DFs are restricted to bind with molecules via 

hydrophobic interactions, hydrogen bonding and van der Waals interactions. Therefore, the 

molecule retention effect by DFs includes both the viscosity/physical entrapment as well as the 

direct molecular interaction mechanis�P�����V�L�P�S�O�L�I�L�H�G���D�V���µ�L�Q�W�H�U�D�F�W�L�R�Q�¶���I�U�R�P���K�H�U�H���R�Q������ 

To date, many strategies were applied in studies of the molecule retention effect by DF both in 

vitro and in vivo. In vivo, the main strategy is to monitor the level of biomarkers or metabolomic 

products such as fatty acids, lipids and cholesterol after DF consumption (Delannoy-Bruno et 

al., 2022; Munoz, 1982). However, with the mentioned biomarkers or metabolic products, there 

is no way to determine if the effect came from the decrease in absorption of a metabolically 
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relevant molecule through the viscosity/physical entrapment-effect of the DFs, or if additionally, 

interaction between DFs and the molecule also played a role in the lowered uptake. For the in 

vitro interaction studies, different strategies have been applied, including: detecting energy 

release from binding (Lupo et al., 2022; Wei et al., 2019), detecting DF particle size changes 

(Behera et al., 2021; Tudorache & Bordenave, 2019), detecting changes of ligand light 

absorption (Boachie et al., 2021; Semedo et al., 2015; Wu et al., 2008), or detecting changes 

of rheology of bulk DF fluid (Tudorache & Bordenave, 2019). The strong electrostatic 

interactions between lignin and charged polysaccharides in plant secondary cell walls were also 

revealed via solid state NMR technology (Kang et al., 2019). Although  Mikkelsen et al. (2014) 

and  Gunness et al. (2016) studied the interactions of some neutral, soluble DFs with bile salts 

by solution NMR, for these weak interactions between neutral DFs and small molecules, the 

picture relating to strength and mechanism of the interaction is still largely indistinct at the 

molecular level.  

Due to the intrinsic architecture of polysaccharides, namely polymers that are built up by 

monosaccharide units via flexible glycosidic bonds, DFs assume various conformations. The 

statistical distributions of such conformations depend on environmental factors, such as pH, 

and on the interactions of DFs with other molecules. For instance, the conformation of dissolved 

DF can change with temperature (Ogawa et al., 1994) or pH due to the shift of the balance 

between the inter-chain hydrogen bonds (H-bonds) and intra-chain H-bonds (Guo et al., 2016; 

Hu et al., 2017; Ogawa et al., 1994). Importantly, the polymeric nature of DFs means that their 

interactions with small molecules or other biopolymers would not be only reducible to 

interactions of single saccharide moieties, but also would include additional factors arising from 

DFs structural motifs and flexibility. In the study of interactions between neutral DFs and small 

molecules, we face an experimental problem of detecting relatively weak interactions resulting 

in, possibly, substantial local polysaccharide chain rearrangements, but subtle overall changes 

of DFs conformational distributions. Also, in such studies it is desirable to go beyond the 

averaged description based on the gyration radius or hydrodynamic radius description, as it is 

used as the standard characterization based on light scattering and size exclusion 

chromatography. To the best of our knowledge, detecting DF-small molecule interactions via 

observing the fine polymeric conformational changes has not been reported yet, which is 

partially due to the lack of appropriate experimental methods to detect such minor changes at 

the molecular level. In this respect, pulse electron paramagnetic resonance spectroscopy (EPR), 

in particular pulse dipolar spectroscopy with nitroxide spin labels, offers the potential to detect 

the distance distribution function in the range of 1.5�±10 nm (Jeschke, 2012, 2016). 

It has become increasingly common to use naturally occurring or synthetic food dyes (color 

additives) as food additives in the food and drug industry to improve the sensory attributes. In 
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fact, food manufactures prefer to use synthetic food dyes instead of natural ones due to their 

lower prices and more stable properties (Qi et al., 2015; Vachirapatama et al., 2008). However, 

beyond the safety limit in daily intake, synthetic food dyes are discussed to be connected to an 

increased risk in attention deficit hyperactivity disorder (ADHD) for children (Rao & 

Sudershan, 2008; Yamjala et al., 2016; Yoshioka & Ichihashi, 2008). Although the potential 

link between synthetic food dyes and ADHD may be controversial, several clinical 

observational studies described the relationship between artificial food dye and ADHD, where 

�W�K�H���L�Q�W�D�N�H���R�I���I�R�R�G���G�\�H���F�R�U�U�H�O�D�W�H�G���Z�L�W�K���D���Q�H�J�D�W�L�Y�H���H�I�I�H�F�W���R�Q���F�K�L�O�G�U�H�Q�¶�V���$�'�+�'��(Kanarek, 2011; 

Konikowska et al., 2012). An earlier study also showed that removing synthetic food dye from 

the diet had a beneficial effect on the treatment of ADHD (Feingold, 1975).  

From a chemical point of view, the bioactivity of compounds is connected to the way functional 

groups are positioned within the molecule. Synthetic food dyes generally consist of conjugated 

�Œ-systems such as one or several aromatic rings that are substituted with various functional 

groups including sulfonate and carboxylate groups. The exten�G�H�G�� �D�U�R�P�D�W�L�F�� �Œ-systems have 

generally the function to absorb visible light to induce the color, and the sulfonate or 

�F�D�U�E�R�[�\�O�D�W�H�� �J�U�R�X�S�V�� �V�H�U�Y�H�� �I�R�U�� �L�P�S�U�R�Y�L�Q�J�� �W�K�H�� �G�\�H�V�¶�� �Z�D�W�H�U�� �V�R�O�X�E�L�O�L�W�\�� However, the substituent 

groups as well as the molecular topology influence the molecular properties (pKa, polar surface 

area, size, etc.) and thereby the bioavailability of small molecules in general (Bartzatt, 2017). 

The pKa value, one of the most important physicochemical parameters influencing many 

biopharmaceutical characteristics (Manallack, 2007), differs for different functional groups and 

plays an important role in the potential toxicity of the molecule (Mansouri et al., 2019). 

Importantly, the ionization state of dye molecules can be easily changed by the pH of different 

parts of the digestive tract. This may play a key role in chemical activities of the food dyes. 

Based on the above motivation, we aimed here at investigating the interactions between neutral 

DFs and a selection of food-related dyes to better understand the binding mechanism and to 

explore the intrinsic factors that affect the interactions, such as pKa and molecular geometry of 

different dyes as well as the environmental factors such as pH. We hypothesize that the 

interaction between neutral DF and small molecules will induce changes in DF conformation 

that can be observed by some appropriate EPR technology. Utilizing our recently developed 

methodology for spin labelling of DFs (Wu et al., 2022), we have applied here the double 

electron-electron resonance (DEER) technique (Martin et al., 1998; Milov et al., 1984; Milov 

et al., 1981; Pannier et al., 2000) �W�R���L�Q�Y�H�V�W�L�J�D�W�H���E�D�U�O�H�\����-glucan (BG) as an example of neutral 

DF interactions with dye molecules. The DEER data analysis approach was revised and 

modified to suit the case of multi-centre ensembles with broad distributions of the pairwise 

distances. To enhance the experimental evidence of DFs conformational changes, the DEER 

data were complemented by echo detected (ED) EPR spectra and transverse relaxation 



PART 2: RESEARCH PAPERS�² Manuscript II  

104 

measurements. Our experiments demonstrated a good performance of the pulse EPR toolkit for 

the studies of conformational ensembles of DFs. In particular, we could unambiguously detect 

the significant influence of pH on the binding of food dyes to BG, which as mentioned can be 

directly related to various physiological environments along the gastrointestinal tract. 

Materials and Methods 

Materials  

Chemicals: 4-carboxy-2,2,6,6-tetramethyl-piperidin-1-oxyl (4-carboxyl-TEMPO, 97%), 

2-propynylamine (98%), 4-(dimethylamino)-pyridine (DMAP, 98%), 

N-(3-dimethylaminopropyl)-�1�•-ethyl-carbodiimid hydrochlorid (EDC.HCl, commercial grade), 

triethylamine (TEA, 99%), anhydrous lithium chloride (LiCl, 99%), Copper(I) bromide (CuBr, 

98%), N,N,�1�•,�1�•�•,�1�•�•-pentamethyldiethylenetriamine (PEDMTA, 99%), p-toluenesulfonyl 

chloride (TsCl, >99%), and potassium bromide (KBr, FT-IR grade) were purchased from 

Sigma-Aldrich (St. Louis, MI, USA). Calcofluor white (CalW) was purchased from Megazyme 

(Ireland). Congo red (ConR), brilliant blue (BBlu) and carminic acid (CA) were purchased from 

Sigma-Aldrich (St. Louis, MI, USA). Patent blue (PB) was purchased from AppliChem 

(Germany). Brilliant black (BBlc) and lissamine green (LG) were purchased from Carl Roth 

���*�H�U�P�D�Q�\�������7�K�H���E�D�U�O�H�\����-glucan (BG) (low viscosity, Lot 100401, Mw 179 kDa, ~95% purity) 

was purchased from Megazyme (Ireland). Solvent used in synthetic works: Dichloromethane 

(DCM, 99.8% extra dry over molecular sieves), dimethylacetamide (DMA, 99.5% extra dry 

over molecular sieves), and dimethyl sulfoxide (DMSO, 99.7% extra dry over molecular sieves) 

were purchased from Acros (Geel-Belgium) and used without further purification. Water used 

in this work was purified using a Millipore MilliQ system (Billerica, MA, USA). 

Deuteriumoxide (D2O, 99.9%) and dimethylsulfoxid-d6 (DMSO-d6, 99.9%) used in NMR and 

pulse EPR were purchased from Sigma-Aldrich (St. Louis, MI, USA). Dialysis membranes 

used for sample purification made from regenerated cellulose with MWCO 12 kDa�±14 kDa (25 

Å; 29 mm) were supplied by SERVA (Heidelberg, Germany). 

Methods 

Synthesis of Spin-labelled BG (SL-BG) 

The SL-BG was synthesised based on our previous published method (Wu et al., 2022). Briefly, 

the tosylation of hydroxyl groups was first applied to introduce toluenesulfonyl (Ts) groups that 

were then substituted by azide groups in the next step. Finally, a pre-synthesised alkynyl-

TEMPO was introduced into the BG through Cu(I)-�P�H�G�L�D�W�H�G���µ�F�O�L�F�N�¶���F�K�H�P�L�V�W�U�\�����)�R�U���W�K�H���G�H�W�D�L�O�V��

about the synthetic procedure, chemical characterization, molecular weight determination, CW 

(continuous wave) EPR measurements and labelling efficiency determination, see supporting 

information. 
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Sample preparation for low-temperature pulse EPR 

To increase the transverse relaxation times of nitroxide spin labels (Yoshimura et al., 2019) 

spin-labelled BG samples with and without dyes were prepared in the deuterated solvents 

consisting of 62.5% D2O and 37.5% (v/v) DMSO-d6 as the cryoprotector to avoid sample 

crystallization upon freezing. The final DF concentration was 0.19 mg/mL (spin concentration 

32 µM). The pH was then measured for each sample by pH meter (METTLER TOLEDO 

MP220 Columbus, OH) equipped with a 5 mm pH probe. For the pH dependence experiments 

for SL-BG + patent blue (PB), the acidic solvent was prepared by diluting concentrated HCl 

with D2O followed by adding DMSO-d6 to prepare the same solvent as above, and the SL-BG 

and PB were then dissolved in the acidic solvent and pH was measured (see Table 1 for sample 

information). The sample volume of 35 µL was transferred into quartz tubes with o.d. of 3 mm, 

and frozen rapidly by immersing the sample into liquid nitrogen to obtain the transparent glass. 

The frozen samples were installed into a sample holder and transferred into the spectrometer 

cryostat at 90 K for measurements before cooling down to the target temperature of 50 K for 

pulse EPR measurements. Between EPR measurements, samples were stored at �±80°C.  

Pulse EPR measurements 

Pulse EPR data were obtained on a home-built Q-band pulse EPR spectrometer (Gromov et al., 

2001) equipped with a rectangular cavity for oversized samples (Polyhach et al., 2012; 

Tschaggelar et al., 2009) (microwave frequency 34�±36 GHz). The temperature was stabilized 

by helium flow cryostat equipped with a PID (Proportional Integral Derivative) temperature 

controller (Oxford Instruments). 

Echo-�G�H�W�H�F�W�H�G���(�3�5���V�S�H�F�W�U�D�����(�'���(�3�5�����Z�H�U�H���R�E�W�D�L�Q�H�G���E�\���+�D�K�Q���H�F�K�R���S�X�O�V�H���V�H�T�X�H�Q�F�H���Œ����-t-�Œ-t-

echo, with the pulse leng�W�K���R�I���Œ������� ���������Q�V�����D�Q�G���Œ��� ���������Q�V�����W�K�H��t delay was set to 400 ns, and the 

magnetic field was swept over 200 Gauss. The phase memory time (Tm) were measured at the 

maximum of ED EPR spectra via Hahn sequence, with the variable time t, starting from 400 ns. 

The Hahn echo decays were fitted by a sum stretched exponential function (SSE) (Soetbeer et 

al., 2018): 

�5�5�'�:�P�;��
L �Ã �#�Ü�‡�š�’
l
F�@
�6�ç

�Í �Ø�Ô
�A

�	 �Ô

p�6

�Ü�@�5 ,                                     Equation (5) 

where the amplitude A, phase memory time Tm and �� parameters were estimated as a fit 

parameter in a home-�Z�U�L�W�W�H�Q���0�$�7�/�$�%���V�F�U�L�S�W�����D�Q�G����Ai=1. The initial part of relaxation traces 

was chosen at the electron spin echo envelope modulation (ESEEM) minima (Soetbeer et al., 

2018). The fit parameters are summarized in Table S1, where the phase memory time Tm for 

the slow process (denoted as process 1 here) referring  to the nitroxide-matrix interaction was 

used for the analysis (Soetbeer et al., 2018). Note that the �����Y�D�O�X�H���I�R�U���W�K�H���V�O�R�Z���S�U�R�F�H�V�V���Y�D�U�L�H�G��

within 0.93-1.09 for all tested samples. 
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The four-pulse DEER experiment with the pulse sequence and with all pulse lengths of 16 ns 

was applied. For each sample, a series of DEER traces with different total dipolar evolution 

time were measured. The time delay settings in the DEER experiments were as follows: �21 = 

400 ns, �22 = 2.2, 4.2, 10.2, or 12.2 µs. The dipolar evolution time t (Figure 1A) was incremented. 

The deuterium electron spin echo envelope modulation (ESEEM) was averaged by applying an 

eight-step time increment cycle of variable �21 with the time increment of 8 ns. The pump 

frequency ��p was set to the maximum of the EPR spectrum, and the observer frequency ��o was 

set 100 MHz below ��p (Figure 1B). 

 
Figure 14. DEER experiment settings: A) standard 4-pulse DEER pulse sequence; B) ED EPR spectrum of the 
nitroxide spin label and the DEER frequency settings for the nitroxide spin pairs at Q-band: the pump frequency 
����p) was set at the maximum intensity point of the nitroxide ED EPR spectrum, the observe�U���I�U�H�T�X�H�Q�F�\������o) was 
�V�H�W���Z�L�W�K���D���û����� ����p - ��o = 100 MHz frequency offset below the pump frequency. 

The time domain DEER time traces data were normalized to a unit intensity at the starting time 

point t = 0. The DEER data were analysed as follows: The DEER traces are well-fitted by 

stretched exponential function (Figure S6, Eqn. (5) for i=1), but for samples at different d2-

value or different composition with dye molecules, the best agreement between experimental 

and stretched exponential traces is achieved a�W���V�O�L�J�K�W�O�\���G�L�I�I�H�U�H�Q�W���Y�D�O�X�H�V���R�I���������Z�K�H�U�H�D�V���D�Q���D�F�F�X�U�D�W�H��

comparison of stretched exponential decay rate parameter for different samples should be 

�S�H�U�I�R�U�P�H�G���D�W���W�K�H���V�D�P�H�������Y�D�O�X�H�V�����7�K�H�U�H�I�R�U�H�����W�K�H���U�R�R�W-mean-square deviation (rmsd) between the 

experimental DEER trace and stretched exponential function (Eqn. (5) at i=1) was evaluated 

on a grid at variations of the exponential decay constant T* �D�Q�G������ �S�D�U�D�P�H�W�H�U�V���� �2�Q���W�K�H��rmsd-

surface, the best T*-�����S�D�L�U�V���Z�H�U�H���I�R�X�Q�G���W�R���E�H���H�L�W�K�H�U���D���V�L�Q�J�O�H���S�D�L�U�����R�U���D���V�H�W���R�I���S�D�L�U�V�����7�K�H���D�U�Ha of 

the best T*-�����S�D�L�U�V���Z�L�W�K�L�Q��rmsd variation of 100% was highlighted, and the ridge curve along 

the best solutions was evaluated on the rmsd-surface (Figure S6). 

The stretched exponential function could be considered as a sum of exponential functions with 

different decay rate constants T* with a corresponding probability distribution function �é (T*�_��������

The probability function can be obtained by inverse Laplace transform (Pollard, 1946), and the 

mean relaxation time <T*> and higher moments <T*n> can be calculated for the known T*-����
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pair (Lindsey & Patterson, 1980). However, for T*-�����S�D�L�U�V���D�O�R�Q�J���W�K�H���U�L�G�J�H-curve, the moments 

are not constant (Figure S7 A-C), but the (T*/1 µs) �� value has a linear dependence �R�Q���������Z�L�W�K��

an increasing slope as the d2 value increases (Figure S7D). Since the (T*/1 µs) �� value is 

linearized vs �������D�Q�G���L�W�V���Y�D�U�L�D�Q�F�H���Y�D�U�L�H�V���I�U�R�P�����������W�R�������������D�W���L�Q�F�U�H�D�V�L�Q�J���O�H�Q�J�W�K���R�I���W�K�H���'�(�(�5���W�U�D�F�H����

this parameter was used for characterizing the DEER decay rates. For convenient comparison 

and quantitative characterization of the impact of dye molecules to the DEER decay rates, the 

contrast was evaluated as: 

�â
L
�� �6�Ï�ä�Ð���?���� �Î�Ú�Ù�ß�Ý�Ú�×

�� �Î�Ú�Ù�ß�Ý�Ú�×
�„�s�r�r�¨                                        Equation (6) 

where ��+dye and ��control are mean (T*/1 µs)�� values for the samples in composition with the dye 

molecules and the control, respectively. Note, that the contrast parameter �� appears to be a 

�V�W�D�E�O�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F���R�I���D�O�W�H�U�L�Q�J���W�K�H���'�(�(�5���V�K�D�S�H�����W�K�H���F�R�Q�W�U�D�V�W���G�R�H�V���Q�R�W���G�H�S�H�Q�G���R�Q���W�K�H�������Y�D�O�X�H����

and the contrast variance is about 0.2 to 2.5% at varying length of the dipolar trace (SI Figure 

S8). 

To ensure data reproducibility, special precautions were taken. (i) All EPR experiments were 

conducted with the same batch of spin-labelled DFs. Use of a different batch does not change 

any of the observed trends, but results in somewhat different EPR data, according to the 

particular spin labelling efficiency obtained. (ii) Microwave frequency and resonator profile 

were set as close as possible in all measurement sessions to keep the pulse excitation profiles 

nearly identical. (iii) Temperature stabilization was performed with very similar He flux and 

heater voltage settings to avoid any possible temperature offsets between samples. 

Results and discussion 

Sample information  

The number average molecular weight (Mn) of the synthesized spin-�O�D�E�H�O�O�H�G����-glucan (SL-BG), 

which serves as the soluble neutral DF in this interaction study, was determined as 30.3 ± 

0.3 kDa with dispersity (Mw/Mn) of 1.19 ± 0.03. This makes the average number of 

monosaccharides ca. 180 per polysaccharide chain. The labelling efficiency was calculated as 

2.9 ± 0.04% (percentage number per monosaccharide repeating unit), which means, on average, 

every BG chain contains 5.1 TEMPO spins (for the detailed procedure, see supporting 

information (SI)). A series of samples with different dyes under various conditions were 

prepared for the pulse EPR measurements (Table 1).  
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Table 1. The sample list for the pulse EPR measurements. SL-BG concentration was kept at 0.19 mg/mL for all 
the samples (in D2O/d6-DMSO). CalW: calcofluor white, ConR: congo red, BB: brilliant blue, PB: patent blue, 
BBlc: brilliant black, and CA: carminic acid. 

Negative control 

SL-BG 

Positive controls 

SL-BG + CalW a      SL-BG + ConR b 

Interaction with food dyes b 

SL-BG + BB    SL-BG + LG       SL-BG + PB       SL-BG + BBlc      SL-BG + CA 

Effect of pH 

SL-BG at pH 2.3       

SL-BG at pH 6.5 
SL-BG + PB: c 

at pH 2.3, 3.4, 4.6, and 6.5 
a. The molar ratios between SL-�%�*�¶�V��monosaccharide units and dyes were 200:1; 64:1; 16:1; 4:1; 2:1; 0.33:1. 

pH of the solutions were around 6.5. 
b. The molar ratios between SL-�%�*�¶�V�� �P�R�Q�R�V�D�F�F�K�D�U�L�G�H�� �X�Q�L�W�V���D�Q�G���G�\�H�V���Z�H�U�H�������������� �W�K�H���S�+�� �R�I�� �D�O�O���V�R�O�X�W�L�R�Q�V���Z�D�V��

measured as 6.5 except for the SL-BG + CA sample (pH 3.7).   
c. The molar ratios between SL-�%�*�¶�V���P�R�Q�R�V�D�F�F�K�D�U�L�G�H���X�Q�L�W�V���D�Q�G���G�\�H�V���Z�H�U�H������������ 

EPR strategy 

In short, our overall strategy of analysing DF samples with pulse EPR was as follows. As a key 

step, we acquired the information on the distribution of spin labels in a broad range of spin-spin 

distances by DEER. In addition to this, we got information on the shortest spin-spin distances 

from the EPR line broadening measurements by echo-detected (ED) EPR, and we got 

information on the local density of sugar monomers near the spin labels by measuring transverse 

relaxation for spin-labelled DFs. Due to the use of deuterated solvent and protonated DFs there 

is a distribution of the phase memory times for spin labels in different surroundings, which 

leads to a filtration effect also known in DEER applications of other biomolecules (Baber et al., 

2015)�����:�H���X�V�H�G���V�X�F�K���D���µ�S�K�D�V�H���P�H�P�R�U�\���F�R�Q�W�U�D�V�W�¶���W�R���R�E�W�D�L�Q���D���P�R�U�H���G�H�Wailed picture by correlating 

the local sugar monomer density to the different detected electron spin-spin distance ranges. 

This was done by analysing a series of DEER traces with different transverse evolution times 

for each sample. 

The range of accessible electron spin-spin distances in DEER at the short distance edge is 

restricted by the excitation bandwidth of the microwave pulses, and can be assumed to be about 

1.5 nm (Jeschke, 2012, 2016). The longest distances at which spin labels still substantially 

contribute to the DEER decay signal can be estimated from comparing the length of the DEER 

trace with the period of dipolar oscillations for a given spin-spin distance, also taking into 

account the average number of spin labels at about this distance to the detected spin (e.g., this 

can be taken from a homogeneous distribution model) (Jeschke et al., 2002). Semi-quantitative 

estimates of the upper range distances are given in the SI, and lead to the rough approximation 

for these distance ranges of [1.5�±4 nm] for the 2 µs DEER trace, and [1.5�±5.1 nm], [1.5�±6.4 
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nm] and [1.5�±7.3 nm] for the 4 µs, 8 µs and 12 µs DEER trace, respectively. Note, however, 

that the slope at the very end of the DEER trace is still affected by significantly longer distances 

up to 4.4 nm, 7 nm, 11 nm and 14.6 nm for 2, 4, 8, 12 µs of the DEER trace, respectively (see 

SI). The EPR line broadening and the transverse evolution measurements are sensitive to the 

distance of label spin to label spin and the distance of label spin to proton nuclear spins, 

respectively, of up to 1.5 nm or slightly more (Canarie et al., 2020; Hubbell et al., 2013). This 

matches well with the lower detectable distances of DEER, thus providing a continuous 

sensitivity range down to the shortest distances.  

Interaction study of BG with calcofluor white: a positive control 

Relaxation and ED EPR experiments with CalW. To probe the efficiency of pulse EPR 

techniques in studying the interaction between BG and dye molecules, the BG interaction with 

calcofluor white (CalW) was taken as the positive control example. CalW is known as a 

�I�O�X�R�U�H�V�F�H�Q�W���S�U�R�E�H���Z�L�W�K���V�W�U�R�Q�J���E�L�Q�G�L�Q�J���W�R����-�����:���� - �D�Q�G����-�����:���� -linked polysaccharides and is 

widely used in biology applications both in vitro and in vivo (Haigler et al., 1980). The BG 

chain conformations are stabilized by intra-chain and inter-chain interactions, as well as 

interactions with solvent molecules. One expects a transformation of the chain conformational 

ensemble when titrating the strongly binding dye to the DF solution.  

The ED EPR spectra and transverse relaxation time traces of SL-BG samples with different 

amounts of added CalW were firstly measured. Indeed, a clear peak broadening of the ED EPR 

spectra (Figure 2A) and slower transversal decays (Figure 2B) were observed when increasing 

�W�K�H���P�R�O�D�U���U�D�W�L�R���R�I���&�D�O�:���W�R���W�K�H���%�*�¶�V���P�R�Q�R�V�D�F�F�K�D�U�L�G�H���U�H�S�H�D�W�L�Q�J���X�Q�L�W�V�����7�K�H���S�H�D�N���E�U�R�D�G�H�Q�L�Q�J���R�I��

the ED EPR spectra shows a statistically increasing fraction of spin labels that is within the 1.5 

nm radius. This points to the more compact conformational motifs at the sites with CalW bound 

�± if such a site happens to be between two spin labels, the spin-spin distance decreases due to 

the more compact conformational distribution of the DF chain segment between them.  
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Figure 15. A) ED EPR spectra for constant concentration of SL-BG in the presence of different amounts of CalW 
at 50 K. The central fields of the ED EPR spectra were offset to compensate for the variations of the detection 
frequencies, vertical scalings were normalized to match the spectral intensities at 1.251 T. B) The transverse 
relaxation (Tm) traces (log-scale) of SL-BG in the presence of different amounts of calcofluor white (CalW). The 
ratios in A) and B) refer to the molar ratio of SL-�%�*�¶�V���P�R�Q�R�V�D�F�F�K�D�U�L�G�H���X�Q�L�W�V to CalW. C) Cartoon illustration of 
SL-BG binding with CalW:  fiber intra-polymer conformational transformation by means of the short distance 
measurement (ED EPR and Tm). 

The phase memory time of electron spins (Tm), which is determined in the transverse relaxation 

(variable time Hahn echo) experiments, depends on the electron-nuclear and to some extent on 

electron-electron dipolar couplings (Eaton & Eaton, 2000; Garbuio et al., 2015). The electron-

nuclear contribution is determined by the local concentration of magnetic nuclei within ca. 2 

nm from the spin label (Canarie et al., 2020). The electron-electron couplings are sensitive to 

the distances between spin labels (Baber et al., 2015). We will discuss below that the electron-

electron contribution in the variable time Hahn echo experiments is weak compared to the 

electron-proton contribution, but it can be determined from DEER data. The solvent deuteration 

ensures that protons only originate from DFs or dye molecules and thus the local proton 

concentration would report on the local concentration of BG monosaccharide repeating units 

and on possible binding of dye molecules in the near vicinity of the spin label (Canarie et al., 

2020). Since the size of the monosaccharide repeating unit, including van der Waals radii, is 

about 0.5�±0.6 nm, in the 2 nm vicinity of a spin label one can find 6�±7 nearest sugar moieties 

at and around the attachment site of the spin label in the current chain, and possibly few more 
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sugar moieties from one or two contacts to the nearest polysaccharide chains (which might 

include other regions of the same chain). The transverse relaxation data were fitted with the 

�µ�V�X�P���R�I���V�W�U�H�W�F�K�H�G���H�[�S�R�Q�H�Q�W�V�¶�����6�6�(�����P�R�G�H�O�����V�H�H���P�H�W�K�R�G�V���V�H�F�W�L�R�Q�������Z�K�L�F�K���D�O�O�R�Z�V���W�R���V�H�S�D�U�D�W�H���W�K�H��

intramolecular contributions, mainly due to the methyl groups of the TEMPO spin label (see SI 

for structure), and intermolecular contributions due to the sugar moieties and CalW molecules 

(Soetbeer et al., 2018). The former part of the transverse decay is fitted by the fast-decaying 

stretched exponential component (Tm2), while the latter part of the transverse relaxation is 

described by the slowly-decaying stretched exponential component (Tm1). 

The analysis of the transverse relaxation data series for CalW titration and its comparison with 

the corresponding ED EPR data series reveals some further local details of the BG-CalW 

interactions (Figure 2B). First, the transverse relaxation traces are quite long: the transverse 

relaxation of nitroxide spins in fully protonated glassy water-DMSO matrices decay to zero 

within 8 µs as reported in the literature (Eaton & Eaton, 2000). Here, for all traces in the series 

we see about 15 times longer lasting transverse echo signals, which means that, as anticipated, 

the overall proton concentrations in the vicinity of the spin labels are quite low.  

Second, the slower transverse decay with increasing amount of CalW (Figure 2B, SI Table S1) 

means that on average, the local proton concentration in the vicinity of spin labels is decreasing 

even if protonated CalW is added to BG, i.e., in the situation when, actually, the average bulk 

proton concentration grows in this series of samples. One can thus attribute the decreasing local 

proton concentration to the BG chain stretching and/or to the reduction of the average number 

of interchain contacts at the spin-labelled sites. Under such modifications of the DF chain 

conformational ensembles, the protons of sugar units get farer from the spin when CalW binds 

to BG (as schematically shown as in Figure 2C). Note that since the electron-electron term also 

contributes to the transverse relaxation time, it is sometimes used as a tool for studying local 

concentrations (in the mM concentration range) of spin probes or spin labels (Gajan et al., 2013). 

Here, however, we use rather low bulk spin label concentrations and modestly low spin 

labelling efficiencies of the DFs, so that this self-induced relaxation mechanism must give a 

much weaker contribution as compared to the electron-proton interactions. 

Third, the line broadening in ED EPR spectrum correlating with increasing amounts of CalW 

can appear either due to a large amount of electron-proton hyperfine couplings, or due to the 

approaching of spin labels closer to each other in statistically significant amounts. The former 

explanation can be ruled out due to the low local proton concentrations in these samples. 

Therefore, we must conclude that CalW binding to SL-BG forces the nearest spin labels to 

move even closer to each other (Figure 2C). In this case, the broadening of ED EPR spectra of 

SL-BG samples is due to electron spin-spin interactions of closer approaching of spin labels. 
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DEER experiments with CalW. An effective decoupling of the electron-nuclear and electron-

electron dipolar couplings can be performed by pulse dipolar experiments, where DEER is the 

most common one. DEER detects quite local changes, nearly from the lengths of single sugar 

monomers to the longer scale conformational rearrangements of the DF chains, at the distances 

from about 1.5 nm to about 7.3 nm (see SI for the distance range estimates).  

 

Figure 16. A) The normalized time domain DEER data (dots) and their fits (solid lines) with stretched exponential 
function for: SL-BG (control) sample at 2, 4, 8, 12 µs length of the dipolar trace. B) The rmsd-surface (log-scale) 
between experimental DEER trace and stretched exponential decay at variation T* �D�Q�G�������S�D�U�D�P�H�W�H�U�V���L�Q���V�W�U�H�W�F�K�H�G��
exponential law for SL-BG control sample at 2 µs length of the dipolar trace. The area of the best rmsd and its 
variation within 100% is highlighted in blue. C) The normalized time domain DEER data and their fits with 
stretched exponential function for constant concentration of SL-BG in the presence of different amounts of CalW 
�D�W�� ���� �—�V�� �O�H�Q�J�W�K�� �R�I�� �W�K�H�� �G�L�S�R�O�D�U�� �W�U�D�F�H���� �7�K�H�� �U�D�W�L�R�V�� �S�U�H�V�H�Q�W�H�G�� �L�Q�� �W�K�H�� �O�H�J�H�Q�G�� �U�H�I�H�U�� �W�R�� �W�K�H�� �P�R�O�D�U�� �U�D�W�L�R�� �R�I�� �%�*�¶�V��
monosaccharide repeating units to CalW. D) The mean contrast �� values extracted from the DEER data (d2= 2, 4, 
8, 12 µs) against the molar ratio of monosaccharide units to CalW, fitted to the Dose-Response fitting function. E) 
Cartoon illustration of SL-BG binding with CalW: fiber intra-�S�R�O�\�P�H�U�� �F�R�Q�I�R�U�P�D�W�L�R�Q�D�O�� �W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�� ���³�6�L�Q�J�O�H��
�S�R�O�\�P�H�U�´�����D�Q�G���L�Q�W�H�U-�S�R�O�\�P�H�U���U�H�D�U�U�D�Q�J�H�P�H�Q�W�V���E�\���P�H�D�Q�V���R�I���W�K�H���O�R�Q�J�H�U���G�L�V�W�D�Q�F�H���P�H�D�V�X�U�H�P�H�Q�W�����'�(�(�5�����³�$�J�J�U�H�J�D�W�H�´������ 

A characteristic transverse filtration pattern of such series of DEER traces for SL-BGs is the 

decrease of the decay steepness with increasing length of the dipolar trace (Figure 3A). A 

similar behaviour was previously observed for systems with heterogeneous distribution of spins 

or with different local magnetic surrounding, which alters the transverse relaxation time and 

�Z�R�U�N�V���D�V���D���µ�I�L�O�W�H�U�¶���R�I���W�K�H���'�(�(�5���V�L�J�Q�D�O���I�R�U���G�L�I�I�H�U�H�Q�W���V�S�L�Q�V��(Baber et al., 2015; Bode et al., 2007; 

Syryamina et al., 2021; Syryamina et al., 2022). The detailed analysis and data simulation of 

phase memory time (Tm)-filtered DEER traces can be potentially performed by implementing 

a Tm-filter in the dipolar kernel and by conducting numerical simulations based on different 

assumptions of the polymer chain structural ensemble. This is however a rather demanding 

multi-parameters approach, which is out of the scope of the present work. Here, for reducing 

the complexity of the DEER trace description, we exploited a more coarse-grained modelling 

strategy, in which we fitted the DEER data with stretched exponential function, which describes 



PART 2: RESEARCH PAPERS�² Manuscript II  

113 

the dipolar decay for disordered matter with a fractal dimensionality (Milov  et al., 1998; Milov 

& Tsvetkov, 1997).  

Importantly, even the 12 µs long DEER traces do not reach the value 1/e at their ends, and 

during the fitting of such traces, it turned out that at such conditions the analysis of the stretching 

�S�D�U�D�P�H�W�H�U�������Y�D�O�X�H���D�Q�G���W�K�H������e decay time T* is prone to rather large uncertainties due to the 

strong correlation of these two fit parameters under such conditions. Figure 3B exemplifies the 

results of such a stretched exponential fit in a 2D rmsd plot for d2 = 2 µs DEER trace (see Figure 

S6 for d2= 2, 4, 8 and 12 µs), demonstrating a narrow but long curved valley with nearly 

identically good fit parameter combinations (T�
�������������7�K�X�V�����Z�H���K�D�Y�H���P�R�G�L�I�L�H�G���W�K�H���G�H�V�F�U�L�S�W�L�R�Q���E�\��

�D���F�R�P�E�L�Q�H�G���S�D�U�D�P�H�W�H�U������� ����T*/T0)�� with the reference relaxation time T0 =1 µs (T0 is used to 

�P�D�N�H�� �W�K�H�� �S�D�U�D�P�H�W�H�U�� ���� �G�L�P�H�Q�V�L�R�Q�O�H�V�V������ �7�K�H�� ���� �Y�D�O�X�H�� �L�V�� �D�� �P�X�F�K�� �P�R�U�H�� �V�W�D�E�O�H�� �S�D�U�D�P�H�W�H�U���� �D�O�Z�D�\�V��

nearly constant along the best fit regions for the given series of DEER traces (Figure S7). 

Therefore, �W�K�H�������Y�D�O�X�H���F�D�Q���E�H���X�V�H�G���I�R�U���G�H�V�F�U�L�E�L�Q�J���W�K�H���V�K�D�S�H���R�I���'�(�(�5���W�U�D�F�H�V���Z�K�L�F�K���G�R���Q�R�W���G�H�F�D�\��

below the 1/e level as compared to the zero-time signal intensity. Accordingly, the DEER trace 

always gets more down-�F�X�U�Y�H�G���L�I�������G�H�F�U�H�D�V�H�V���D�Q�G���J�H�W�V���I�O�D�W�W�H�U���D�Q�G���F�O�R�V�H�U���W�R���D���Pono-exponential 

�G�H�F�D�\���L�I�������L�Q�F�U�H�D�V�H�V�����,�Q���R�W�K�H�U���Z�R�U�G�V�����W�K�H���L�Q�F�U�H�D�V�L�Q�J���S�D�U�D�P�H�W�H�U�������G�H�V�F�U�L�E�H�V���W�K�H���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���R�I��

the spin label distribution from the one with enhanced local spin density to the one with a more 

homogeneous spin density at all distance ranges. Thus, quite importantly for the overall 

methodology, we can follow the key pattern of the DEER traces transformation upon ligand 

binding by a single fit parameter with advantageously low determination uncertainty. For more 

convenient comparison of the impacts on the DEER decay steepness for different dye molecules, 

�W�K�H���F�R�Q�W�U�D�V�W���S�D�U�D�P�H�W�H�U��������� ��������- ��control��������control �Z�D�V���X�V�H�G�����Z�L�W�K����control �W�\�S�L�F�D�O�O�\���E�H�L�Q�J���W�K�H�������Y�D�O�X�H��

for the DFs without adsorbed dye molecules. The series of DEER traces of different d2 lengths 

for the discussed series of CalW/SL-BG samples is shown in Figure 3C as an example for d2 

= 2 µs (for d2 = 4, 8, 12 µs, information can be found in Figure S5). The DEER traces of SL-

BG in its free state and with addition of different amounts of CalW show a common overall 

type of decay shape. At the relatively short evolution times, approximately from zero to 1 µs, 

the traces reveal a steep decay, which later slows down and transforms into a nearly linear decay. 

For CalW titration data series, the Tm1 - ���� �F�R�U�U�H�O�D�W�L�R�Q�� �L�V�� �F�O�H�D�U�O�\�� �G�H�W�H�U�P�L�Q�H�G�� ��Figure S9, the 

Pearson correlation coefficient is 0.98). This indicates that indeed, the two spectroscopic 

phenomena are related to the same physical process of CalW binding. 

It is important that at a spin-spin distance of 3.7 nm the most probable electron-electron 

magnetic dipolar coupling corresponds to a period of dipolar oscillations of 1 µs. This means 

that this steep initial decay, which is observed in all samples with different relative amplitudes, 

is mainly due to the electron spin-spin distances below 3.7 nm. The relative amplitude of this 

initial decay gets smaller both for the same sample with gradually increasing length of DEER 
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traces and for the samples with gradually increasing amount of added CalW and the same 

lengths of the DEER trace.  The latter effect is stronger than the former one. The dependence 

of the DEER trace shape on the trace length for a given sample nicely correlates with the 

stretched exponential shapes of the transverse evolution decays in these DFs, which are 

indications for the transverse relaxation time distribution. However, as discussed above, in the 

series with increasing amount of CalW added, the mean transverse decay time of the 

intermolecular contribution increases, which should reduce the filtration rather than enhancing 

it. Thus, the main reason for this change of the amplitude of the steep part of the DEER decay 

is due to the rearrangement of the DF chain conformations resulting from CalW binding, not 

due to the transverse relaxation time-based filtering. 

A similar picture can be drawn when we look at the DEER decay slope of different traces at 

their ends. Again, this slope decreases with the increasing length of the DEER trace for a given 

sample (Figure 3A), and it also decreases with increasing amount of added CalW (decreasing 

molar ratio of SL-�%�*�¶�V���P�R�Q�R�V�D�F�F�K�D�U�L�G�H���X�Q�L�W�V���W�R���&�D�O�:���L�Q��Figure 3C). By combining these facts 

with the observations above for the corresponding ED EPR spectra, we came to the conclusion 

that upon CalW binding, an interesting DF chain rearrangement happens �± short spin-spin 

distances get even shorter, while long spin-spin distances get even longer. Elongation of the 

long distances might be either due to the less compact conformations of DF chains (as shown 

in the single polymer mode of Figure 3 E) or due to partial dissociation of DF particles 

composed of more than one DF chain as the cartoon illustration presents (aggregates mode in 

Figure 3E). Shortening of the short distances means that upon CalW binding there are more 

small turns and loops formed in the DF chain conformational ensemble. Most likely, such loops 

and curves are stabilized by the CalW binding. Note also that the sulfonate groups of CalW are 

negatively charged after counterion dissociation. Thus, binding of multiple CalW molecules to 

a DF chain might also facilitate its stretching due to the electrostatic repulsion. The systematic 

�Y�D�U�L�D�W�L�R�Q�V���R�I�������D�Q�G�������I�R�U���G�L�I�I�H�U�H�Q�W���'�(�(�5���W�U�D�F�H�V���I�R�U���W�K�L�V���V�H�U�L�H�V���R�I���&�D�O�:���6�/-BG were shown in 

Figure S8���� �7�K�H���V�W�R�L�F�K�L�R�P�H�W�U�\���R�I���W�K�H���E�L�Q�G�L�Q�J���F�D�Q���E�H���R�E�W�D�L�Q�H�G���E�\�� �S�O�R�W�W�L�Q�J���F�R�Q�W�U�D�V�W���Y�D�O�X�H������vs 

ratio between monosaccharide and CalW units and fitted with the dose-response function 

(Figure 3D). Importantly, nearly the same contrast values result from comparison of DEER 

�W�U�D�F�H�V���S�D�L�U�V���I�R�U���W�K�H���W�R�W�D�O���W�U�D�F�H���O�H�Q�J�W�K���R�I�������������������D�Q�G���������—�V�����7�K�H�������Y�D�O�X�H���V�W�D�U�W�V���W�R���L�Q�F�U�H�D�V�H���D�W���W�K�H��

approximate molar ratio of 40:1 between monosaccharide units and CalW and reaches a plateau 

when the ratio monosaccharide units to CalW reaches approximately 10:1, which means that 

every 10 anhydroglucose units on average form one binding site for CalW. This value is very 

close to 11.2 in published work which used UV-vis spectroscopy for the interaction study of 

�&�D�O�:�� �D�Q�G�� �F�H�U�H�D�O�� ��-glucan (Wu et al., 2008). The fitted Hill coefficient p in our study was 

determined as 20.8 with a standard deviation of 3.5, which indicated positively cooperative 

binding. 
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Interaction study of BG with dyes 

Having established this simple and robust stretched exponential model description of the DEER 

series for SL-BG with and without bound CalW, we turned to extend the DEER-based DF 

characterization by measuring a series of six further interaction patterns for different types of 

food related dyes (Figure 4A). The following six dyes were selected: (i) Carminc acid (CA) 

was selected as a natural food dye; (ii) Congo red (ConR) was another positive control that was 

already known to bind to BG (Ogawa et al., 1972; Semedo et al., 2015); and the rest are the 

synthetic food dyes that are widely used in food industry - (iii) Brilliant blue (BB); (iv) 

Lissamine green (LG); (v) Patent blue (PB); and (vi) Brilliant black (BBlc) (Arnold et al., 2012; 

Mohammad et al., 2005). As one can see in the chemical structures, all the dyes possess multiple 

benzene rings with or without additional conjugated double bonds, which may contribute to a 

�K�\�G�U�R�S�K�R�E�L�F���L�Q�W�H�U�D�F�W�L�R�Q���Z�L�W�K���'�)���G�X�H���W�R���W�K�H���Œ���V�\�V�W�H�P���R�I���D�U�R�P�D�W�L�F���U�L�Q�J���V�������7�K�H���&�$���D�V���W�K�H���Q�D�W�X�U�D�O��

dye contains multiple phenol groups and a carboxyl group on the anthraquinone ring system, 

which is linked to a sugar unit. All other dyes in our list possess sulfonate groups, and some 

also phenol groups (for LG and PB).  

The series of DEER traces for these six dyes, in each case with a monosaccharide unit to dye 

molar ratio of 16:1, are shown along with the analogous data for CalW and the data for free SL-

BG (Figure 4B). The data were again nicely fitted with stretched exponential decay functions. 

The transverse evolution traces for these samples were as well measured and fitted with the 

SSE function. The �F�R�U�U�H�V�S�R�Q�G�L�Q�J���U�H�V�X�O�W�V���R�I���V�W�U�H�W�F�K�H�G���H�[�S�R�Q�H�Q�W�L�D�O���I�L�W�W�L�Q�J���R�I���W�K�H���'�(�(�5���W�U�D�F�H�V�������� 

and the transversal decay curves-DEER corelation (Tm1-���� �F�R�U�U�H�O�D�W�L�R�Q���� �D�U�H�� �V�X�P�P�D�U�L�]�H�G�� �L�Q��

Figure 4C and Figure 4D, respectively. One can see that the trend of increased transverse 

relaxation time (Tm1�����L�Q���F�R�P�E�L�Q�D�W�L�R�Q���Z�L�W�K���L�Q�F�U�H�D�V�H�G���������L�Q���E�R�W�K���F�D�V�H�V�����F�R�P�S�D�U�H�G���W�R���W�K�H���I�U�H�H���6�/-

BG case) is observed for all dyes tested, indicating that this is most likely a general trend, at 

least for the BG DFs. Again, a linear correlation bet�Z�H�H�Q���F�R�Q�W�U�D�V�W�������D�Q�G���S�K�D�V�H���P�H�P�R�U�\���W�L�P�H��

Tm1 was found (with a Pearson correlation coefficient of 0.86), which indicates the same origin 

of the DEER and transverse relaxation traces transformation. Importantly, in these DEER 

experiments, a special effort was made to keep the resonator profile and the microwave pulse 

excitation profiles as constant as possible. In this way, we could assume that the variability of 

the DEER trace shapes shown is about 5%. This estimate is also in line with the reproducibility 

measurements of DEER, ED EPR and transversal decay on re-prepared SL-BG sample (Figure 

S10). For some dyes, the steepness comparison of their DEER trace decay 
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Figure 17. A) Chemical structures of dyes that were tested in this work and their 3D structures generated by 
Chem3D with minimized energy. The calculations of their maximum length × width × thickness and maximum 
radius were accomplished with Multiwfn (Lu & Chen, 2012). B) The normalized time domain DEER data with 2, 
4, 8, 12 µs trace length and their fits with stretched exponential function for the BG-dye interactions. C) The 
�F�R�O�X�P�Q���S�O�R�W���I�R�U���W�K�H�������Y�D�O�X�H�V���I�L�W�W�H�G���I�U�R�P���W�K�H���'�(�(�5���G�H�F�D�\���G�D�W�D���I�R�U���P�L�[�W�X�U�H�V���R�I���6�/-BG and different dyes, using a 
constant molar ratio between SL-�%�*�¶�V�� �P�R�Q�R�V�D�F�F�K�D�U�L�G�H�� �X�Q�L�W�V�� �D�Q�G�� �G�\�H�V�� �R�I�� ���������� �I�R�U�� �D�O�O�� �V�D�P�S�O�H�V���� �D�Q�G�� �Z�L�W�K�� �W�K�H��
�µ�&�R�Q�W�U�R�O�¶���J�U�R�X�S�¶�V���� values determined using the same concentration of SL-BG as in other groups but without any 
dye. D) The mean contrast distribution vs the nitroxides spin phase memory times (Tm1) for mixtures of SL-BG 
and different dyes, with the molar ratio between monosaccharide units and dyes being 16:1 for all samples. 

changes for different DEER trace lengths (Figure 4C). However, looking at all four DEER 

traces series (Figure 4D) and also considering the declared variability of about 5%, we can 

propose the following or�G�H�U���R�I���W�K�H���G�\�H���E�L�Q�G�L�Q�J���D�I�I�L�Q�L�W�L�H�V���W�R���%�*�����&�D�O�:���!���%�%���•���&�R�Q�5���!���/�*���§��

�3�%���§���%�%�O�F���!���&�$�����7�K�H���R�E�V�H�U�Y�H�G���G�L�I�I�H�U�H�Q�F�H�V���L�Q���E�L�Q�G�L�Q�J���D�I�I�L�Q�L�W�L�H�V���W�R���%�*���D�P�R�Q�J���W�K�H�V�H���O�L�J�D�Q�G�V���F�D�Q��

be due to several potential reasons: 

i) pKa dependent hydrogen bond strength  

According to published works on the interaction between CalW and BG, the binding is mainly 

driven by hydrogen bond (H-bond) formation which was confirmed by using urea as a hydrogen 
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binding competitor to interfere with the CalW/BG interaction (Wood et al., 1983; Wu et al., 

2008). According to the pKa theory of H-bonding, an important parameter in the strength of H-

bond is the difference of pKa values between H-bond donor (DH) and H-Bond acceptor (AH) 

���û�S�.a= | pKa(AH) �± pKa���'�+�����_�������7�K�H���V�P�D�O�O�H�U���W�K�H���û�S�.a value is, the stronger is the hydrogen 

bond (Gilli  et al., 2009; Gilli et al., 2007). In our case of BG in aqueous solution, the H-bond 

was formed between the sugar ROH groups from BG and water molecules, which would be in 

a competition with different H-bonds formed between dyes and BG. The pKa of a ROH group 

from BG is approximately 12~14 (DH), and pKa of H3O+ is -1.7 (AH), consequently resulting 

�L�Q���W�K�H���û�S�.a of approximately 14~16, which can be considered as a medium strong H-bond in 

the pKa Slide Scale (Gilli  et al., 2009). In principle, any ligand that has pKa higher than -1.7 

could potentially replace water from BG-O�±H�« OH2. In the case of CalW, its nitrogen 

heterocycles melamine-H+ (as AH) have a pKa of 5.0 (Weber, 1970), thus efficiently forming 

H-bonds with BG-�2�+�� �J�U�R�X�S�V�� ���Z�L�W�K�� �û�S�.a = 7~9), which is most likely the main reason of 

stronger hydrogen binding of CalW to BGs compared to other dyes. But one has to note that 

�&�D�O�:���R�Q�O�\���V�S�H�F�L�I�L�F�D�O�O�\���E�L�Q�G�V���W�R����-�����:���� - �D�Q�G����-�����:���� -linked glucans and chitin, even though 

all carbohydrates have many HO-groups. The specificity means that other interactions than H-

bonds also play a role, or that in the structure of CalW, its two melamine moieties are at an 

ideal distance and alignment to recognize linear polysaccharide domains that are in a cellulose-

like, elongated conformation (cellotriosyl- and cellotetraosyl-blocks in cereal BG), allowing for 

doubling the points of contact via hydrogen bonding in a defined way. Similarly, the strong 

binding of ConR, which manifests �L�W�V�H�O�I�� �L�Q�� �W�K�H�� �V�L�J�Q�L�I�L�F�D�Q�W�� �F�K�D�Q�J�H�V�� �R�I�� ���� �D�Q�G��Tm values (see 

Figure 4C, D), may be attributed to the presence of two aromatic amines (pKa(PhNH3
+) ~4.6 

�D�V���$�+�����K�H�Q�F�H���û�S�.a = 7�±9) (Reich, 2005). 

Interestingly, in spite of the absence of high pKa groups, BB showed relatively strong binding 

similar to that of ConR as we can see in the DEER traces comparison in Figure 4B. However, 

it should be noted that the sulfonic acid group has a pKa in the range from -2 to 4 and sulfonate 

may hence still act as an efficient H-bond acceptor in the H-bond to BG. In the case of BB, a 

pKa value around 1.6 (as AH) was measured by a UV-vis-based method (Figure S11A, D), 

which means the H-bond between BB and BG may be stronger than in the case of water since 

the re�V�X�O�W�L�Q�J���û�S�.a is smaller compared to water (10~12 vs. 14~16). The pKa theory could also 

explain why the similarly structured BBlc showed a weaker interaction than BB, since its pKa 

was measured to be only 0.3 (Figure S11B, E). Still, this comparison of the pKa values of the 

sulfonate, imine and aromatic amine groups might not suffice to explain the similar binding 

efficiency between ConR and BB, since their pKa (AH) differ by 4.6 - 1.6 = 3. Note also that 

since we deal here with a biopolymer, more than one neighbouring sugar moiety can be 

involved in the formation of H-bonds with the same dye molecule. Thus, the geometry of the 
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dye molecule might be an important factor for the overall efficiency of the dye-BG H-bond 

formation.  

Somewhat unexpected, the natural dye CA has shown very weak binding to BG (Figure 4B, C, 

D): the steepest decays in the CA DEER traces (Figure 4B) among all the food dyes indicated 

that the interaction between CA and BG resulted in least-significant changes in conformational 

distribution of the BG. However, the pKa of carminic acid is 3.39 for the carboxylic acid, and 

11.51, 5.78, 8.35, and 10.27 for the phenol groups at position 3, 5, 6, and 8, respectively (Atabey 

et al., 2012). These pKa values are high enough for forming stable H-bonds between CA and 

�%�*�����Z�L�W�K���û�S�.a values varying in the broad range from 1.7 to 11.6. This seeming discrepancy 

can be lifted by noticing that in contrast to the sodium sulfonates in e.g. CalW, the CA was used 

in the acid form, and not as the sodium carboxylate species, hence leading to lowered pH due 

�W�R�� �W�K�H�� �G�L�V�V�R�F�L�D�W�H�G�� �S�U�R�W�R�Q�� �R�I�� �&�$�¶�V�� �F�D�U�E�R�[�\�O�L�F�� �D�F�L�G���� �,�Q�G�H�H�G���� �W�K�H�� �S�+�� �P�H�D�V�X�U�H�G�� �X�Q�G�H�U�� �W�K�H�� �V�D�P�H��

conditions as for the CA-BG DEER samples was as low as 3.7, which is around the pKa value 

�R�I���W�K�H���&�$�¶�V���F�D�U�E�R�[�\�O�L�F���D�F�L�G���J�U�R�X�S�����8�Q�G�H�U���W�K�H�V�H���F�R�Q�G�L�W�L�R�Q�V�����Y�L�Utually all phenolic groups are in 

the neutral ROH form. Hence, the correct pKa to be considered for ROH as H-bond acceptor 

would be of the protonated phenol pKa (ROH2
+), which is around the same as for protonated 

water H3O+, and hence shows no advantage to replace water molecules in the H-bond 

interaction with BG. At the observed pH 3.7, only nearly half of the carboxyl groups are in the 

form of RCOO- that can act as the H-bond acceptor. In addition, the existing RCOO- tend to 

hunt for groups with lower pKa to form H-bonds, e.g. H-bond dimers via RCOO-/RCOOH of 

CA, or with phenol groups at position 5 of CA itself rather than the hydroxy-groups of BG. 

This may be the main reason why the CA-BG interaction was measured to be so weak in our 

DEER and Tm measurements, even though CA possesses H-bond acceptor groups with 

relatively high pKa values. 

ii)  Ligand molecular dimension  

Another potential reason for the differences in dye-BG interaction is the dimension of the dye 

molecules (which can be expressed as a product of its maximum length × width × thickness). 

For reference, see the dye 3D structures in Figure 4A. One can notice that within our series of 

dyes, the interaction with fibre is more favoured for large molecules with planar hydrophobic 

fragments, which would facilitate dispersive and hydrophobic interactions (Fabian et al., 1995; 

Timofei et al., 2000). As found in CalW (29.9 × 14.4 × 7.9 (Å)3), the H-bonding leads to a close 

distance to the BG chain that allows for a van der Waals interaction because of the large planar 

aromatic moiety in CalW (Wu et al., 2008). Therefore, the resulting relatively strong interaction 

found in the case of BB might not only come from H-bond formation but also have a substantial 

contribution from dispersive interaction due to the large dimensions of the dye: 22.9 × 17.6 × 

10.6 (Å)3 (Figure 4A). 
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The smallest dye molecules in the series, PB (16.1 × 13.9 × 7.0 (Å)3) and LG (15.6 × 14.6 × 

7.8 (Å)3) showed DEER decay traces, which were substantially steeper than e.g., for BB and 

ConR, indicating weaker interactions for PB-BG and LG-BG (Figure 4C). Note that these two 

dyes also have very similar pKa values for their sulfonic acid groups: 2.6 for LG and 2.5 for PB. 

The similarity, both in the molecular dimensions and in the pKa values, might explain why the 

DEER traces for these two dye molecules are very similar for all four measured trace lengths. 

 

Figure 18. A) The 4 µs normalized time domain DEER data for constant concentration of SL-BG in the absence 
and presence of patent blue (PB) at different pH (the molar ratio between monosaccharide units and PB is 16:1). 
�%�����7�K�H�������Y�D�O�X�H�V���H�[�Wracted from fitting DEER data with stretched exponential decay functions for SL-BG with and 
without PB at different pH. C) The UV-vis absorption spectra of PB at different pH (grey) and their normalized 
absorbance at 414 nm and 639 nm vs pH value. D) The mean contrast �� value extracted from the DEER data (d2= 
2, 4, 8, 12 µs) for PB/SL-BG samples against pH, fitted with the dose-response function. The inserted cartoon 
illustrates the possible conformational state of BG interaction with PB at different pH (the blue drop stands for PB 
ligands). 

According to the H-bond rules described  by Gilli and co-workers (Gilli  et al., 2009; Gilli et al., 

2007), apart from pKa values, other factors like environmental pH as well as the symmetricity 

of the H-bond between DH and AH could have a great influence on the H-bond formation. To 

demonstrate the pH effect on the dye-BG binding, PB was selected as an example. The 

corresponding DEER traces (Figure 4A for d2=4 µs and Figure S12 for d2= 2, 8, 12 µs in SI), 

�D�Q�G���W�K�H���I�L�W�W�H�G�������Y�D�O�X�H�V���D�U�H���V�X�P�P�D�U�L�]�H�G���L�Q��Figure 5B, along with the pKa measurement (Figure 

5C). In the series of DEER measurements, free SL-BG sample at pH 2.3 and 6.5 were used as 

the reference samples. A non-significant difference in DEER shapes at these two pH values (= 

references) allows us to conclude that lowering pH from 6.5 to 2.3 did not lead to the change 

of DEER decay and consequently did not change the conformational ensemble of BG. At pH 

2.3, the addition of PB also did not change the decay shape for all DEER traces (at four different 

trace lengths), which indicates no binding between PB and BG at this low pH. At an increased 
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pH of 3.4, the SL-BG + PB DEER traces become already substantially flatter than the two free 

SL-BG DEER traces taken as the references. The change in the DEER decay traces of SL-BG 

+ PB at pH 4.6 got even more pronounced, while the SL-BG + PB sample at pH 6.5 showed 

less significant change when looking into all the four DEER traces, indicating a near saturation 

�L�Q���W�K�H���E�L�Q�G�L�Q�J���E�H�W�Z�H�H�Q���3�%���D�Q�G���%�*�����$�F�F�R�U�G�L�Q�J�O�\�����W�K�H���I�L�W�W�H�G�������Y�D�O�X�H�V���D�U�H���V�L�P�L�O�D�U���I�R�U���I�U�H�H���6�/-BG 

samples at pH 2.3 and 6.5 (the first two columns for each DEER trace in Figure 5B), and still 

do not change when adding PB to SL-BG at pH 2.3 (the third column for each DEER trace in 

Figure 5A�������7�K�H���I�L�W�W�H�G�������Y�D�O�X�H�V���I�R�U���6�/-BG + PB sample change substantially between pH 2.3 

�D�Q�G���S�+������������ �Z�K�L�O�H���W�K�H���G�L�I�I�H�U�H�Q�F�H���L�Q������ �Y�D�O�X�H�V���E�H�W�Z�H�H�Q���S�+���������� �D�Q�G���S�+���������� �L�V���Tuite small. The 

�F�R�U�U�H�O�D�W�L�R�Q���E�H�W�Z�H�H�Q���F�R�Q�W�U�D�V�W�������D�Q�G���S�+���L�V���D�O�V�R���I�L�W�W�H�G���Z�L�W�K���G�R�V�H-responsive function (Figure 5D). 

It shows an estimated threshold pH of 2.7, which indicates that from this pH upwards, 

significant BG-PB interaction should start to appear. An optimal pH of 4.5 was also estimated 

for BG-PB binding, which indicates that for this pH and above, PB should show its full power 

in binding with BG. 

This behaviour matches well the pKa profile of PB (Figure 5C). At the condition of pH = 2.3, 

which is a bit below its pKa value of 2.5, nearly 40% of PB are in deprotonated form and 60% 

of PB are in protonated form. While the protonated form of PB could not act as an H-bond 

acceptor, the deprotonated PB molecules would prefer to form homo dimers by establishing H-

bonds with the protonated form of PB rather than with BG. This preference is due to the PB-

�3�%���L�Q�W�H�U�D�F�W�L�R�Q�V���K�H�U�H���K�D�Y�L�Q�J���D���U�H�V�X�O�W�L�Q�J���û�S�.a = 0 and symmetric H-bond structure. Accordingly, 

no PB binding effect on the BG conformational distribution would be expected at this pH, in 

line with our DEER data. At pH 3.4, nearly 90% of PB is in the deprotonated form, which is 

more abundant than its protonated form but there is still a small but detectable percent fraction 

(~10%) of the protonated PB molecules, as can be seen in the pKa profile (Figure 5C). At this 

pH, a part of unprotonated PB would bind to the protonated PB molecules, thus forming a dimer, 

and the rest of unprotonated PB molecules (~80%) could then act as the H-bond acceptors for 

the H-bond formati�R�Q�� �Z�L�W�K�� �%�*�� �S�R�O�\�P�H�U���� �7�K�L�V�� �Z�R�X�O�G�� �F�R�Q�W�U�L�E�X�W�H�� �W�R�� �W�K�H�� ���� �Y�D�O�X�H�� �L�Q�F�U�H�D�V�H�� �D�V�� �L�V��

indeed shown in Figure 5B. The further increases and reaching to a plateau at pH 4.6 and pH 

6.5 are also in line with the pH dependence of PB species observed by UV-vis spectroscopy 

(Figure 5C). 

Conclusions 

In this work, the new methodology based on DEER and complemented by ED EPR analysis 

and relaxation measurements was established for studying interactions of spin-labelled BG with 

a series of food dyes. CalW as a known BG-binder was chosen as the positive control ligand, 

showing the most significant change in DEER decay, ED EPR, as well as Tm decay for the BG 

samples when adding ligand. In the CalW titration experiment, the fitting parameter ��, extracted 
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from DEER using stretched exponential decay function, allowed binding affinity estimation 

and determination of binding capacity that on average, every 10 anhydroglucose moieties in the 

BG chain could bind one CalW, corroborating the literature (Wu et al., 2008). Other food dyes 

were tested with the same method and showed different binding affinities, which were related 

to the differences in pKa values of ligands as one of the intrinsic factors that causes different 

strengths of H-bonds on one hand, and on the other hand, the sizes of planar aromatic fragments 

as a proxy for the strength of the van der Waals and hydrophobic interactions. As an 

environmental factor, the pH, which also affects the H-bond formation, was tested using patent 

�E�O�X�H�����3�%�������D�Q�G���L�W���Z�D�V���G�H�P�R�Q�V�W�U�D�W�H�G���W�K�D�W���D���S�+���E�H�O�R�Z���R�U���F�O�R�V�H���W�R���W�K�H���G�\�H�¶�V���L�Q�W�U�L�Q�V�L�F���S�.a would 

compromise the binding to DF via protonating the sulfonate group of PB and disabling their 

ability to act as efficient H-bond acceptors. This work provides a novel and reliable method to 

study the interactions between polysaccharides and ligands, and it gives detailed information to 

better understand the mechanism of such interactions at the molecular level. It should be noted 

that the ligand types for interactions with DFs are not limited to food dyes, but also can be any 

other biomolecules (such as proteins, lipids, drugs etc.) if their interactions induce 

conformational changes of DFs. Thus, the presented methodology might find broad applications 

in carbohydrate polymers research. 

CRediT author statement 

Xiaowen Wu: Conceptualization, Methodology, Formal analysis, Investigation, Writing - 

original draft, Writing �±- review & editing; Samy Boulos: Writing �± review & editing, 

Supervision, Funding acquisition. Victoria Syryamina: Writing-review & editing, 

computation. Laura Nyström : Resources, Conceptualization, Writing - review & editing, 

Supervision, Project administration, Funding acquisition. Maxim Yulikov : Methodology, 

Formal analysis, Writing �± review & editing, Supervision. 

Declaration of competing interest  

The authors reported no declarations of competing interest. 

Funding 

�7�K�L�V�� �Z�R�U�N�� �Z�D�V�� �V�X�S�S�R�U�W�H�G�� �E�\�� �(�X�U�R�S�H�D�Q�� �5�H�V�H�D�U�F�K�� �&�R�X�Q�F�L�O�� �(�5�&���� �X�Q�G�H�U���W�K�H�� �(�X�U�R�S�H�D�Q�� �8�Q�L�R�Q�¶�V��

Horizon 2020 research and innovation programme (Grant agreement No. 679037) and the 

Chinese Scholarship Council (CSC, NO. 201808440540). 

References 

Aguirre-Ramírez M., Silva-Jiménez H., Banat I. M., & Díaz De Rienzo M. A. (2021). 
Surfactants: physicochemical interactions with biological macromolecules. 
Biotechnology Letters, 43(3), 523-535. 



PART 2: RESEARCH PAPERS�² Manuscript II  

122 

Anderson J. W., Baird P., Davis R. H., Jr., Ferreri S., Knudtson M., Koraym A., Waters V., & 
Williams C. L. (2009). Health benefits of dietary fiber. Nutrition Reviews, 67(4), 188-
205. 

Arnold L. E., Lofthouse N., & Hurt E. (2012). Artificial food colors and attention-
deficit/hyperactivity symptoms: conclusions to dye for. Neurotherapeutics, 9(3), 599-
609. 

Atabey H., Sari H., & Al-Obaidi F. N. (2012). Protonation equilibria of carminic acid and 
stability constants of its complexes with some divalent metal ions in aqueous solution. 
Journal of Solution Chemistry, 41(5), 793-803. 

Baber J. L., Louis J. M., & Clore G. M. (2015). Dependence of distance distributions derived 
from double electron�±electron resonance pulsed EPR spectroscopy on pulse-sequence 
time. Angewandte Chemie International Edition, 54(18), 5336-5339. 

�%�D�F�K�� �.�Q�X�G�V�H�Q�� �.���� �(���� ���������������� �7�K�H�� �Q�X�W�U�L�W�L�R�Q�D�O�� �V�L�J�Q�L�I�L�F�D�Q�F�H�� �R�I�� �³�G�L�H�W�D�U�\�� �I�L�E�U�H�´�� �D�Q�D�O�\�V�L�V����Animal 
Feed Science and Technology, 90(1), 3-20. 

Bartzatt R. (2017). Relative properties and relative potency of various hydrazide compounds 
that Inhibit growth of mycobacterium tuberculosis. IOSR Journal of Pharmacy and 
Biological Sciences, 12, 144-150. 

Behera S. K., Mishra S., & Mohapatra M. (2021). Physicochemical study of dietary fiber 
methylcellulose and human intestinal bile salt micellar aggregates. Colloid and 
Interface Science Communications, 44, 100493. 

Boachie R. T., Commandeur M. M. B., Abioye R. O., Capuano E., Oliviero T., Fogliano V., & 
�8�G�H�Q�L�J�Z�H���&�����&����������������������-Glucan interaction with lentil (lens culinaris) and yellow pea 
(Pisum sativum) proteins suppresses their in vitro digestibility. Journal of Agricultural 
and Food Chemistry, 69(36), 10630-10637. 

Bode B. E., Margraf D., Plackmeyer J., Dürner G., Prisner T. F., & Schiemann O. (2007). 
Counting the monomers in nanometer-�V�L�]�H�G�� �R�O�L�J�R�P�H�U�V�� �E�\�� �S�X�O�V�H�G�� �H�O�H�F�W�U�R�Q�í�H�O�H�F�W�U�R�Q��
double resonance. Journal of the American Chemical Society, 129(21), 6736-6745. 

Canarie E. R., Jahn S. M., & Stoll S. (2020). Quantitative structure-based prediction of electron 
spin decoherence in organic radicals. The Journal of Physical Chemistry Letters, 11(9), 
3396-3400. 

Delannoy-Bruno O., Desai C., Castillo J. J., Couture G., Barve R. A., Lombard V., Henrissat 
B., Cheng J., Han N., Hayashi D. K., Meynier A., Vinoy S., Lebrilla C. B., Marion S., 
Heath A. C., Barratt M. J., & Gordon J. I. (2022). An approach for evaluating the effects 
of dietary fiber polysaccharides on the human gut microbiome and plasma proteome. 
Proceedings of the National Academy of Sciences, 119(20), e2123411119. 

Eaton S. S., & Eaton G. R. (2000). Relaxation times of organic radicals and transition metal 
Ions. In L. J. Berliner, G. R. Eaton, & S. S. Eaton (Eds.), Distance measurements in 
biological systems by EPR (pp. 29-154). Boston, MA: Springer US. 

EFSA. (2011). Scientific Opinion on the substantiation of health claims related to beta-glucans 
from oats and barley and maintenance of normal blood LDL-cholesterol concentrations 
(ID 1236, 1299), increase in satiety leading to a reduction in energy intake (ID 851, 
852), reduction of post-�S�U�D�Q�G�L�D�O�� �J�O�\�F�D�H�P�L�F�� �U�H�V�S�R�Q�V�H�V�� ���,�'�� ���������� ������������ �D�Q�G�� �³�G�L�J�H�V�W�L�Y�H��
�I�X�Q�F�W�L�R�Q�´�����,�'�������������S�X�U�V�X�D�Q�W���W�R���$�U�W�L�F�O�H���������������R�I���5�H�J�X�O�D�W�L�R�Q�����(�&�����1�R������������������������EFSA 
journal, 9(6), 1-21. 

Fabian W. M. F., Timofei S., & Kurunczi L. (1995). Comparative molecular field analysis 
(CoMFA), semiempirical (AM1) molecular orbital and multiconformational minimal 



PART 2: RESEARCH PAPERS�² Manuscript II  

123 

steric difference (MTD) calculations of anthraquinone dye-fibre affinities. Journal of 
Molecular Structure: THEOCHEM, 340(1), 73-81. 

FDA 21 CFR 101.81 (2009), Health claims: soluble fiber from certain foods and risk of 
coronary heart disease (CHD). 

Feingold B. F. (1975). Hyperkinesis and learning disabilities linked to artificial food flavors 
and colors. The American Journal of Nursing, 75(5), 797-803. 

Gajan D., Schwarzwälder M., Conley M. P., Grüning W. R., Rossini A. J., Zagdoun A., Lelli 
M., Yulikov M., Jeschke G., Sauvée C., Ouari O., Tordo P., Veyre L., Lesage A., 
Thieuleux C., Emsley L., & Copéret C. (2013). Solid-phase polarization matrixes for 
dynamic nuclear polarization from homogeneously distributed radicals in 
mesostructured hybrid silica materials. Journal of the American Chemical Society, 
135(41), 15459-15466. 

Garbuio L., Zimmermann K., Häussinger D., & Yulikov M. (2015). Gd(III) complexes for 
electron�±electron dipolar spectroscopy: Effects of deuteration, pH and zero field 
splitting. Journal of Magnetic Resonance, 259, 163-173. 

Gilli P., Pretto L., Bertolasi V., & Gilli G. (2009). Predicting dydrogen-bond strengths from 
�D�F�L�G�í�E�D�V�H���P�R�O�H�F�X�O�D�U���S�R�S�H�U�W�L�H�V�����W�K�H���S�.�D���V�O�L�G�H���U�X�O�H�����W�R�Z�D�U�G���W�K�H���V�R�O�X�W�L�R�Q���R�I���D���O�R�Q�J-lasting 
problem. Accounts of Chemical Research, 42(1), 33-44. 

Gilli P., Pretto L., & Gilli G. (2007). PA/pKa equalization and the prediction of the hydrogen-
bond strength: A synergism of classical thermodynamics and structural crystallography. 
Journal of Molecular Structure, 844-845, 328-339. 

Gromov I., Shane J., Forrer J., Rakhmatoullin R., Rozentzwaig Y., & Schweiger A. (2001). A 
Q-band pulse EPR/ENDOR spectrometer and the implementation of advanced one- and 
two-dimensional pulse EPR methodology. Journal of Magnetic Resonance, 149(2), 
196-203. 

Gunness P., Flanagan B. M., Mata J. P., Gilbert E. P., & Gidley M. J. (2016). Molecular 
interactions of a model bile salt and porcine bile with (1,3:1,4)-��-glucans and 
arabinoxylans probed by 13C NMR and SAXS. Food Chemistry, 197, 676-685. 

Gunness P., & Gidley M. J. (2010). Mechanisms underlying the cholesterol-lowering properties 
of soluble dietary fibre polysaccharides. Food & Function, 1(2), 149-155. 

Guo R., Ai L., Cao N., Ma J., Wu Y., Wu J., & Sun X. (2016). Physicochemical properties and 
structural characterization of a galactomannan from Sophora alopecuroides L. seeds. 
Carbohydrate Polymers, 140, 451-460. 

Haigler C. H., Brown R. M., & Benziman M. (1980). Calcofluor white ST alters the in vivo 
assembly of cellulose microfibrils. Science, 210(4472), 903-906. 

Hu T., Huang Q., Wong K., & Yang H. (2017). Structure, molecular conformation, and 
immunomodulatory activity of four polysaccharide fractions from Lignosus 
rhinocerotis sclerotia. International Journal of Biological Macromolecules, 94, 423-430. 

Hubbell W. L., López C. J., Altenbach C., & Yang Z. (2013). Technological advances in site-
directed spin labeling of proteins. Current Opinion in Structural Biology, 23(5), 725-
733. 

Jeschke G. (2012). DEER distance measurements on proteins. Annual Review of Physical 
Chemistry, 63(1), 419-446. 

Jeschke G. (2016). Dipolar spectroscopy �± double-resonance methods. eMagRes, 5, 1459-1476. 



PART 2: RESEARCH PAPERS�² Manuscript II  

124 

Jeschke G., Koch A., Jonas U., & Godt A. (2002). Direct conversion of EPR dipolar time 
evolution data to distance distributions. Journal of Magnetic Resonance, 155(1), 72-82. 

Jha R., & Berrocoso J. D. (2015). Review: Dietary fiber utilization and its effects on 
physiological functions and gut health of swine. Animal, 9(9), 1441-1452. 

Jha R., & Mishra P. (2021). Dietary fiber in poultry nutrition and their effects on nutrient 
utilization, performance, gut health, and on the environment: a review. Journal of 
Animal Science and Biotechnology, 12(1), 51. 

Kanarek R. B. (2011). Artificial food dyes and attention deficit hyperactivity disorder. Nutrition 
Reviews, 69(7), 385-391. 

Kang X., Kirui A., Dickwella Widanage M. C., Mentink-Vigier F., Cosgrove D. J., & Wang T. 
(2019). Lignin-polysaccharide interactions in plant secondary cell walls revealed by 
solid-state NMR. Nature Communications, 10(1), 347. 

Konikowska K., Regulska-Ilow B., & Rozanska D. (2012). The influence of components of 
diet on the symptoms of ADHD in children. �5�R�F�]�Q�L�N�L���3�D���V�W�Z�R�Z�H�J�R���=�D�N�á�D�G�X���+�L�J�L�H�Q�\����
63(2). 

Lindsey C. P., & Patterson G. D. (1980). Detailed comparison of the Williams�±Watts and Cole�±
Davidson functions. The Journal of Chemical Physics, 73(7), 3348-3357. 

Lu T., & Chen F. (2012). Multiwfn: A multifunctional wavefunction analyzer. Journal of 
Computational Chemistry, 33(5), 580-592. 

Lupo C., Boulos S., Gramm F., Wu X., & Nyström L. (2022). A microcalorimetric and 
microscopic strategy to assess the interaction between neutral soluble dietary fibers and 
small molecules. Carbohydrate Polymers, 287, 119-229. 

Manallack D. T. (2007). The pKa distribution of drugs: application to drug discovery. 
Perspectives in Medicinal Chemistry, 1, 25-38. 

Mansouri K., Cariello N. F., Korotcov A., Tkachenko V., Grulke C. M., Sprankle C. S., Allen 
D., Casey W. M., Kleinstreuer N. C., & Williams A. J. (2019). Open-source QSAR 
models for pKa prediction using multiple machine learning approaches. Journal of 
Cheminformatics, 11(1), 60. 

Martin R. E., Pannier M., Diederich F., Gramlich V., Hubrich M., & Spiess H. W. (1998). 
Determination of end-to-end distances in a series of TEMPO diradicals of up to 2.8 nm 
length with a new four-pulse double electron electron resonance experiment. 
Angewandte Chemie International Edition, 37(20), 2834-2837. 

Meldrum O. W., Yakubov G. E., Gartaula G., McGuckin M. A., & Gidley M. J. (2017). 
Mucoadhesive functionality of cell wall structures from fruits and grains: Electrostatic 
and polymer network interactions mediated by soluble dietary polysaccharides. 
Scientific Reports, 7(1), 15794. 

Mikkelsen M. S., Cornali S. B., Jensen M. G., Nilsson M., Beeren S. R., & Meier S. (2014). 
�3�U�R�E�L�Q�J���L�Q�W�H�U�D�F�W�L�R�Q�V���E�H�W�Z�H�H�Q����-glucan and bile salts at atomic detail by 1H�±13C NMR 
assays. Journal of Agricultural and Food Chemistry, 62(47), 11472-11478. 

Milov A. D., Maryasov A. G., & Tsvetkov Y. D. (1998). Pulsed electron double resonance 
(PELDOR) and its applications in free-radicals research. Applied Magnetic Resonance, 
15(1), 107-143. 

Milov A. D., Ponomarev A. B., & Tsvetkov Y. D. (1984). Electron-electron double resonance 
in electron spin echo: model biradical systems and the sensitized photolysis of decalin. 
Chemical Physics Letters, 110(1), 67-72. 



PART 2: RESEARCH PAPERS�² Manuscript II  

125 

Milov A. D., Salikhov K. M., & Shirov M. (1981). Use of the double resonance in electron spin 
echo method for the study of paramagnetic center spatial distribution in solids. Fizika 
Tverdogo Tela, 23(4), 975-982. 

Milov A. D., & Tsvetkov Y. D. (1997). Double electron-electron resonance in electron spin 
echo: Conformations of spin-labeled poly-4-vinilpyridine in glassy solutions. Applied 
Magnetic Resonance, 12(4), 495-504. 

Mohammad F. A., Ali B. M. E., & Speight J. G. (2005). Handbook of Industrial Chemistry: 
Organic Chemicals (1st ed.). New York: McGraw-Hill Education (Chapter 4). 

Munoz J. M. (1982). Interactions of dietary fiber and nutrients. In G. V. Vahouny & D. 
Kritchevsky (Eds.), Dietary fiber in health and disease (pp. 85-89). Boston, MA: 
Springer US. 

�2�J�D�Z�D���.�������'�R�K�P�D�U�X���7�������	���<�X�L���7���������������������'�H�S�H�Q�G�H�Q�F�H���R�I���F�R�P�S�O�H�[���I�R�U�P�D�W�L�R�Q���R�I���������:������-��-D-
glucan with Congo red on temperature in alkaline solutions. Bioscience, Biotechnology, 
and Biochemistry, 58(10), 1870-1872. 

Ogawa K., Tsurugi J., & Watanabe T. (1972). Complex of gel-�I�R�U�P�L�Q�J����-1,3-D-glucan with 
Congo red in alkaline solutions. Chemistry Letters, 689, 692. 

Pannier M., Veit S., Godt A., Jeschke G., & Spiess H. W. (2000). Dead-time free measurement 
of dipole-dipole interactions between electron spins. Journal of Magnetic Resonance, 
142(2), 331-340. 

Pollard H. (1946). The representation of e-�[�A�� as a Laplace integral. Bulletin of the American 
Mathematical Society, 52(10), 908-910. 

Polyhach Y., Bordignon E., Tschaggelar R., Gandra S., Godt A., & Jeschke G. (2012). High 
sensitivity and versatility of the DEER experiment on nitroxide radical pairs at Q-band 
frequencies. Physical Chemistry Chemical Physics, 14(30), 10762-10773. 

Qi P., Lin Z. h., Chen G., Xiao J., Liang Z., Luo L., Zhou J., & Zhang X. (2015). Fast and 
simultaneous determination of eleven synthetic color additives in flour and meat 
products by liquid chromatography coupled with diode-array detector and tandem mass 
spectrometry. Food Chemistry, 181, 101-110. 

Rao P., & Sudershan R. V. (2008). Risk assessment of synthetic food colours: a case study in 
Hyderabad, India. International Journal of Food Safety, Nutrition and Public Health, 
1(1), 68-87. 

Reich H. J. (2005). Introducing JCE ChemInfo: Organic. Journal of Chemical Education, 82(3), 
495. 

�6�H�P�H�G�R���0�����&�������.�D�U�P�D�O�L���$�������	���)�R�Q�V�H�F�D���/���������������������$���K�L�J�K���W�K�U�R�X�J�K�S�X�W���F�R�O�R�U�L�P�H�W�U�L�F���D�V�V�D�\���R�I����-
1,3-D-glucans by Congo red dye. Journal of Microbiological Methods, 109, 140-148. 

Soetbeer J., Hülsmann M., Godt A., Polyhach Y., & Jeschke G. (2018). Dynamical decoupling 
of nitroxides in o-terphenyl: a study of temperature, deuteration and concentration 
effects. Physical Chemistry Chemical Physics, 20(3), 1615-1628. 

Syryamina V. N., Sannikova N. E., De Zotti M., Gobbo M., Formaggio F., & Dzuba S. A. 
(2021). Tylopeptin B peptide antibiotic in lipid membranes at low concentrations: Self-
assembling, mutual repulsion and localization. Biochimica et Biophysica Acta (BBA) - 
Biomembranes, 1863(9), 183585. 

Syryamina V. N., Yulikov M., & Nyström L. (2022). The Cu(ii) �± dietary fibre interactions at 
molecular level unveiled via EPR spectroscopy. RSC Advances, 12(31), 19901-19916. 



PART 2: RESEARCH PAPERS�² Manuscript II  

126 

Timofei S., Schmidt W., Kurunczi L., & Simon Z. (2000). A review of QSAR for dye affinity 
for cellulose fibres. Dyes and Pigments, 47(1), 5-16. 

Tschaggelar R., Kasumaj B., Santangelo M. G., Forrer J., Leger P., Dube H., Diederich F., 
Harmer J., Schuhmann R., Garcia-Rubio I., & Jeschke G. (2009). Cryogenic 35GHz 
pulse ENDOR probehead accommodating large sample sizes: Performance and 
applications. Journal of Magnetic Resonance, 200(1), 81-87. 

Tudorache M., & Bordenave N. (2019). Phenolic compounds mediate aggregation of water-
soluble polysaccharides and change their rheological properties: Effect of different 
phenolic compounds. Food Hydrocolloids, 97, 105193. 

Vachirapatama N., Mahajaroensiri J., & Visessanguan W. (2008). Identification and 
determination of seven synthetic dyes in foodstuffs and soft drinks on monolithic C18 
column by high performance liquid chromatography. Journal of Food and Drug 
Analysis, 16(5), 77-82. 

Weber J. B. (1970). Mechanisms of adsorption of s-triazines by clay colloids and factors 
affecting plant availability. In F. A. Gunther & J. D. Gunther (Eds.), Single Pesticide 
Volume: The Triazine Herbicides (pp. 93-130). New York, NY: Springer New York. 

Wei L., Li J., Xue M., Wang S., Li Q., Qin K., Jiang J., Ding J., & Zhao Q. (2019). Adsorption 
behaviors of Cu2+, Zn2+ and Cd2+ onto proteins, humic acid, and polysaccharides 
extracted from sludge EPS: Sorption properties and mechanisms. Bioresource 
Technology, 291, 121868. 

Weickert M. O., & Pfeiffer A. F. H. (2008). Metabolic effects of dietary fiber consumption and 
prevention of diabetes. The Journal of Nutrition, 138(3), 439-442. 

Wood P. J., Fulcher R. G., & Stone B. A. (1983). Studies on the specificity of interaction of 
cereal cell wall components with Congo red and calcofluor. Specific detection and 
�K�L�V�W�R�F�K�H�P�L�V�W�U�\���R�I�������:�����������:������-��-D-glucan. Journal of Cereal Science, 1(2), 95-110. 

�:�X���-������ �'�H�Q�J���;������ �7�L�D�Q���%������ �:�D�Q�J���/������ �	�� �;�L�H���%���� ���������������� �,�Q�W�H�U�D�F�W�L�R�Q�V���E�H�W�Z�H�H�Q���R�D�W����-glucan and 
calcofluor characterized by spectroscopic method. Journal of Agricultural and Food 
Chemistry, 56(3), 1131-1137. 

Wu X., Boulos S., Yulikov M., & Nyström L. (2022). Site-selective and stochastic spin 
labelling of neutral water-soluble dietary fibers optimized for electron paramagnetic 
resonance spectroscopy. Carbohydrate Polymers, 293, 119724. 

Yamjala K., Nainar M. S., & Ramisetti N. R. (2016). Methods for the analysis of azo dyes 
employed in food industry �± A review. Food Chemistry, 192, 813-824. 

Yoshimura Y., Ishikawa Y., & Takekiyo T. (2019). Cryopreservation of proteins in aqueous 
DMSO solutions at cryogenic temperature: A case study of lysozyme. Journal of 
Molecular Liquids, 273, 663-669. 

Yoshioka N., & Ichihashi K. (2008). Determination of 40 synthetic food colors in drinks and 
candies by high-performance liquid chromatography using a short column with 
photodiode array detection. Talanta, 74(5), 1408-1413. 

 



PART 2: RESEARCH PAPERS�² Manuscript II  

127 

Supporting Information  

for 

�,�Q�W�H�U�D�F�W�L�R�Q���R�I���%�D�U�O�H�\����-Glucan with Food Dye Molecules �± an Insight from 

Pulse Dipolar EPR Spectroscopy 

Xiaowen Wu, Samy Boulos, Victoria Syryamina, Laura Nyström, Maxim Yulikov.



PART 2: RESEARCH PAPERS�² Manuscript II  

128 

Supporting text 

Synthesis spin labelled BG  

The preparation of spin labelled BG (SL-BG) was followed based on our previous work.(Wu 

et al., 2022)  

Synthesis of the alkynyl-TEMPO (compound 1) 

 

Scheme S1. Synthesis of alkynyl-TEMPO. 

4-Carboxyl-TEMPO (200 mg) was dissolved in 10 mL anhydrous DCM, 1 equiv. of 2-

propynylamine was added followed by 0.1 equiv. DMAP, and 1 equiv. EDC (Scheme 1). The 

resulting mixture was stirred at room temperature for 24 h. The reaction was quenched by ice 

water, and the organic phase washed with saturated NaCl solution and water three times each. 

DCM was removed by rotary evaporator. Finally, the resulting crude oil underwent silica gel 

flash column chromatography eluted with DCM: MeOH = 50:1 to get 180 mg of compound 1 

as a light-yellow powder (yield 75%). The product was characterized by HRMS (High 

Resolution Mass Spectrometry). MS (m/z) (ESI, MeOH) calculated for [C13H21N2O2]+: 

237.1603; found 237.1606.      

 

 

Scheme S2. Illustration of the synthetic pathway to produce SL-BG. The inserts show the structures of the 
chemical modifications on the monosaccharide repeating unit (only the predominant products with substitution at 
C6 are shown).  
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Synthesis of Tosyl-substituted BG (BG-OTs) 

�%�D�U�O�H�\����-glucan was dried under vacuum at 100°C in an oil bath overnight before using. Then, 

250 mg dried BG was dissolved in 30 ml 3% anhydrous LiCl/DMA solution at 100°C under 

vigorous stirring until fully dissolved. After cooling down, the resulting solution were placed 

in an ice bath with stirring, 2 mg TEA in 1 mL DMA was added. 42 mg (0.18 equiv. to 

monosaccharide unit) of TsCl dissolved in 2 mL DMA was added dropwise into the above 

solution followed by stirring in ice bath for 30 min and then under room temperature for 24 h. 

The resulting solution was diluted with 300 ml water and purified by dialysis against water (3 

x 5 L) for 3 days. A white cotton like product were yield after lyophilization (recovery yield 

96 %).  The final product was confirmed by 1H NMR with low field (7.76 ppm and 7.78 ppm) 

of 1H signal from the aromatic ring as well as the high field (2.41 ppm) signal from -CH3 from 

Ts (Figure S1), and by FT-IR with an extra absorption of aromatic ring at 1750 cm-1 compared 

with the native BBG (Figure S2 A). 

Synthesis of N3-substituted BG (BG-N3) 

BG-OTs (100 mg) were dissolved in 10 ml anhydrous DMSO, followed by the addition of 20 

mg NaN3. The solutions were stirred at 100 °C for 24 h. Afterwards, the solution were diluted 

with 100 mL water and purified by dialysis against water (3x5 L) for 3 days. A white cotton 

like solid product were yield after lyophilization (recovery yield: 80 %). The products were 

confirmed by disappearing signal of aromatic and methyl from tosyl in 1H NMR spectrum as 

well as FT-IR spectrum (Figure S2 A). 

Synthesis of spin labelled BG (SL-BG) 

50 mg of N3 substituted DF was dissolved in 5 mL dried DMSO under nitrogen atmosphere. 

10 mg alkynyl-TEMPO (1), 2 mg CuBr and 0.1 mL �1���1���1�•���1�•�•���1�•�•-

pentamethyldiethylenetriamine (PMDETA) was added under stirring, respectively. The 

solutions were stirred for 3 days at room temperature in dark. The resulting product solution 

was quenched and diluted with 10 times cold water and dialysis against water (3 x 5 L). Then 

the solution was washed with DCM 3 times. Finally, solid product was yield after lyophilization 

(recovery yield: 93 %). The line broadening effect at high field from CW-EPR spectrum 

demonstrated the successful labelling (Figure S2B).  

Proton nuclear magnetic resonance (1H-NMR) spectroscopy 

The intermediate product BG-OTs and BG-N3 were characterized with NMR spectrometer 

(Bruker AVANCE III-400 spectrometer 400 MHz, Ettlingen, Germany.) compared with native 

BG. 10 mg samples were dissolved in 700 ���/  DMSO-d6 and transferred into NMR tube. NMR 

operated at room temperature at 400 MHz. Data processing was carried out on MestReNova 14 

(Mestrelab Research SL, Santiago de Compostela, Spain). 
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Fourier Transform Infrared (FT -IR) Spectroscopy 

Samples were mixed with pre-dried potassium bromide (KBr) at a concentration of 1% (w/w), 

milled in a fine powder until no crystalline can be seen and pressed to a transparent tablet. A 

control sample using pure KBr was used as the background that was subtracted by each sample 

spectrum. Samples were analysed by Varian 640 FTIR spectroscopy (Agilent Technologies, 

Santa Clara, California). The IR transmittance was scanning over the range from 4000 to 400 

cm-1 with a resolution of 2 cm-1 at room temperature and averaged over 64 scans. 

Molecular weight (Mw and Mn) determination 

The Molecular weight of spin labelled BG were determined by high performance size exclusion 

chromatography (HPSEC) (OMNISEC, Malvern Panalytical Ltd., Malvern, United Kingdom) 

�H�T�X�L�S�S�H�G���Z�L�W�K���W�Z�R���$�¶���������0���F�R�O�X�P�Q�V���L�Q���V�H�U�L�H�V�������������î�����������P�P�����9�L�V�F�R�W�H�N�����S�D�U�H�Q�W���R�U�J�D�Q�L�]�D�W�L�R�Q����

Malvern Panalytical Ltd.,Malvern, United Kingdom). OMNISEC RESOLVE detector 

compartment was equipped with a low and right-angle laser light scattering detector 

(LALS/RALS), a refractive index (RI), a UV detector and a viscometer. The temperature of 

autosampler and column were set to 60°C to acquire accurate mass distributions by minimizing 

aggregation which forms when prepared BG solutions are cooled to room temperature). An 

aqueous solution of 0.1 M NaNO3 with 0.02 % NaN3 was used as the mobile phase, samples 

were dissolved in the mobile phase at 80°C for 1 h and stirred overnight. The samples were 

filtered by 0.45 mm nylon filter before injection. For absolute molecular weight determination, 

a calibration using narrow molecular weight distribution polyethyleneoxide (PEO-24K, 

provided by Malvern) was applied. And a standard Dextran sample (Dextran-T68K, provide by 

Malvern) were applied for validation of the calibration. All samples were measured in triplicates.  

Spin bulk concentration determination 

The SL-BG and standard free TEMPO in H2O solutions were measured with continuous wave 

(CW) EPR by a benchtop ESR Spectrometer MiniScope MS300 (Magnettech, Berlin, Germany) 

equipped with a frequency counter FC300. The setup for measurement: the microwave 

frequency was 9.4 GHz, B0 was 3350 G, sweep width was 100 G, number of measured field 

points was 4096, sweep time was 30 s, magnetic field modulation was 0.1 mT, microwave 

attenuation was 22 dB, video gain was 200, and number of scans was 3. TEMPO in H2�2�����������0����

was used as a daily reference standard for the EPR instrument. 

�)�R�U���W�K�H���F�D�O�L�E�U�D�W�L�R�Q���F�X�U�Y�H���R�I���I�U�H�H���7�(�0�3�2�����V�R�O�X�W�L�R�Q�V���Z�L�W�K���7�(�0�3�2���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���I�U�R�P�����������0��

to 100 ���0���Z�L�W�K���D�Q���L�Q�F�U�H�P�H�Q�W���R�I�����������0���Z�H�U�H���S�U�H�S�D�U�H�G���D�Q�G���P�H�D�V�X�U�H�G���L�Q���W�U�L�S�O�L�F�D�W�H�V���Z�L�W�K���&�:-

EPR. Next, a double integration of the spectrum was performed using home-written MATLAB 

scripts, and a linear calibration curve based on double integration was obtained (Figure S4). 
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The spin labelled fibers were measured (in triplicates) under the same conditions as the 

calibration to determine their spin concentrations. 

Labelling efficiency calculation 

To calculate the labelling efficiency, the Mw (molecular weight) of the final product SL-BG 

was determined by HPSEC as 30.3 kDa. Then, the Equation (1) was considered:  

                                                             Mw = n1 × Mw1 + n2 × Mw2                           Equation (1)  

Here, Mw is the weight average molecular weight of the spin labelled fibre; n1 is the average 

number of TEMPO derivative moieties on one BG chain, and Mw1 is the molecular weight of 

the corresponding TEMPO-moiety (Mw1 = 278 g/mol); n2 is the mean number of 

monosaccharide repeating units in one fibre chain and Mw2 is the molecular weight of a single 

repeating sugar moiety in the polysaccharide (Mw2 = 162 g/mol). Knowing the Mw of the SL-

BG, and accordingly, the fibre concentration in the solution, after determining the spin 

concentration, the value n1 could be computed as:  

                                                            n1��
L
�G�æ�ã�Ü�á

�G�Ù�Ü�Õ�å�Ø
                                                      Equation (2) 

where Cspin is the mole concentration of TEMPO in the sample and the Cfibre is the mole 

concentration of the spin labelled fibre, hence, n1 was calculated to be 5.1. 

By substituted Equation (2) into Equation (1): 

                                                           n2 = (Mw-
�¼�æ�ã�Ü�á

�¼�Ù�Ü�Õ�å�Ø
��
HMw1)/Mw2                                      Equation (3) 

At last, n2 was calculated to be 178 (average number of repeating units per chain), and the 

labelling efficiency DS (degree of substitution) was calculated to be 2.9% (percentage number 

per monosaccharide repeating unit) by Equation (4). 

                                                           DS = n1/n2 × 100%                                          Equation (4) 

pK a measurement of dyes 

The pKa values of selected dyes were measured via spectrophotometric method.(Meloun et al., 

2019) Briefly, dyes were dissolved in water at a concentration of 0.01 mM as a stock solution, 

4 mL of different concentration of HCl(aq.) or NaOH(aq.) were added into 1mL above solution 

to make the dye final concentration constant in all samples. The pH values of the resulting 

samples were recorded by pH meter. For each sample, the UV-vis absorption was measured 

from 250 nm to 800 nm by spectrophotometer (Cary 100 UV�±vis, Agilent Technologies, Santa 

Clara, California) and a background spectrum was subtracted. In a background measurement, 

the UV-vis spectrum of water with the same amount of HCl or NaOH added but without dye 

was measured for each experimental group. The absorbance of the characteristic peak for the 
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protonated/deprotonated species was recorded and plotted vs the measured pH (pH range from 

-1.07 to 11, the estimated value of pH = -1.07 refer to usage of 37% HCl). 

Estimating the distance ranges in DEER experiments 

In general, the dipolar trace for the observation spin (denoted as A-spin) at the absence of 

exchange coupling with the spin-partner (B-spin) is described as (Milov  et al., 1998; Tsvetkov 

et al., 2008): 

�8�º �:�6�;��
L ���F�s
F �L�» 
l�s
F �…�‘�•
l
�� �, �� �³

�. �Ú�² �Ú�³

�<�� �. �Û�å�²�³
�/ �:�s
F �u�…�‘�•�6�à�º�»�;�6
p
p�G                              Equation (5) 

where pB is an excitation probability, which is determined by convolution of the excitation pulse 

profile with the EPR spectrum (Milov  et al., 1981)������0 is the magnetic constant, gA and gB are 

g-values of the observation spin and its spin-�S�D�U�W�Q�H�U������B is the Bohr magneton, h is the Planck 

constant, rAB is an interspin distanc�H�����D�Q�G����AB is an angle between quantization axis (external 

magnetic field) and the dipolar vector rAB. We will denote the �ñ�½
L
�� �, �� �³

�. �Ú�² �Ú�³

�<�� �. �Û�å�²�³
�/ 
L

�º

�å�²�³
�/  for 

�F�R�Q�Y�H�Q�L�H�Q�F�H�����Z�K�H�U�H���$��� �������������0�+�]�‡�Q�P3 for nitroxides. 

Assuming the uniform distribution of spins over the space, for a fixed spin-spin distance the 

series expansion of Equation (5) with Fresnel integrals results in: 

�8�º �:�6�;��
L ���s
F �L�»�:�s
F �…�‘�•�:�ñ�½�6�;�;                                                                             Equation (6) 

and then we �D�V�V�X�P�H�� �W�K�H�� �F�D�V�H�� �R�I�� �µ�Z�H�D�N�¶�� �G�L�S�R�O�D�U�� �F�R�X�S�O�L�Q�J�� ���L���H�����ñ�½�6�' �s) for Taylor series 

expansion of Equation (6): 

�8�º �:�6�;��
N�s
F�L�»
�:� �µ�Í �;�.

�6
,                                                                                            Equation (7) 

Now, if one assumes the thin sphere of r i radii and dr thickness around the A-spin, and 

independent contribution of different spins, the Equation (5) and (7) results in: 

�8�º �:�6�; 
L �Â �@�s
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�A        Equation (8) 

Here, �0�Ü
L �v�è�%�N�6�@�N, B �§�������������0�+�]2 nm6, with C being the bulk concentration of spin labels: 

for the DFs bulk concentration of ~6.27 mM and average spin labelling efficiency of 5.1 spin 

labels per DF this results in a spin label concentration of approximately 32 mM or 2x10-5 spins 

per nm3. By making some rough but realistic assumption of the volume filling factor for the 

DFs in solution of ~10%, we get a rough estimate of the mean spin labels concentration in the 

DFs or DF aggregates on the order of 10-4 molecules per nm3. For the DEER setup with 16 ns 

pulses one can assume the spin flip probability pB to be about 0.38. For the DEER trace length 
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of 2 µs, this gives �8�º �:�6�; 
N�s
F
�5�ä�;�6�®�á�à �/

�Ë�/ . Taken the signal-to-noise ratios in the DEER traces of 

about 50, we get that for the 2 µs trace the electron spin-spin distances up to �4 
L 
k�¾�w�r�®�s�ä�y�t�/ 
o 

�Q�P���§�����������Q�P���S�O�D�\���V�R�Pe role in the DEER signal shape (distances above this limit add about 2% 

to the DEER signal at the time 2 µs). For the trace length 4, 8 and 12 µs, the same estimate with 

signal-to-noise ratio of 50 gives the estimate of the upper distance range contributing to the 

shape of the DEER trace of about 7 nm, 11 nm and 14.6 nm respectively. It should be 

emphasized that the given estimation is done for a case of uniform spin distribution, while for 

a case of inhomogeneous distribution of spin-labels in disordered molecules, the upper distance 

values can be slightly varied. However, we should note that the main contribution to the DEER 

signal is given by spin labels at shorter distances, so that the length of the DEER trace is 

comparable to the period of dipolar oscillations. If we take 4T be equal to one period of dipolar 

oscillations (quarter of an oscillation fitting to the length of the DEER trace), we get for 2 µs, 

4 µs, 8 µs and 12 µs the distances up to 4 nm, 5.1 nm, 6.4 nm and 7.3 nm making the main 

contribution that determines the overall shape of the DEER trace. Accordingly, the range of 

distances between these two estimated values mainly contributes for the slope at the end of the 

DEER trace. These ranges are roughly 4-4.4 nm for the 2 µs DEER trace, and 5-7 nm, 6-11 nm 

and 7-15 nm for the DEER trace lengths of 4 µs, 8 µs and 12 µs respectively.  
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Supporting figures 

 
Figure S19. HPSEC elugrams with right angle light scattering (RALS) detection for SL-BG at autosampler 
temperature of 30°C and 60°C. Note the additional peak at 30°C, due to the aggregation of the polysaccharide, 
which dissociate at 60°C autosampler temperature and allows for an accurate determination of the Mw distribution. 

 

Figure S20. 1H NMR (400 MHz, DMSO-d6) of native BG, BG-OTs, and BG-N3. The inserted numbers are the 
assigned chemical shifts to the tosyl group in BG-OTs.  
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Figure S3. A) FT-IR spectrum of native BG, BG-OTs and BG-N3; B) Room temperature CW EPR spectrum of 
free radical TEMPO (black) and SL-BG (red) measured in water. 

Figure S4. A) The CW EPR Absorption-derivative spectra of a TEMPO radical solution of varying concentration 
measured at room temperature; B) the double integration of the CW EPR spectra; C) the calibration curve ranging 
from concentration of 20 mM to 100 mM TEMP. 

 

Figure S5 The normalized time domain DEER data and their fits with stretched exponential function for SL-BG 
with varying amounts of added CalW, expressed as different ratios between SL-�%�*�¶�V���P�R�Q�R�V�D�F�F�K�D�U�L�G�H���X�Q�L�W�V���D�Q�G��
CalW from 200:1 to 2:1 at: A) 4 µs; B) 8 µs; C) 12 µs length of DEER traces. 
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Figure S6. The rmsd-surface (logarithmic color-map scale) for the stretched exponential (SE) fit of DEER trace 
�D�W���Y�D�U�L�R�X�V���7�
���D�Q�G�������S�D�U�D�P�H�W�H�U�V���I�R�U���W�K�H���F�R�Q�W�U�R�O���6�/-BG sample at different length of the dipolar trace (from left to 
right, d2 � ���������������R�U�����������V�������7�K�H���D�U�H�D���R�I���W�K�H���E�H�V�W���U�P�V�G���D�Q�G���L�W�V���Y�D�U�L�D�W�L�R�Q���Z�L�W�K�L�Q�������������L�V���K�L�J�K�O�L�J�K�W�H�G���E�\���W�K�H���G�D�U�N���E�O�X�H��
color. The ridge curve along best T*- �����S�D�L�U�V���L�V���V�K�R�Z�Q���E�\���D���I�D�L�Q�W���Z�K�L�W�H���F�X�U�Y�H�� 

 

Figure S7. An example of (A) the mean, (B) the second moment, (C) the third moment for the normalized 
relaxation time, and (D) the (T*/1 µs)�� vs �����U�H�O�D�W�L�R�Q�V�K�L�S�������D�O�R�Q�J���W�K�H���U�L�G�J�H-curves for the SL-BG contol sample at 
different length of the DEER trace. The color legends is the same in all panels. 
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Figure S8. A, C, E, G) The (T*/1 µs) ����dependence on ���� �D�W�� �G�L�I�I�H�U�H�Q�W�� �O�H�Q�J�W�K�� �R�I�� �W�K�H�� �'�(�(�5�� �W�U�D�F�H�� �������� ������ ������ ������ �—�V��
respectively) for the SL-BG control sample, and with CalW dye at different ratios between SL-�%�*�¶�V��
monosaccharide units and dye molecules, from 200:1 to 2:1. B, D, F, H) The respective contrast, evaluated as 
��=100% �„ ����+dye�Ö�í  ��control)/ ��control for 2, 4, 8, 12 µs DEER trace respectively. 
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Figure S9. The mean contrast distribution vs the nitroxides spin phase memory times (Tm1) for mixtures of SL-
BG with different amounts of CalW. The inserted numbers refer to the molar ratio between SL-�%�*�¶�V��
monosaccharide units and CalW. 

 

Figure S10. EPR data comparison for two samples of SL-BG prepared at different days from the same batch using 
the same sample preparation method, and the same measurements for these two samples: A) ED-EPR spectra; B) 
Transverse relaxation; C) DEER with 2, 4, 8, 12 µs traces.  
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Figure S11. pKa measurement using UV/Vis-metric method (Meloun et al., 2019), A-C) UV-vis absorption 
spectrum for brilliant blue, brilliant black, and lissamine green, respectively. D-E) the intensity of corresponding 
characteristic peak vs pH value for brilliant blue, brilliant black, and lissamine green, respectively; the data was 
fitted with doseresp function via the software Origin and pKa was fitted as 1.6 for brilliant blue, 0.3 for brilliant 
black, and 2.6 for lissamine green. 

 

Figure S12. �7�K�H���Q�R�U�P�D�O�L�]�H�G���W�L�P�H���G�R�P�D�L�Q���'�(�(�5���G�D�W�D���R�I�����$�����������V�������%�����������V���D�Q�G�����&�������������V���'�(�(�5���W�U�D�F�H�V���I�R�U���6�/-BG 
with and without PB as the ligand at different pH, the ratio between monosacchride units and ligand is 16:1.  
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Supporting Tables 

Table S1. Parameters of the sum of stretched exponential fit, where Ai is an exponential weighting factor, Tmi are 
relaxation times, �� �D�U�H�� �V�W�U�H�H�W�F�K�L�Q�J�� �S�D�U�D�P�H�W�H�U�V�� �7�K�H�� �F�R�P�S�R�Q�H�Q�W�� ���� �L�V�� �W�K�H�� �µ�V�O�R�Z�¶�� �G�H�F�D�\�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �W�R�� �W�K�H��
�L�Q�W�H�U�P�R�O�H�F�X�O�D�U���F�R�Q�W�U�L�E�X�W�L�R�Q�V�����W�K�H���F�R�P�S�R�Q�H�Q�W�������L�V���W�K�H���µ�I�D�V�W�¶���G�H�F�D�\���G�X�H to the intramolecular contributions. If pH not 
specified otherwise, the solution pH was around 6.5. 

Sample A1 Tm1, µs ��1 Tm2, µs ��2 

BG control 0.88 15.14 0.88 2.29 4.04 

BG:CalW = 200:1 0.87 18.55 0.93 2.26 3.49 
BG:CalW = 64:1 0.88 18.20 0.95 2.26 3.41 
BG:CalW = 16:1 0.88 21.99 0.99 2.19 2.95 
BG:CalW = 4:1 0.88 23.47 1.04 2.02 3.20 
BG:CalW = 2:1 0.88 24.10 1.05 2.10 3.22 
BG:BB = 16:1 0.89 17.24 0.92 2.28 3.23 

*BG:ConR = 16:1 0.75 19.92 1.16 2.26 1.96 
BG:PB = 16:1 0.90 15.16 0.85 2.40 3.40 
BG:LG = 16:1 0.86 14.66 0.90 2.31 3.07 

BG:BBlc = 16:1 0.88 15.43 0.90 2.34 3.69 
BG:CA = 16:1 

(pH = 3.7 ) 
0.88 15.57 0.90 2.19 3.92 

BG control 
(pH = 2.3) 

0.86 14.34 0.94 2.28 3.53 

BG:PB = 16:1 
(pH = 2.3) 

0.87 14.52 0.93 2.34 3.90 

BG:PB = 16:1 
(pH = 3.4) 

0.89 14.94 0.92 2.18 4.08 

BG:PB = 16:1 
(pH = 4.6) 

0.8 15.06 0.93 2.34 3.00 

*The relaxation data for this sample were measured too short which results in a less accurate determination of 

parameters.  
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Table S2. The mean values and standard deviations of the characteristic time ���� �  (T*/1 µs)�� determination at 
different lengths of the DEER traces for the studied SL-BG samples (called here BG for short). If pH not specified 
otherwise, the solution pH was around 6.5. 

Sample (T*/1 µs)�� 
d2 = 2 µs  d2 = 4 µs d2 = 8 µs d2 = 12 µs 

BG control 3.46 ± 0.01 3.81 ± 0.11 4.99 ± 0.19 7.05 ± 0.38 
BG:CalW = 200:1 4.10 ± 0.01 4.61 ± 0.15 5.83 ± 0.19 8.36 ± 0.44 
BG:CalW = 64:1 4.36 ± 0.01 5.03 ± 0.16 6.41 ± 0.24 8.76 ± 0.52 
BG:CalW = 16:1 6.60 ± 0.01 7.16 ± 0.20 9.34 ± 0.51 12.86 ± 0.88 
BG:CalW = 4:1 7.87 ± 0.01 8.84 ± 0.30 10.97 ± 0.42 15.58 ± 1.50 
BG:CalW = 2:1 7.76 ± 0.03 8.50 ± 0.28 10.34 ± 0.39 15.14 ± 1.37 
BG:BB = 16:1 5.00 ± 0.01 5.65 ± 0.18 7.45 ± 0.25 11 ± 0.93 

BG:ConR = 16:1 5.43 ± 0.02 5.89 ± 0.21 6.86 ± 0.26 9.89 ± 0.78 
BG:PB = 16:1 5.16 ± 0.01 4.85 ± 0.14 6.09 ± 0.22 8.96 ± 0.47 
BG:LG = 16:1 3.81 ± 0.01 4.32 ± 0.14 5.67 ± 0.21 8.41 ± 0.43 

BG:BBlc = 16:1 4.07 ± 0.01 4.41 ± 0.15 5.73 ± 0.22 7.65 ± 0.37 
BG:CA = 16:1 

(pH = 3.7 ) 
3.46 ± 0.01 3.96 ± 0.11 5.00 ±0.18 7.20 ± 0.53 

BG control 
(pH = 2.3) 

3.6 ± 0.15 3.99 ±0.30 4.95 ± 0.47 7.20 ± 0.60 

BG:PB = 16:1 
(pH = 2.3) 

3.63 ± 0.01 3.90 ± 0.11 5.03 ± 0.17 7.26 ± 0.36 

BG:PB = 16:1 
(pH = 3.4) 

3.67 ± 0.01 4.20 ± 0.11 5.31 ± 0.18 7.62 ± 0.53 

BG:PB = 16:1 
(pH = 4.6) 

4.17 ± 0.01 4.60 ± 0.15 5.86 ± 0.23 8.06 ± 0.39 
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Manuscript III  

Nano vesicles and micelles prepared from neutral polysaccharide-

polypeptide block copolymers, towards synthetic glycogen/ viral capsids and 

application in interaction studies 

Xiaowen Wu, Tianqi Zhang, Cristina Lupo, Samy Boulos, Mattia Usuelli, Milad Radiom, 

Raffaele Mezzenga, Laura Nyström. Under preparation 

Abstract  

Polysaccharide-block-polypeptide amphiphilic block copolymers (a-BCs) have great potential 

in mimicking biological systems since the architectures of these a-�%�&�V�¶�� �V�H�O�I-assembled 

products are very similar to some substructures or biomolecules found in living systems 

including viruses, glycogens, cell membranes, etc. At the same time, the innate factors that 

influence the morphology of a-�%�&�V�¶���V�H�O�I-assembly product in supramolecular chemistry are still 

unclear and require therefore further investigation. In this study, we synthesized four 

polysaccharide-block-polypeptide a-�%�&�V�� �E�D�V�H�G�� �R�Q�� �R�Q�H�� �K�\�G�U�R�S�K�R�E�L�F�� �S�R�O�\�S�H�S�W�L�G�H�� �S�R�O�\����-

benzyl-L-�J�O�X�W�D�P�D�W�H���� �F�R�X�S�O�H�G�� �Z�L�W�K�� �I�R�X�U�� �G�L�I�I�H�U�H�Q�W�� �K�\�G�U�R�S�K�L�O�L�F�� �S�R�O�\�V�D�F�F�K�D�U�L�G�H�V�� ����-glucan as a 

model of linear polysaccharide and galactomannan, arabinoxylan, and xyloglucan as models of 

branched polysaccharides) with similar molecular weight. Two different morphologies were 

observed in these a-�%�&�V�¶�� �V�H�O�I-�D�V�V�H�P�E�O�H�G�� �S�U�R�G�X�F�W�V���� �W�K�H�� �O�L�Q�H�D�U�� ��-glucan based a-BC formed 

vesicles (hollow structure with double layers membrane) with an approximate diameter of 200 

nm, while the three branched polysaccharide based a-BCs formed micelles (core-shell structure 

with a single layer) with smaller sizes, ranging from 40 to 80 nm. We attribute the difference 

in morphology to the spatial configuration (linear vs. branched) of the used polysaccharides. In 

addition, the binding properties of these vesicles and micelles with small molecules were 

studied for mimicking the binding properties occurring in organism substructures. Calcofluor 

�Z�K�L�W�H���V�K�R�Z�H�G���V�S�H�F�L�I�L�F���E�L�Q�G�L�Q�J���R�Q�O�\���W�R����-glucan based vesicle, while patent blue showed non-

specific binding (with different capacities) to all the particles. This work presents strategies for 

constructing polysaccharide-based vesicle and micelles, where the polysaccharide linearity 

properties allow tuning the morphologies of self-assembly products and effectively mimicking 

biological structures. 

 

Contribution:  

Xiaowen Wu: Conceptualization, Methodology, Formal analysis, Investigation, Writing - 

original draft, Writing �±- review & editing. 
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Graphic abstract: The illustration of the preparation of vesicle and micelle where the vesicle 
is constructed by the linear Ps-block-PBLG a-BC anti parallelly stacking and the micelle is 
constructed by the branched Ps-block-PBLG a-BC parallelly stacking   
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Introduction  

Synthetic, nature-inspired biomaterials and devices aim at reproducing the features of 

biological parts and systems; the possibility of re-creating structures, optimized over the course 

of millions of years by natural selection, has drawn great attention in the multidisciplinary areas 

of research including biotechnology, molecular biology, chemical, and biological engineering, 

etc (Huebsch & Mooney, 2009; Ratner & Bryant, 2004; Tran Le Bao et al., 2013). One 

important category of systems in living organisms is the one where self-assembly acts as a 

leading synthesis phenomenon: substances including amino acids, nucleic acids, sugars, and 

lipids can self-organize into fine structures to enable biological activities.  Various strategies 

have been developed for designing such systems, following some essential features of natural 

materials. Two of the most studied self-assembled systems are vesicles and micelles, which 

originate from amphiphilic molecules or polymers and are widely present in organisms. 

However, one significant difference between vesicles and micelles is that the amphiphiles 

structure themselves into a bilayer membrane structure for vesicles (consequently forming a 

hollow core), while micelles form a solid core-shell structure (Hashidzume & Harada, 2021). 

On the other hand, vesicles and micelles made from amphiphilic block copolymers (a-BCs) 

have some advantages over the ones made from some small molecules or oligomers, such as 

lower critical micelle concentration (CMC), and higher membrane viscosity and elasticity 

(Schatz & Lecommandoux, 2010). These advantages make the polymeric vesicles and micelles 

ideal candidates for specific applications such as drug delivery and chemical synthesis in 

confined environments (namely, they can be used as microreactors). 

The reason for the different morphologies obtained in different a-BCs is still under discussion: 

current rationalization strategies mainly focus on the hydrophilicity and hydrophobicity of the 

relative blocks or the weight fraction ratio between the hydrophilic and hydrophobic parts. To 

address the lack of a deeper understanding, an empirical function was introduced, suggesting 

that the percentage of the hydrophilic fraction may play a role in the self-assembling of vesicles 

(Aranda-Espinoza et al., 2001; Christophe Schatz et al., 2009); however, it has to be kept in 

mind that many factors (such as the hydrophilicity and hydrophobicity of the blocks in a-BCs, 

as mentioned above) could also affect the final morphology of a-BCs and lead to the 

discrepancy between the mentioned empirical function and the results obtained from the 

performed experiments.  

The designation of a-BCs for constructing vesicles and micelles has been studied for decades. 

One of the most common types of a-BC bears one hydrophobic block and one hydrophilic 

segment: the first is mainly responsible for the enthalpic driving force of self-assembly in an 

aqueous solution, while the second is for stabilizing the whole system by interaction with the 

surrounding medium.(Adams et al., 2003; Galetti et al., 2019) For hydrophobic blocks, there is 
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a wide range of choices including polystyrene (Houga et al., 2009; Neiser et al., 2004), polyester 

(Allen  et al., 2000; Yoo & Park, 2001), polypeptide chains (PP) (Bromley et al., 2008), etc. The 

chemical synthetic PPs are easily obtained by current technologies including so-called chemical 

ligation methods (Nilsson et al., 2005). For example, the ring-�R�S�H�Q�L�Q�J�� �S�R�O�\�P�H�U�L�]�D�W�L�R�Q�� �R�I�� �.-

amino acid N-carboxyanhydrides has been widely explored (Block, 1989; Tao et al., 2018; Wu 

et al., 2021)�����S�R�O�\����-benzyl-L-glutamate) (PBLG) has been used for building various a-BCs as 

the hydrophobic precursor (Guo et al., 2009). For the hydrophilic blocks, thanks to their highly 

biocompatible and biodegradable properties (Adams et al., 2003), poly(ethylene oxide) became 

one of the most studied chemical structures.  

To mimic natural systems more closely, and to gain further hints on the complex 

physicochemical landscape beyond aggregate formation, research is gradually expanding its 

building blocks portfolio by including biopolymers that already occur in nature, such as 

polysaccharides (Pss) (Li  et al., 2022; Solberg et al., 2022). Several Ps-based copolymers have 

been reported, including dextran block PBLG (Li  et al., 2015; Christophe Schatz et al., 2009), 

dextran block polystyrene (Houga et al., 2009), hyaluronic acid (HA) block PBLG (Duan et al., 

2018), amylose-block-polystyrene (Loos & Müller, 2002), and HA block poly(2-ethyl-2-

oxazoline) (Yang et al., 2005), etc. However, not all the above-cited Ps-based a-BCs can self-

assemble into aggregates with organized structures. Parts of them formed vesicles (Houga et 

al., 2009; Christophe Schatz et al., 2009), some tended to form micelles (Duan et al., 2018; 

Houga et al., 2009; Li et al., 2015), and the rest did not induce any particle formation (Loos & 

Müller, 2002; Yang et al., 2005). The fraction of the explored Pss chains in a-BCs synthesis, 

compared to the available ones, is still very small. The combinations of various 

monosaccharides give rise to numerous carbohydrates, which could be classified according to 

different criteria. If classified by the number of saccharide units, one can have monosaccharides, 

disaccharides, oligosaccharides, and Pss. If the number of chemically different saccharide units, 

which build up single chains, is instead considered, nature shows many examples of both 

homopolysaccharide (Ps containing only one type of saccharide) and heteropolysaccharide (Ps 

containing more than one type of saccharide). Last, but not least, criterium, it is worth 

mentioning that not only the number of units and their chemical structure play a role, but also 

the way they are arranged in space: one can have linear Ps and branched Ps (eg. glucan, 

xyloglucan), with the branching itself that can assume different degrees. Due to the mentioned 

breadth of the Ps portfolio and their different properties, an experimental landscape that has 

been poorly investigated, but which could greatly advance our understanding of self-assembly,  

is the one represented by Ps-block-PP a-BCs; we assume that, by using the same PP as the 

hydrophobic part and different types of Pss (with similar molecular weight) as the hydrophilic 

parts, the final morphologies of the formed aggregates may also vary due to the difference in 

Pss properties.  As far as we concern, no such study had been conducted. The first aim of this 
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study, therefore, is to widen the basin of the studied Ps-block-PP a-BCs and of the structures 

they form: we believe that this will empower fellow scientists, who are studying the theoretical 

landscape of self-assembly, by providing further experimental data. 

On the other hand, we reported above that the synthesis of a-BCs was historically driven by the 

desire of mimicking naturally occurring structures. The synthesis of Ps-block-PP a-BCs with 

tuneable features not only allows us to enhance our theoretical understanding but also to 

synthesize units with functional properties. From the perspective of nature-inspired 

biomaterials, vesicles assembled from Ps-block-PP a-BCs are very close to the structure of 

hollow viral capsids that consist of a protein shell coated with various glycoprotein spikes that 

are used for anchoring the virus into host cell membranes (Aurelian, 2014). On the other hand, 

the micelles originated from the assembly of Ps-block-PP a-BCs resemble the structure of 

glycogen, which consists of a protein core surrounded by a shell formed by multibranched 

glucans.  As a consequence of the high resemblance between vesicles or micelles, assembled 

from Ps-block-PP a-BCs, and viral capsids or glycogens, respectively, it is possible to use the 

in vitro synthesized colloids to mimic and study the activities of the mentioned biological units, 

enriching our understanding of important topics such as target drug/gene delivery, intracellular 

transport of biomolecules, energy metabolism, and immune response. For example, Li et al. 

constructed dextran-block-poly(L-aspartic acid) a-BC vesicle for potential gene delivery (Li  et 

al., 2015), and Duan et al. constructed HA-block-PBLG and LAM-block-PBLG for mimicking 

the immune response of glycoproteins (Duan et al., 2018).  

In the context of this study, among the different potential functionalities of Ps-block-PP a-BCs 

self-assembled structures, we decided to focus on their adsorption properties. Some 

carbohydrates have specificities towards some proteins or compounds. Concanavalin A (ConA), 

�D���S�O�D�Q�W���S�U�R�W�H�L�Q�����L�V���N�Q�R�Z�Q���W�R���V�H�O�H�F�W�L�Y�H�O�\���E�L�Q�G���W�R���W�K�H���.-D-�P�D�Q�Q�R�V�\�O���D�Q�G���.-D-glucosyl residues of 

Pss. Calc�R�I�O�X�R�U�� �Z�K�L�W�H�� ���&�D�O�:���� �F�D�Q�� �V�H�O�H�F�W�L�Y�H�O�\�� �E�L�Q�G�� �Z�L�W�K�� ��-(1-3) and (1-4) glucose-linked 

Pss.(Jørgensen, 1988) Nie et al. also found that patent blue (PB) could bind with glycogen 

through supramolecular interaction, but the same does not hold for monosaccharides and 

disaccharides (Nie & Chen, 2022). 

In this work, we present the synthesis of different typologies of Ps-block-PP a-BCs with fine-

tuning of the properties of the Pss fraction; the different morphologies of the aggregates that 

arise from their self-assembly allow them to accomplish a two-fold aim. The first is to widen 

the experimentally studied basin of self-assembled A-BCs systems, to enhance their theoretical 

understanding. The second is to explore the adsorption features of the formed aggregates and 

to analyze their potential to mimic natural units. To accomplish this aim, we present the 

synthesis of four Ps-block-PP a-BCs through Huisgen 1,3-dipolar cycloaddition (or �µ�F�O�L�F�N�¶��

chemistry) using PBLG polypeptides as the hydrophobic blocks and four different Pss with 
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similar mole�F�X�O�D�U�� �Z�H�L�J�K�W���D�V�� �W�K�H�� �K�\�G�U�R�S�K�L�O�L�F�� �E�O�R�F�N�V���� �1�D�P�H�O�\���� �Z�H�� �W�R�R�N�� ��-glucan (BG) dietary 

fiber (DF) as a model system of linear Ps, and galactomannan (GM), arabinoxylan (AX), and 

xyloglucan (XG) as model systems of branched Ps. By applying the same procedure to induce 

self-�D�V�V�H�P�E�O�\�����Z�H���R�E�W�D�L�Q�H�G���I�R�X�U���Q�D�Q�R�V�F�D�O�H���F�R�O�O�R�L�G�D�O���V�X�V�S�H�Q�V�L�R�Q�V���Z�L�W�K���Y�D�U�\�L�Q�J���S�D�U�W�L�F�O�H�V�¶���V�H�O�I-

assembling parameters, morphologies, sizes, and polydispersity, which were analyzed by light 

scattering techniques, including dynamic light scattering (DLS) and static light scattering (SLS), 

together with the transmission electron microscope (TEM). We hypothesize that both the 

hydrophilicity and the degree of branching, which differ in Ps types, may alter the final 

morphology by affecting the procedure of self-assembly; in fact, the difference in hydrophilicity 

of Ps compensates the phase-separation contribution of the hydrophobic block to different 

extends, while different degrees of branching of the Ps tunes the conformational hindrance and 

influences the self-assembly kinetic and thermodynamic properties. In addition, we tested the 

binding specificity of these self-assembly particles with small molecules and obtained 

numerical binding capacities. We envision that Ps-block-PP a-BCs based vesicles or micelles 

possess huge prospects in the application of artificial multifunctional biological devices and 

mimicking of biological systems. 

Results and discussion 

Preparation of branched Pss with low Mn and Ð  

To obtain similar molecular weights as BG and low molecular weight distributions (Ð = Mw/Mn) 

for branched Pss (GM, AX, XG), hydrochloride acid (HCl, 37%) was used to hydrolyze the 

native DFs based on the previously published method (Lupo et al., 2020) (for detail, see 

Supporting information). The number average molecular weight (Mn) for branched Pss were 

significantly reduced (from 191 to 19 kDa for GM, from 144 to 32 kDa for AX, and from 84 to 

24 kDa for XG, respectively) after hydrolysis, and narrower molecular weight distributions (Ð) 

comparing to native ones (Table 1) were obtained for each Ps. As for native DF with large Mn, 

which possesses an extremely low ratio between the number of reducing ends and the number 

of monosaccharide units in one polymer chain, the reducing ends could hardly be observed in 
1H NMR (Figure S3-5, red line). However, after successful chain shorting via partially acid 

hydrolysis, the protons of reducing ends (4.9 and 5.2 ppm for GM, 6.2 and 6.6 ppm for AX, 6.3 

and 6.7 for XG) were observed in the 1H NMR spectrum (Figure S3-5, green line) due to 

increased ratio of reducing ends to monosaccharides.  
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Table 1 Number average Molecular weight (Mn) and its dispersity (Ð), intrinsic viscosity ([��]), hydrodynamic 
radius (Rh), and Markhowink parameter (M-�+���.�����G�D�W�D���D�F�T�X�L�U�H�G���I�U�R�P���+�3�6�(�&�� 

 Mn (kDa) Ð [��] (dL/g) Rh (nm) M-�+���. 

BG-native 33±0 1.38±0.17 1.05±0.01 8.6±0.0 0.68±0.02 

BG-alkyne 29±2 1.26±0.06 0.91±0.15 7.9±0.6 0.75±0.03 

GM-native 191±22 1.57±0.14 5.94±0.10 29.1±0.4 0.80±0.06 

GM-hydrolyzed 19±1 1.37±0.03 0.81±0.01 6.8±0.1 0.85±0.02 

GM-alkyne 19±0 1.47±0.02 0.70±0.01 6.4±0.0 0.83±0.02 

AX-Native 144±20 1.97±0.20 3.61±0.03 23.9±0.9 0.65±0.05 

AX-hydrolyzed 32±6 1.48±0.07 0.92±0.01 8.4±0.4 0.88±0.03 

AX-alkyne 23±2 1.55±0.15 0.89±0.05 7.5±0.2 0.93±0.09 

XG-Native 84±9 2.01±0.23 2.16±0.02 17.0±0.2 0.86±0.02 

XG-hydrolyzed 24±0 1.28±0.01 0.56±0 6.3±0.0 0.9±0.01 

XG-alkyne 25±1 1.26±0.03 0.57±0 3.4±0.1 0.93±0.01 

 
Scheme 1. Synthesis route of Ps-block-PBLG copolymer 

Synthesis Ps-block-PBLG copolymer 

The amphiphilic Ps-block-PBLG copolymers were synthesized according to Scheme 1 (for 

detail, see Supporting information) based on a similar published work (C. Schatz et al., 2009). 

Briefly, an azide terminal functionalized hydrophobic PBLG-N3 was first synthesized via ring 

opening polymerization of Bz-L-GluNCA, initiated by 1-azido-3-aminopropane. The degree of 

polymerization DP = 62 was obtained by 1H NMR (Figure S1) according to a previously 

described method (Agut et al., 2008; Agut et al., 2007), and the Mn was estimated as 13.8 kDa. 

�7�K�H���D�Y�H�U�D�J�H���O�H�Q�J�W�K���Z�D�V���H�V�W�L�P�D�W�H�G���D�V�������������������
�����������Q�P���L�I���D���U�L�J�L�G���.-helical conformation without 

any folding is assumed, and this estimated length is also supported by previously published 

works (Floudas et al., 2003; Papadopoulos et al., 2004). Secondly, the reducing ends of four 

Pss were modified with an alkyne group as the linker. The signals of the reducing end of all the 

Pss disappeared after modification of the alkyne group (Figure S2-5, Ps-alkyne), which 
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demonstrated quantitative reactions. The Mn of all the Ps-alkyne products were measured: no 

significant changes in molecular weight were observed in these Pss (Table 1), as also found in 

the HPSEC retention elugrams that showed no significant retention volume change between Ps 

and Ps-alkyne samples (Figure S11). In addition, for branched Ps, the monosaccharide 

compositions (Figure 1) were determined by HPAEC (high-performance anion-exchange 

chromatography). Finally, the polymers obtained from step 1 (PBLG) and step 2 (Ps-Alkyne) 

were connected by their linkers via Cu-�F�D�W�D�O�\�]�H�G���F�\�F�O�H���D�G�G�L�W�L�R�Q���U�H�D�F�W�L�R�Q�����µ�F�O�L�F�N�¶���U�H�D�F�W�L�R�Q�������7�K�H��
1H NMR spectrums (Figure S6-9) showed that final copolymer products of BG-block-PBLG, 

AX-block-PBLG, GM-block-PBLG, and XG-block-PBLG contained peaks from both the PP 

and Ps, which demonstrated the successful construction of Ps-peptide a-BCs. In addition, the 

disappearance of the peak corresponding to the -N3 characteristic absorption at 2100 cm-1 in the 

FT-IR spectrum (Figure S10) further confirmed the successfully Ps-block-copolymer synthesis. 

 
Figure 1. Monosaccharide compositions of branched Ps-Alkyne samples determined by high-performance anion-
exchange chromatography. (Gal: galactose; Man: mannose; Ara: arabinose; Xyl: xylose; Glc: glucose) 

a-BCs Self-assembly and morphology characterization 

PBLG poly�P�H�U�����N�Q�R�Z�Q���W�R���D�G�R�S�W���D���U�L�J�L�G���.-helical conformation, strongly favours side-by-side 

interactions between peptide bond dipoles, which lie nearly parallel to the helix axis (Straube 

et al., 2020). To disturb the aggregation and favour the self-assembling of Ps-block-PBLG 

block polymer in an aqueous solution, the anti-solvent precipitation method was applied (Dong 

et al., 2009). Briefly, 10 mg Ps-block-PBLG samples were dissolved in 1 ml DMSO and then 

added into excess water (9 mL) at a very slow rate with a syringe at room temperature. The 

DMSO in the resulting solution was removed by dialyzing against water using a membrane 

(MWCO 12�±14 kDa) for 3 days. This procedure was applied for all the Ps-block-PBLG 

products. The resulting solutions were characterized by light scattering and microscopy 

techniques. 
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The time correlation function of scattered intensity displayed a near-single exponential decay 

for all the amphiphilic copolymers dispersion solutions in dynamic light scattering (DLS) 

correlogram measurements, which indicate a monomodal size distribution (Figure 2 B, blue 

dot). The intercept value of the correlation function (around 0.8) showed minimal background 

and the concentration used for DLS measurements (0.1 mg/mL) allows us to rule out any 

influence from multiple scattering. However, the particle size measurements showed significant 

differences between different DFs-based a-BCs. For BG-block-PBLG, the mean size displayed 

by intensity distribution (Figure 2B, black line) was 196 nm with the PdI (polydispersity index) 

of 0.12. For the GM-block-PBLG, the intensity distribution showed an average size of 126 nm 

with a PdI of 0.19. For the AX-block-PBLG, the value is 157 nm of mean size with a PdI of 

0.14. In the case of XG-block-PBLG, 116 nm of mean size with a PdI of 0.13 was measured. 

Due to the insignificant difference in the molecular size between these Pss, the contribution to 

the particle size should be attributed to the hydrophilicity as well as the linearity of the Ps which 

is related to the inter- as well as intra-polymers interaction during the process of self-assembling.  

On the side of the single-angle DLS characterization performed with the Malvern Zetasizer 

�:�à
L �s�y�u�¹�;, the samples were also characterized in a broader range of measurement angles 

(�t�w�¹
O�à
O�s�t�w�¹�; with an LS Spectrometer (LS Instruments, Fribourg, Switzerland). Such a 

characterization allowed to couple an analysis of the diffusion of the colloidal objects (and to 

extract therefore their hydrodynamic radius, �4�Û) with a computation of the average scattered 

radiation at different q values, which enabled us to perform a Guinier analysis and to extract 

the radius of gyration �4�Ú of the colloidal units. The results of the measurements and the 

morphological hints obtainable from the comparison between �4�Û and �4�Ú are reported in SI. The 

sizes obtained in LS were slightly different compared with the sizes measured in DLS which 

may be due to the sample being prepared in different batches (see SI).  

To visualize the morphology of the particles, samples were negatively stained with a uranyl 

acetate solution (see SI for detailed procedure) followed by a transmission electron microscopy 

(TEM) characterization. Significant morphology differences were observed in these samples. 

For the BG-block-PBLG sample, a homogenous shape of round or oval hollow sphere structure 

with clear thick membrane structure was observed (Figure 2C, first column, inserted red 

window). Around 75 nm as the average thickness of the membrane was obtained by statistically 

measuring the thickness of the membrane in ImageJ software (Figure 2D, first column). Based 

on the thick membrane of the particle, a vesicle structure was assumed, where the BG-block-

PBLG was antiparallelly stacked to form the membrane. Then the thickness of the membrane 

was calculated as 73 nm (2*BG+1*PBLG), which is very close to the estimated value in TEM. 

However, in the case of branched DF based a-BCs (GM-block-PBLG, AX-block-PBLG, and 

XG-block-PBLG), the same trends in the mean size displayed in TEM as the DLS data were 

observed (second, third and fourth column in Figure 2B and C), which showed much smaller 

particle sizes. It seems that uranyl acetate only stained the hydrophilic Ps part of these particles, 

while the core made by PBLG was not stained possibly due to the low membrane permeability 
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of the formed colloidal objects (Schatz & Lecommandoux, 2010). Thus, the micelle structures 

were assumed for these samples, where these branched Ps-block-PBLG contact each other 

parallelly and the stained dark out layer in TEM pictures (second, third, and fourth column of 

Figure 2C, inserted red windows) correspond to the structure of DFs. These results agree with 

the size of the DFs obtained from the HPSEC (Table 1). Although the sizes of the particles are 

not homogeneous (eg. The yellow arrow in Figure 3C indicated the relatively large particles), 

the size of the particles for all the Ps-block-PBLG samples displayed in TEM agreed with the 

number distribution of DLS data, since the mean size of number distribution is proper for 

comparison with TEM data (Souza et al., 2016). 

 
Figure 2. A) the structure illustration Ps-block-PBLG; B) the DLS correlogram (blue dot), particle size intensity 
(black line), and number (blue line) distributions (sample concentration: 0.1 mg/mL); C) TEM picture of the 
vesicle (the yellow arrow indicates the large particle in the TEM picture, scale bar: 1 ���P���I�R�U���%�*-PBLG vesicle 
and 200 nm for GM-PBLG and AX-PBLG vesicle), the insert pictures are the enlargement of red window (the red 
window selection based on the average particle size of the particles, scale bar: 200 nm for BG-PBLG vesicle, and 
50 nm for GM-PBLG,AX-PBLG, and XG-PBLG vesicles); D) the membrane thickness and core diameter 
distribution for the corresponding vesicle and micelles. Obtained from analyzing the TEM images by the software 
ImageJ E) the critical micelle concentration determination by measuring derivate count rate against the different 
concentrations of Ps-block-PBLG. BG-block-PBLG (first column), GM-block-PBLG (second column), AX-
block-PBLG (third column), XG-block-PBLG (fourth column). 
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The significant morphology difference between BG-block-PBLG and the branched Ps based a-

BCs is mainly due to the difference in hydrophilic Ps structure since the same hydrophobic 

PBLG was used for all the cases. The main driving force of self-assembly is from hydrophobic 

PBLG blocks that form aggregate to minimize its contact area with water, which is almost the 

same for all the different samples. For BG-block-PBLG, where the corresponding hydrophilic 

block is a linear Ps, it allows the a-BCs to antiparallelly stack and to form a double-layer 

membrane with a hollow structure. A vesicle arrangement, in this case, allows an essentially 

flat interface However, for the other Ps-block-PBLG, the branched structure of the 

polysaccharides introduces a spontaneous curvature towards the PBLG block. A flat interface 

is in the present case entropically disfavoured over a micellar packing (Borkovec, 1989; 

Fredrickson, 1993; Rühs et al., 2011). 

To determine the CMC (critical micelle concentration) of Ps-block-PBLG, aqueous solutions 

of Ps-block-PBLG copolymer were prepared within the concentration �U�D�Q�J�H���I�U�R�P�����������������0���W�R��

���������0�����7�K�H���V�D�P�S�O�H�V���Z�L�W�K���G�L�I�I�H�U�H�Q�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���Z�H�U�H���P�H�D�V�X�U�H�G���Z�L�W�K���'�/�6���E�\���U�H�F�R�U�G�L�Q�J���W�K�H��

light scattered count rate. However, due to auto attenuator adjustment performed by DLS, the 

count rate with high concentration samples has a larger value of attenuation, resulting in a 

largely underestimated count rate number in high concentration samples. Thus, the count rate 

that eliminates the attenuation effect was used for the CMC measurement. The derivate count 

rate value is kept nearly constant with undetectable hydrodynamic size or extremely poor signal 

at low concentration of the copolymer (Figure 2D), since no self-assembling particle exists at 

such low concentration. With continuously increasing concentration of the copolymers after the 

point of CMC, the derivate count rate linearly increased, which means that the particles self-

assembled; and the number of the particles increased, more light was scattered and was 

therefore perceived by the detector. The CMC values were measured as 1.1, 1.3, 0.5, and 0.8 

���0�� �I�R�U�� �%�*-block-PBLG, GM-block-PBLG, AX-block-PBLG, and XG-block-PBLG 

respectively, which indicated the lowest concentration required for forming vesicle/ micelles 

for these copolymers. 

Based on the difference in light scattering and microscopy measurements between linear Ps 

based a-BC (BG-block-PBLG) and branched Ps based a-BC, one can basically propose: BG-

block-PBLG copolymer, which contains linear homopolysaccharide, self-assembles into a 

vesicle with a hollow structure, and the membrane was constructed by the antiparallelly stacked 

copolymers; The copolymers including GM-block-PBLG, AX-block-PBLG, and XG-block-

PBLG, that contain the linearly branched heteropolysaccharides, have a similar self-assembling 

property that tends to form the micelle where the copolymers are stacked parallelly to form a 

core-shell structure. The different sizes of the micelles in the branched Ps based a-BC samples 
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are probably also due to the hydrophilicity, the Mn, and the degree of branching of the Pss (as 

parameter shown in Table 1 and Figure 1). 

Interaction studies with small molecules 

Specific binding between BG-based vesicle and calcofluor white  

To study the interaction between these particles and small molecules by DLS, calcofluor white 

(CalW) was chosen as a standard ligand since CalW was well studied specifically binding with 

��-(1-3) and (1-4) glucose-linked Pss (Harris & Fincher, 2009; Jørgensen, 1988; Rimsten et al., 

2003). A titration experiment was conducted by measuring samples with a gradually increased 

molar ratio of  CalW/BG, in which the final concentration of BG-block-PBLG was kept 

constant (Figure 3 A). The size of the BG vesicle slightly increased when adding CalW at a 

ratio of 2.5 : 1 (CalW/BG). The size kept increasing until the ratio reached around 17.5 : 1 after 

which the size kept nearly constant until the ratio continually increased to 27.5 : 1. The larger 

particle size observed by DLS might result from the partially aggregating of the vesicles 

induced by the CalW binding. However, another BG-CalW interaction study using spin-

labelled BG via advanced pulse EPR (electron paramagnetic resonance) technology suggests a 

conformational transition that the BG chain became looser upon binding with CalW (Wu et al., 

2023). This result also supports that the size increase of the vesicle in the complex may originate 

from the conformation changes from a relatively compact coiled chain to a looser chain 

conformation. In addition, to estimate the saturation molar ratio of CalW/BG, the size 

increments of the BG-vesicle complex were plotted against the molar ratios. The data was 

�Q�L�F�H�O�\�� �I�L�W�W�H�G�� �Z�L�W�K�� �D�� �µ�G�R�V�H-�U�H�V�S�R�Q�V�L�Y�H�¶�� �F�X�U�Y�H���� �Z�K�L�F�K�� �D�O�O�R�Z�H�G�� �D�Q�� �H�V�W�L�P�D�W�L�R�Q�� �R�I�� �W�K�H�� �E�L�Q�G�L�Q�J��

saturation point that indicates the binding capacity. A ratio of 16.4 CalW/BG was estimated, 

which means on average 16.4 CalW molecules bound to one BG-block-PBLG chain when 

reaching saturation point (Figure 3 �%�������%�H�F�D�X�V�H���W�K�H���Y�H�V�L�F�O�H�¶�V���P�H�P�E�U�D�Q�H���Z�D�V���F�R�Q�V�W�U�X�F�W�H�G���I�U�R�P��

two layers of block copolymers, the saturation point should be nearly doubled to 32.8 since the 

BG at the inner layer of the vesicle had no access of contacting with CalW. Although this 

number still shows a big discrepancy with a published work, which calculated 82.7 as the 

saturation ratio through UV-vis spectroscopy (Wu et al., 2008), it has to be noted that the Mw 

of BG used in that cited work is much higher (105 kDa) than the Mw of BG used in this work. 

We explain therefore the discrepancy considering that a BG with higher Mw provides more 

binding sites. 

According to published work, the binding between CalW and BG is mainly driven by hydrogen 

bonds and van der Waals interactions (Wu et al., 2008). To evaluate the hydrogen binding force 

between BG and CalW, the interaction study with DLS was carried out in the presence of urea, 

since urea could interfere with H-bond by acting as the strong H-bond donor or acceptor to 

compete and occupy the binding sites (Shukla et al., 2001; Zheng et al., 2011). The result 
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(Figure 3 �&�����V�K�R�Z�V���W�K�D�W���Q�R���V�L�J�Q�L�I�L�F�D�Q�W���F�K�D�Q�J�H���L�Q���V�L�]�H���Z�K�H�Q���D�G�G�L�Q�J�������������0�����I�L�Q�D�O���F�R�Q�F�H�Q�W�U�D�Wion) 

urea to the vesicle solution, while a size-shifting towards to bigger size was found in the 

�S�U�H�V�H�Q�F�H���R�I�����������0���&�D�O�:�����+�R�Z�H�Y�H�U����a size-shifting back towards a smaller size (but still larger 

than BG-vesicle without any complexation) was found in the presence of both urea and CalW. 

This result indicated that the contribution of the H-Bond in the binding between CalW and BG 

was compromised by urea competition binding to CalW or BG, while other contributions such 

as van der Waals or hydrophobic interaction may be preserved. 

As expected, due to the binding specificity of CalW, no size increase was found in GM-block-

PBLG and AX-block-PBLG. However, for XG-block-PBLG which contains glucan as the 

backbone, the increase in the particle size was not found either. The reason behind this is 

probably due to the relatively low content of glucan (49 % as shown in Figure 1); moreover, 

the high degree of branched xylose and galactose contents on the glucan backbone may 

physically inhibit the contact between CalW and glucan.  

 
Figure 3. A) DLS intensity distribution of BG-block-PBLG vesicle (final concentration 0.1 mg/mL) in presence 
of different amounts of CalW (ratio of CalW/BG from 0 : 1 to 27.5 : 1) ; B) The binding kinetic plot from size 
increment against the molar ratio between CalW and BG (data were fitted with  Dose-response curve by Origin); 
C) DLS intensity distribution of BG-�E�D�V�H�G���Y�H�V�L�F�O�H�������������P�J���P�/�����L�Q���S�U�H�V�H�Q�F�H���R�I���&�D�O�:�������������0�������X�U�H�D���������������0�������D�Q�G��
�&�D�O�:�������������0�����Z�L�W�K���X�U�H�D���������������0�������U�H�V�S�H�F�W�L�Y�H�O�\. 

Non-specific interaction between DF-based particles with patent blue 

To include branched DF and compare different DFs among these four Pss in the interaction 

study, another ligand PB (patent blue), a food dye that is widely used in both the cosmetic and 

food industry, was selected for the interaction study. A similar method as for the CalW study 

was followed: we computed the intensity-based size distribution of Ps-block-PBLG vesicle, 

with the presence of different molar ratios of PB/DF, from light scattering measurements. As 

expected, the size gradually increased with an increasing molar ratio of PB for all the Ps-block-

PBLG vesicle/micelle (Figure 4 A-C). The largest size increment of around 200 nm was found 

in the AX-block-PBLG sample, and the cases for BG-block-PBLG, GM-block-PBLG, and XG-

block-PBLG were 180 nm, 150 nm, and 100 nm respectively. Compared to CalW-BG 

interaction, PB-BG interaction induced a significant line broadening and distortion of the 

intensity peak towards large size, which means a bigger size population of vesicles in the whole 

distribution of DLS contributes more to the size increment than the smaller size population. 
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This phenomenon was also observed in AX-based micelles, where the line distortion and 

broadening were pronounced at a molar ratio of 2.7:1 (PB/AX) (Figure 4C). For XG-based 

micelle, the line broadening was found at a molar ratio of 3.9:1 PB/XG, and the distortion was 

found at 7.8:1 (Figure 4D). This phenomenon can be explained by considering that larger 

particles with more Ps have more binding sites, and the size change in the population of larger 

particles should be more pronounced than the population of smaller size population. Regarding 

the stoichiometry of the binding between PB and Ps-block-PBLG (Figure 4E-H), a larger ratio 

of PB/DF (around 10) was found in BG-based vesicle for the starting point of the size increase, 

and the starting points of the ratio for GM, AX, and XG based micelle are similar and much 

lower (around 2) than BG based vesicle. This indicates a more sensitive response of GM-, AX-, 

and XG-based micelle than BG-based vesicle. For the binding capacity, as expected, the largest 

saturation point was found in BG-vesicle (around 24), which has a longer Ps chain that contains 

more binding sites. Lower saturation points of 5.3, 7.6, and 11.7 were found in GM, AX, XG 

based micelle respectively, which may be attributed to the lower chain length of the Ps 

compared to BG.  

Based on the non-specific binding for PB, that was found in all the vesicle/micelle samples, the 

contribution of hydrogen bond between PB and these vesicle/micelle samples was confirmed 

by the similar method as CalW with BG-block-PBLG samples: we used urea as hydrogen bond 

competitor to interfere with the hydrogen bond formation between the Ps and PB. After adding 

urea, no more significant size change was found even in the presence of the high concentration 

of PB ligand for all the Ps-block-PBLG samples (Figure S18). This result demonstrates that 

the driving forces of the adsorption of PB onto these vesicle/micelles are mainly hydrogen 

bonds. 

 
Figure 4 Up row: DLS intensity distribution of A) BG-block-PBLG vesicle, B) GM-block-PBLG micelle, C) AX-
block-PBLG micelle, and D) XG-block-PBLG micelle (final block copolymer concentration 0.1 mg/mL) in the 
presence of the different amount of PB; Down row: the size increment against the molar ratio between PB  and Ps 
for E) BG-block-PBLG vesicle, F) GM-block-PBLG micelle, G) AX-block-PBLG micelle and H) XG-block-
PBLG micelle (data were fitted with dose-response function by Origin, the blue number is the saturation ratio for 
PB-Ps binding). 
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Conclusion 

In this work, four Ps-block-PP a-BCs were synthesized by connecting four different Pss with a 

�V�L�Q�J�O�H���W�\�S�R�O�R�J�\���R�I���3�3���Y�L�D���µ�F�O�L�F�N���U�H�D�F�W�L�R�Q�¶�����Q�D�P�H�O�\���3�%�/�*���D�V���W�K�H���K�\�G�Uophobic PP block and four 

�G�L�I�I�H�U�H�Q�W�� �3�V�V�� �Z�L�W�K�� �V�L�P�L�O�D�U�� �P�R�O�H�F�X�O�D�U�� �Z�H�L�J�K�W�� �D�V�� �K�\�G�U�R�S�K�L�O�L�F�� �E�O�R�F�N�V���� ��-glucan as the liner Ps, 

galactomannan, arabinoxylan and xyloglucan as branched Pss with different degree of 

branching. The chemical structures of these a-BCs were well characterized. These a-BCs could 

self-assemble into nanoparticles in an aqueous solution, forming morphologies that were a 

�I�X�Q�F�W�L�R�Q���R�I���W�K�H���X�V�H�G���3�V�����W�K�H���O�L�Q�H�D�U����-glucan-based a-BC formed a hollow vesicle structure by 

antiparallel stacking of BG-block-PBLG, while the branched DF based a-BCs including GM-

block-PBLG, AX-block-PP, and XG-block-PBLG formed core-shell structure micelles 

characterized by a spontaneous curvature towards the PBLG-dense core. These nanoparticles 

presented different sizes and morphology that were characterized by DLS, SLS, and TEM 

respectively. The different resulting morphology between BG-based a-BC and GM, AX, XG 

based a-BCs may result from the linearity and hydrophilicity of the Ps, which could affect the 

interpolymer reaction or the a-BC-solvent interactions during the self-assembling process. The 

interaction of these particles with small molecules was studied by DLS, where CalW showed 

specificity binding only with BG-based vesicle with a binding capacity of 16.4 : 1 (molar ratio 

between CalW/BG). We consider the obtained value an underestimation, as the double-layer 

membrane morphology prevents nearly half of the amount of BG from interacting with CalW. 

No interaction was found between CalW and branched DF based micelles. Therefore, the 

binding force between BG based vesicle and CalW was not only related to hydrogen bonds but 

also some other binding forces.  While PB showed universal binding to all the Ps-block-PBLG 

based particles with different binding capacities, where the BG based vesicle showed the 

highest binding capacity of 24 : 1 (molar ratio between PB and Ps), and GM-based micelle 

showed the lowest binding capacity of 5.3 : 1. The binding force between PB and these particles 

was demonstrated to be mainly hydrogen bond. Based on the structural similarity between viral 

capsids/ glycogen and Ps-block-PP a-BC based vesicle/ micelle, this work presents good 

examples of constructing vesicle/micelle via polypeptide and Ps based a-BCs towards synthetic 

biology, which showed great potential in the applications of artificial multifunctional biological 

devices and mimicking biological systems. This work also provides a new strategy for the 

detection of weak interaction between neutral water-soluble dietary fibers and small molecules, 

which may also contribute to food science. 
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Materials 

The commercial standards of neutral DFs (dietary fibers) were purchased from Megazyme 

(Bray, Ireland): oat beta-glucan (BG, Lot 110301, Mw 35.6 kDa, >98% purity), galactomannan 

(GM, Lot No. 10502b, Mw 350kDa, Gal: Man=21:79, purity >98%); arabinoxylan (AX, Lot. 

40601a, Mw 323kDa, Ara: Xyl=38:62, purity ~95%); xyloglucan (XG, Lot No. 150902, Mw not 

specified by the supplier, Xyl: Glc: Gal: Ara:other sugars = 34:45:17:2:2, purity ~95%). 

Cuprous (I) bromide (CuBr, >99%), 2-propylamine (98%), 3-�D�]�L�G�R�S�U�R�S�\�O�D�P�L�Q�H�����•�������������D�Q�G��

sodium cyanoborohydride (NaBH3CN, 95%), sodium acetate (99%o� , glacial acetic acid (99%), 

�V�R�G�L�X�P���D�V�F�R�U�E�D�W�H�����•�������������D�Q�G���W�K�H���G�H�X�W�H�U�D�W�H�G���V�R�O�Y�H�Q�W�V���I�R�U���1�0�5�����'�L�P�H�W�K�\�O�V�X�O�I�R�[�L�G-d6 (DMSO-

d6 99.8%); Deuterium oxide (D2O, 99.9%) are from Sigma-Aldrich (St. Louis, MO, United 

States); The (S)-Benzyl 3-(2,5-dioxooxazolidin-4-yl) propanoate (Bz-L-GluNCA, 97%) was 

supplied by Combi-Blocks, Inc. (San Diego, CA, United States). The solvents: diethyl ether, 

dichl�R�U�R�P�H�W�K�D�Q�H�����'�&�0�������D�Q�K�\�G�U�R�X�V���G�L�P�H�W�K�\�O�I�R�U�P�D�P�L�G�H�����'�0�)�����•�������������������G�L�P�H�W�K�\�O�V�X�O�I�R�[�L�G�H��

���'�0�6�2�����•�������������������L�V�R�S�U�R�S�D�Q�R�O�����L-�3�U�2�+�����•�������������������&�R�Q�F�H�Q�W�U�D�W�H�G���K�\�G�U�R�F�K�O�R�U�L�F���D�F�L�G�����+�&�O��������������

were purchased from Acros Inc. (Geel-Belgium) and used directly without further purification. 

Dialysis membranes made from regenerated cellulose with: MWCO 12�±14 kDa (25 Å; 29 mm) 

were supplied by SERVA (Heidelberg, Germany); MWCO 50 kDa were supplied by Thermo 

Fisher Scientific (Waltham, MA, United States). Water was purified using a Millipore Milli-Q 

system (Billerica, MA, USA). 

Method  

HCl Hydrolyse of GM, AX, XG  

To obtain the DFs with desired molecular weights, the commercially available galactomannan, 

arabinoxylan, and xyloglucan were hydrolyzed using the method established by 

Whistler(Whistler & Durso, 1951) and further developed by Lupo.(Lupo et al., 2020) 

The native polysaccharides (GM, AX, or XG) were hydrated in water at a concentration of 0.6% 

(w/v) for 1 h at 80ºC under stirring. The solutions were then stirred at room temperature 

overnight to ensure the complete dissolution of the polysaccharides. Concentrated HCl was 

added to the above solutions reaching a final concentration of 0.1 mol/L HCl for GM and AX, 

or 0.4M HCl for XG. GM, AX, and XG were hydrolyzed at 50ºC under stirring for 24h, 8h, and 

52h, respectively aiming to obtain their Mws ranging from 25 kDa to 50 kDa. The reactions 

were quenched and neutralized by adding 0.2 M Na2HPO4, 0.4 mol/L Na2HPO4, or 4 mol/L 

NaOH until the pH reached between 6 and 7.  Then the partially hydrolyzed polysaccharide 

solutions were dialyzed against water for at least 72 h at room temperature. The dialysis water 

was exchanged after 2 h and then every 24 h. 
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After 72 h of hydrolysis, i-PrOH was added into the dialyzed polysaccharide solutions slowly 

until a precipitate was observed, followed by 2-hour cooling in the ice bath. The cooled 

solutions were centrifuged at 12000 g for 20 minutes. The first precipitate fraction was then 

collected. The supernatant was added with more isopropanol to collect a further precipitate 

fraction. All precipitates were freeze-dried.  

For galactomannan and xyloglucan, two fractions of precipitates were obtained. Both second 

fractions of galactomannan and xyloglucan were chosen based on their molecular weights, to 

proceed with further syntheses. Arabinoxylan was freeze-dried directly after being concentrated 

in vacuo because its precipitate could not be separated by the above centrifuge process. 

�6�\�Q�W�K�H�V�L�V���R�I���.-azido poly (benzyl l-glutamate) (1. PBLG-N3)  

Bz-L-GluNCA (2 g, 7.6 mmol) was added in a dried Schlenk, and dissolved in 20 mL of 

anhydrous DMF under a dried N2 atmosphere. The solution was stirred for 10 min with N2 

degassing, and 1-azido-3-aminopropane (6.6 µL, 66 µmol) in 0.5 mL anhydrous DMF was 

added. The solution was stirred for 40 h at room temperature under an N2 environment. The 

polymer was recovered by precipitation in diethylether and dried under high vacuum and yield: 

1.42 g (85%). The product was analyzed by 1H NMR (CDCl3 + 15% trifluoroacetic acid, Figure 

S1). Molar masses were determined by 1H NMR using the following equation where Ia, Ih, MBLG, 

and Minit are the intensity of methylene protons (initiator), the intensity of methylene protons h 

(PBLG-N3), the molar mass of the BLG monomer unit and the molar mass of 1-azido-3-

aminopropane initiator respectively. And the degree of polymerization was calculated as 

DP=62, and the Mn was 13755 g/mol. 

MPBLG-N3=IhMBLG /Ia+��M init�� 
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Figure S1. 1H NMR (400 MHz, CD3Cl+15 % TFA) spectrum for PBLG-N3 

Synthesis of Fibre-alkyne (2)  

The BG and Hydrolyzed branched DFs (GM, AX, XG) (100 mg) were solubilized in 10 ml 2 % 

(w/v) acetate buffer (50 mM, pH= 5.0) at 50°C. A minimum of 100 equiv. (to DFs) of 

propargylamine and sodium cyanoborohydride (100 equiv.) were added under stirring. The 

mixture was stirred at 50 °C for 96 h with a daily addition of 25 equiv. of sodium 

cyanoborohydride. The solution was dialyzed for four days against 5 L of water with daily fresh 

water exchange. The cotton-like fiber-alkyne products were obtained after lyophilization. Yield: 

75% for BG-alkyne, 90% for GM-alkyne, 76% for AX-alkyne and 94% for XG-alkyne. 1H 

NMR analyses were performed using DMSO-d6 as the solvent for BG, AX, and XG, and D2O 

for GM due to its poor solubility in DMSO (Figure S2-5). The full disappearance of reducing 

�H�Q�G���J�U�R�X�S���D�Q�R�P�H�U�L�F���S�U�R�W�R�Q���S�H�D�N�V�����.-�F�H�Q�W�H�U�H�G���D�Q�G����-centered at 6.7 ppm and 6.4 ppm for BG, 

5.2 ppm and 4.93 ppm for GM, 6.6 ppm and 6.2 ppm for AX, 6.7 ppm and 6.3 ppm for XG) 

was a strong indication of a quantitative reaction.  
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Figure S2. 1H NMR (400 MHz, DMSO-d6) spectrum for BG and BG-alkyne, the inserted picture is the spectrum 
from 6.2 ppm to 6.8 ppm with scaling up. 

 
Figure S3. 1H NMR (400MHz, D2O) spectrum for native GM (down red line), hydrolyzed GM, and GM-alkyne, 
the inserted picture is the spectrum from 4.9 ppm to 5.3 ppm with scaling up. 
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Figure S4. 1H NMR (400MHz, DMSO-d6) spectrum for native AX, hydrolyzed AX, and AX-alkyne, the inserted 
picture is the spectrum from 6.1 to 6.7 ppm with scaling up. 

 

Figure S5. 1H NMR (400MHz, DMSO-d6) spectrum for native XG, hydrolyzed XG, and XG-alkyne, the inserted 
picture is the spectrum from 6.2 to 6.8 ppm with scaling up. 
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Synthesis fibre-block-PBLG copolymer (3)  

For BG, AX, and XG 

PBLG-N3 (10 mg, 0.75 µmol, 1equiv.), BG-, AX-, and XG-alkyne (1.5 µmol, 2 equiv.) and 

PMDETA (4 µL) were dissolved in 5 mL of dried DMSO. The mixture was stirred for 10 min 

and degassed with dried N2. And 2 mg CuBr in 0.5 ml dried DMSO was added through a syringe. 

The Schlenk flask was placed in a constant temperature oil bath at 25 °C for 72 h. The resulting 

solutions were dialyzed for three days against water (3×5  L) (Spectra/Por®7 MWCO 50 kDa 

membrane) to remove excess polysaccharides and then lyophilized. Yield:  60% for BG, 63% 

for AX, and 97% for XG. 1H NMR spectroscopy was performed in DMSO-d6 (Figure S6, S8, 

S9). Infrared (IR) analysis of the block copolymer was also performed and compared to fiber-

alkyne and PBLG-N3 IR spectrum (Figure S10 A, B, D). The disappearance of the azide peak 

at 2100 cm-1 demonstrated that all azido-functionalized PBLG-N3 had reacted with DF-alkyne. 

For GM  

GM-�D�O�N�\�Q�H���������������P�R�O���������H�T�����Z�D�V���V�R�O�X�E�L�O�L�]�H�G���L�Q�������������P�/���Z�D�Wer. PBLG-N3 �������������P�J���������������P�R�O����

2.6 equiv.) was dissolved in 9.8 mL dichloromethane (DCM). 0.1 M CuSO4 and 0.1 M Na-Asc 

aqueous solution were prepared. All solutions were degassed via N2 purged syringe for 20 min. 

GM-alkyne solution and PBLG-N3 solution were combined via a syringe to avoid oxygen 

�F�R�Q�W�D�F�W�����7�K�H���U�H�D�F�W�L�R�Q���V�W�D�U�W�H�G���E�\���D�G�G�L�Q�J���������������/���R�I�����������0���&�X�6�24 �D�Q�G���������������/ of 0.1M sodium 

ascorbate via syringe. The reaction was stirred at room temperature for 72h. The water phase 

was collected and then dialyzed for three days against water (3×5  L) (Spectra/Por®7 MWCO 

50 kDa membrane). After dialysis, the solution was sequentially washed with DCM to remove 

excess PBLG-N3. The purified product was lyophilized with a yield of 53%. 1H NMR 

spectroscopy was performed in DMSO-d6 (Figure S7). Infrared (IR) analysis of the block 

copolymer was also performed and compared to fiber-alkyne and PBLG-N3 IR spectrum 

(Figure S10, C). The disappearance of the azide peak at 2100 cm-1 demonstrated that all azido-

functionalized PBLG-N3 had reacted with DF-alkyne. 



PART 2: RESEARCH PAPERS�² Manuscript III  

167 

 

Figure S6. 1H NMR (400MHz, DMSO-d6) spectrum for BG-Alkyne and BG-block-PBLG. 

 

Figure S7. 1H NMR (400MHz) spectrum for GM-Alkyne (D2O) and GM-block-PBLG (DMSO-d6). 
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Figure S8. 1H NMR (400MHz, DMSO-d6) spectrum for AX-Alkyne and BG-block-PBLG. 

 

Figure S9. 1H NMR (400MHz, DMSO-d6) spectrum for XG-Alkyne and XG-block-PBLG. 
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Figure S10. FT-IR spectrums for PBLG-N3, Fibre-alkyne, and Fibre-block-PBLG for A) BG; B) AX; C) GM; D) 
XG. 

Molecular weight (Mw and Mn) determination 

The molecular weights of native DFs, hydrolyzed DFs, and DF-alkynes were determined by 

high performance size exclusion chromatography (HPSEC) (OMNISEC, Malvern Panalytical 

�/�W�G�������0�D�O�Y�H�U�Q�����8�Q�L�W�H�G���.�L�Q�J�G�R�P�����H�T�X�L�S�S�H�G���Z�L�W�K���W�Z�R���$�¶���������0���F�R�O�X�P�Q�V���L�Q���V�H�U�L�H�V�������������P�P���î����������

mm, Viscotek, parent organization: Malvern Panalytical Ltd., Malvern, United Kingdom). 

OMNISEC RESOLVE detector compartment was equipped with a low and right-angle laser 

light scattering detector (LALS/RALS), a refractive index (RI), a UV detector, and a viscometer. 

The temperature of the auto-sampler and column was set at 30 oC. An aqueous solution of 0.1 M 

NaNO3 with 0.02% NaN3 was used as the mobile phase, and the fiber samples were dissolved 

in the mobile phase at 80 oC for 1 h and stirred overnight. And the samples were filtered through 

a 0.45 µm nylon filter before injection. For absolute molecular weight determination, a 

calibration using narrow molecular weight distribution polyethyleneoxide (PEO-24K, provided 

by Malvern) was applied, and a standard dextran sample (Dextran-T70K, provided by Malvern) 

was applied for validation of the calibration. All samples were measured in triplicates. 
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Figure S11. HPSEC elugrams using the refractive index signal for A) native BG and BG-Alkyne; B) native GM, 
GM-Hydrolyzed and GM-Alkyne; C) native AX, AX-Hydrolyzed and AX-Alkyne; D) native XG, XG-Hydrolyzed 
and XG-Alkyne. 

Monosaccharide composition analysis for branched DFs 

High-performance anion-exchange chromatography-pulsed amperometric detection (HPAEC-

PAD) (Thermo Scientific AG, Basel, Switzerland) was used to measure the monosaccharide 

composition. An amount of 50 mg of samples were completely hydrolyzed in 10 mL 2 M HCl 

�V�R�O�X�W�L�R�Q�� �D�W�� �������� �•�&�� �I�R�U�� ������ �P�L�Q���� �$�I�W�H�U�� �F�R�R�O�L�Q�J�� �W�R�� �U�R�R�P�� �W�H�P�S�H�Uature, the reaction mixture was 

neutralized with 4 M NaOH and centrifuged for 15 min at 4000 rpm. The hydrolysates were 

diluted with water to reach a concentration of 10 mg/L and filtered through a 0.45-µm PTFE 

filter. The mobile phase consisted of 200 mM NaOH and water. An isocratic method was 

applied for the sugar separation. Then, 8% (A) and 92% (B) were run for the first 22.5 min 

followed by 100% (A) for 8.5 min and 8 (A) and 92% (B) for 8 min. The total run time was 39 

min. For the determination of the absolute monosaccharide amount, an external standard 

calibration was performed using standard galactose and mannose for galactomannan samples, 

arabinose and xylose for arabinoxylan samples, and galactose, glucose, and xylose for 

xyloglucan. D-Sorbitol was used as the internal standard and added at a constant concentration 
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of 10 mg/L to each sample and calibrant solution. The monosaccharides concentration was 

quantified relative to the internal standard signal. All samples were measured in triplicates. 

Fourier-Transform Infrared (FTIR)  

Samples were mixed with pre-dried potassium bromide (KBr) at a concentration of 1% (w/w), milled in 

a fine powder until no crystalline can be seen, and pressed into a transparent tablet. A control sample 

using pure KBr was used as the background that was subtracted by each sample spectrum. Samples were 

analyzed by Varian 640 FTIR spectroscopy (Agilent Technologies, Santa Clara, California). The IR 

transmittance was scanned over the range from 4000 to 400 cm-1 with a resolution of 2 cm-1 at room 

temperature and averaged over 64 scans.  

SpectroscopyTransmission electron microscopy (TEM) 

DF-block-PBLG Samples at a concentration of ~0.5 mg/mL were firstly filtered by a 45 ���P nylon filter, 

and 4 ���/  of these samples were deposited to previously negatively glow-discharged copper EM 

(Electron Microscopy) grids (400 mesh) with continuous carbon. EM grids were glow-discharged using 

the Pelco Easy Glow system for 30 s at 25 mA. After 30 s of sample cultivation at the EM grid, the 

excess sample was blotted away using a filter paper wedge followed by washing and staining with 2% 

uranyl acetate solution. The prepared EM samples were measured by TEM (TFS Tecnai F20 FEG) 

operating at 200 kV.  

Dynamic light  scattering (DLS)  

The CMC measurements, intensity distribution, correlogram, number, and intensity distribution 

were obtained by dynamic light scattering (DLS) on a Zetasizer Nano ZS (Malvern Instruments 

Ltd., Worcestershire, UK) instrument equipped with a He�±Ne laser (wavelength 632.8 nm, 

scattering detector angle 173°, temperature 25 oC). 

Static light scattering (SLS) 

The characterization of the angle-dependent hydrodynamic radius (�4�Û) and Polydispersity 

Index (PdI), together with the computation of the radius of gyration (�4�Ú), was performed with 

a LS Spectrometer (LS Instruments, Fribourg, Switzerland) equipped with a red laser source 

(633 nm). More in detail, the samples BG-block-PBLG, AX-block-PBLG, XG-block-PBLG, 

and GM-block-PBLG were characterized at the concentration of 0.1 mg/mL, except the last 

mentioned which was studied at 0.3 mg/mL (to increase the scattered radiation at maximum 

laser power and enhance therefore the quality of the acquired intensity correlation functions). 

Both the mentioned samples and aliquots of the respective dialysis buffers, before being 

measured, had been filtered with Nylon filters having a 0.45 µm pore size. Together with the 

samples of interest, also a standard sample, consisting of diluted polystyrene particles with a 

declared diameter of 140 nm, was studied as a reference system. As it will be noted later one, 

the values from the DLS characterization performed with the LS Spectrometer are not exactly 
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matching the ones of the characterization performed with the Malvern Zetasizer. The reason is 

that two different batches were measured in the two cases: while the same synthesis steps were 

performed, we can assume that small deviations in the size of the sample could be originated 

from minor changes in the preparation process (e.g. small changes in pouring rate during the 

anti-solvent precipitation step). 

The measurement protocol consisted of multiple acquisitions (three measurements, each 

consisting of three runs of 30 s) at scattering angles ranging from 25° to 125°. The data used 

for extracting �4�Ú through the Guinier plot were acquired in auto-correlation mode for all the 

samples. The intensity correlation functions useful for the �4�Û and PdI characterization were 

acquired instead in modulated cross-correlation mode for all the samples, except GM-block-

PBLG: in this case, due to a too-low scattered intensity in the mentioned acquisition method, 

the cross-correlation mode was used instead. As the cross-correlation mode leads to a lower 

intercept of the correlation function (smaller than 0.25), the duration of each run was increased 

to 90 s to enhance the acquisition statistics. The choice of using the modulated cross-correlation 

and the cross-correlation functions, instead of the auto-correlation one, was performed to avoid 

the influence of after pulse effects on the decay of the function and the consequent over-

estimation of the polydispersity of the samples. 

For the �4�Ú characterization of a specific sample (S), the count rate (CR, in kHz) acquired at 

each measurement angle was first renormalized by multiplying it by the ratio between the 

average laser power during the multi-angle characterization and the laser power at that specific 

acquisition angle. Then, the multiple data points (triplicates) at each angle were statistically 

analyzed and expressed as mean ± standard deviation. This analysis path holds also for data 

from the dialysis buffers, with the exception that no correction for the laser power was applied 

(as the signal was dominated by the dark count rate of the detectors, which is laser power 

independent). Finally, the average count rates for each sample, at the q values associated with 

the measured angles �à, were computed as: 

�%�4
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The standard deviations were obtained using the same formula, with the exception that the 

standard deviations of the sample and the dialysis buffers were summed instead than subtracted. 

Following the error propagation theory, the data were then plotted as �Ž�•�%�4 vs. �M�6; according 

to the Guinier approximation, when �M�4�Ú 
O�s the dependence between �Ž�•�%�4 and �M�6 can be 

expressed as: 
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with A being a measurement-conditions dependant constant. Through a linear fit, performed 

upon considering the reciprocal of the variance of each datapoint as a weighting function, it 

was possible to extract the slope of the curve (m) and compute �4�Ú 
L �¾
F�u�I . 

The acquired intensity correlation functions were instead analyzed using a second-order 

cumulant method, already implemented in the software of the LS Spectrometer, by considering 

a decay of the functions by a factor equal to 0.65. Such an analysis allowed to extract, for each 

angle, �4�Û and PdI; the triplicates obtained at each angle were statistically analyzed and 

computed as mean ± standard deviation. The average �4�Û for each sample was then computed 

by linearly fitting the �4�Û vs. q values, upon imposing the value of the slope equal to 0 and upon 

considering the reciprocal of the variance of each datapoint as a weighting function. 

 

Figure S212 The results of the analysis showed, for the used standard sample (polystyrene particles with a 140 
nm diameter), a nearly independent size (�4�Û �1 73 nm) as a function of the angle and a small PdI, which confirms 
the mono-dispersity of the considered sample. The Guinier analysis gives back �4�Ú�1���w�x nm; the ratio �4�Ú���4�Û��is 
close to 0.77, which is the expected value for a spherical object. 
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Figure S13. The sample BG-block-PBLG is also characterized by a small polydispersity index (�1���r 
F�r�ä�s�;, and 
�4�Û 
L 101.6 nm. The points in the Guinier plot nicely follow a straight line, resulting in �4�Ú 
L ���w�v�ä�t nm. The ratio 
�4�Ú���4�Û is close to 0.53. In the manuscript, based on the performed TEM analysis, it is hypothesized that this system 
forms vesicles; such a class of aggregates is expected to have an �4�Ú���4�Û ratio between the one of a full sphere (0.77) 
and the one of the hollow sphere where the solid part is extremely thin (�1 1). Such a mismatch between the value 
expected from the theory and the measured one is not easily explainable and would require a deeper morphological 
analysis of the system under study. 

 

Figure S14 The sample AX-block-PBLG is characterized by �4�Û 
L 54.4 nm, PdI �1���r�ä�t, and  �4�Ú 
L ���u�z�ä�z nm. The 
ratio �4�Ú���4�Û is close to 0.7, which is aligned with the hypothesis of micellar objects (which can be approximated 
to spheres). 
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Figure S15. The sample XG-block-PBLG is characterized by a large PdI �1���r�ä�u. Such a PdI probably influences 
the scattering properties of the sample, as the data points for the Guinier analysis seem to deviate from a straight 
line. This is most probably a consequence of different size distributions of a single morphology; therefore, one 
cannot calculate a single �4�Ú value by the Guinier analysis. Such features are not considered more deeply in the 
present study; instead, multiple Guinier analyses considering different data points were attempted. The ratio �4�Ú���4�Û, 
for both the performed analyses (i.e., �4�Û 
L 46.0 nm or 44.8 nm and �4�Ú 
L ���u�{�ä�r nm or 35.0 nm), is close to 0.8, 
which is aligned with the hypothesis of micellar objects. 

 

Figure S16. The sample GM-block-PBLG is characterized by a large PdI �1���r�ä�u
F �r�ä�v. As in the case of the sample 
XG-block-PBLG, such a PdI probably influences the scattering properties of the sample; the data points for the 
Guinier analysis seem to deviate from a straight line and to show further features of the form factor of the studied 
objects, which cannot be captured by the Guinier analysis itself. Such features are not considered more deeply in 
the present study; instead, multiple Guinier analyses considering different ranges of data points were attempted. 
Even though such an analysis cannot be considered robust, given how much the data points deviate from a straight 
line, the ratio �4�Ú���4�Û for the different considered analyses is in the range of 1-1.34. which is larger than the 
calculated values with AX-block-PBLG and XG-block-PBLG. The fact that the obtained value of the ratio is not 
close to the one expected for micelles (0.77) might be due to a morphological variance associated with the large 
PdI of this sample. 
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Figure S17. TEM picture of fiber-alkyne (sample concentration: 0.65 mg/mL, 0.63 mg/mL, and 0.52 mg/mL for 
BG-alkyne, GM-alkyne, and AX-block-PBLG, respectively). 

 

Figure S18. DLS intensity distribution of A) BG-based vesicle (0.1 mg/mL) in presence of 97 uM PB, 150 uM 
urea, and both PB and urea at the same final concentration; B) GM-based micelle (0.1 mg/mL) in presence of 150 
uM PB, 150 uM urea and both PB and urea at the same final concentration; C) AX-based micelle (0.1 mg/mL) in 
presence of 150 uM PB, 150 uM urea and both PB and urea at the same final concentration; D) XG-based micelle 
(0.1 mg/mL) in presence of 150 uM PB, 150 uM urea and both PB and urea at the same final concentration.  
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Manuscript IV  

Complemetability of analytical methods for soluble neutral polysaccharide-

ligand interaction studies 

Cristina Lupo, Xiaowen Wu, Samy Boulos, Laura Nyström. Under preparation 

Abstract  

Nanoparticles coated with hydrolyzed galactomannan (GMH), arabinoxylan (AXH������ �D�Q�G�� ��-

glucan (BG), as well as respective micelles, and free GMH, AXH, and BG, were used as probe 

systems to explore weak interaction with gallic acid (GA), sodium gallate (NaGal), sodium 

ferulate (NaFerul), brilliant blue (BB), patent blue (PB), and lissamine green (LG). Dynamic 

light scattering (DLS), ultraviolet-visible (UV-vis) spectroscopy, isothermal titration 

calorimetry (ITC), and transmission electron microscopy (TEM) were employed as 

complementary analytical techniques to elucidate these non-covalent associations. The results 

obtained from DLS, ITC, and TEM converged towards the same outcome. In short, all three 

probe systems showed interaction with GA, BB, PB, and LG through DLS, ITC, and TEM 

analysis. However, DLS, UV-vis, and TEM provided only fragmentary evidence as the 

complete picture was obtained by ITC which identify the entropic contribution as driving forces 

of these weak associations, hence involving hydrophobic type association and possible 

conformational changes of the polysaccharide and ligand. However, the enthalpy contribution 

(hydrogen interaction) is also relevant, in particular regarding interactions with the gallic acid 

molecule. 

Keywords: glyco-nanoparticles, micelles, dynamic light scattering, isothermal titration 

calorimetry, water-soluble polysaccharides. 
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Introduction  

Non-covalent interactions are weak interactions undoubtedly less obvious to understand than a 

covalent association. However, non-covalent interactions are equally fundamental in nature 

since they play an important role in different bio-disciplines. For example, non-covalent 

interactions participate in the molecular-recognition process, they play a key role in determining 

the structure of important macromolecules such as DNA, RNA, and protein, and lately, they 

have been associated with the health-beneficial properties that some nutrients, such as 

polysaccharides, might exsert ���ý�H�U�Q�ê�� �	�� �+�R�E�]�D���� ������������ �)�D�Q�J et al., 2021). For example, in a 

study performed by (Tong et al., 2011), the binding between cholesterol and chitin, was studied 

by using a chitin-based imprinting polymer, which was synthesized based on a molecular 

imprinted strategy (Zarejousheghani et al., 2021). The number of steroids uptake by the chitin 

was quantified by high-performance liquid chromatography. To verify the specificity of the 

interaction between the chitin-based imprinting polymer and cholesterol, a binding experiment 

with cholesterol acetate was performed. The results suggested that the free hydroxyl groups in 

the cholesterol molecules are essential for binding to the substrate. A hydrogen bonding 

recognition mechanism was proposed, and the authors demonstrate that the number of 

hydrogen-bonding sites in respective molecules and the orientation of the functional groups 

inside the cavities are crucial factors influencing the association. Another field in which non-

covalent interactions can be exploited is the purification of water from dyeing processes. 

Usually, the alum adsorption process is used as an effective method for the decolorization of 

textile dyeing effluents, but not very environmental friendly. (Blackburn, 2004) used natural 

cationic polysaccharides, namely chitin and chitosan, nonionic polysaccharides such as 

galactomannans, starch, and anionic polysaccharides like pectin, carrageenans, and alginic acid 

for testing their ability in removing dye from effluent. They found that cationic polysaccharides 

provided excellent levels of color removal. This was explained by the combination of 

electrostatic attraction, van der Waals forces and hydrogen bonding formed between the dye 

molecules and the cationic polysaccharides. Neutral galactomannans showed absorption 

capacity towards the colored molecules, whereas starch did not. This testified that the structure 

of polysaccharides and the relative degree of inter- and intramolecular interactions between the 

separate polymer chains play a key role in determining whether the polysaccharide-molecule 

interaction occurs. The galactose residues of the galactomannan backbone prevented an 

association between two or more polysaccharide chains, allowing for increased hydrogen 

bonding with the dye. Furthermore, the hydrophobic interactions between the hydrophobic parts 

�R�I���W�K�H���G�\�H���D�Q�G���W�K�H���.- �����:���� - linked galactopyranosyl units may have contributed to the superior 

performance. In contrast, the extensive chain interactions between starch chains limit the 

possibility of hydrogen bonds with the dye molecules. Pectin, carrageenan, and alginic acid 

being anionic polysaccharides were not effective in removing the dye from the effluent due to 
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the repulsion between the anionic groups of the polymer chains and the anions of the dye which 

prevented the formation of hydrogen bonding.  

Recently, non-covalent interactions between polysaccharides and phenolic compounds have 

also became a well-studied topic among researchers, and various techniques have been applied 

to measure this interaction and better understand the structure-activity relationship. Indirect, 

direct-labeling-free, and surface analysis methodologies are the most popular techniques found 

in the literature for qualitative and/or quantitative investigation of non-covalent interactions 

between polysaccharides and phenolic compounds (Lupo, 2021). For example, the adsorption 

capacity of phenolic compounds including various hydroxybenzoic acids, hydroxycinnamic 

acids, and their derivatives by arabinan-rich pectic polysaccharide as a function of the molecular 

weight of the polysaccharide and the hydroxylation, methylation, methoxylation, and 

esterification of the phenolic compounds was evaluated by (Zhu et al., 2018). The interaction 

study was performed by an indirect method, namely the equilibrium dialysis and the 

concentration of unbound phenolic ligands outside the dialysis membrane was determined by 

HPLC-DAD. The authors suggested that the molecular weight (Mw) of the polysaccharide might 

lead to different conformational properties of the polysaccharide chain that could strongly 

influence the adsorption capacity of ligand molecules. In particular, the higher Mw 

polysaccharide fractions produced higher uptake than the lower Mw fractions. Furthermore, the 

structure of the ligand significantly influenced the interaction with polysaccharide molecules. 

The hydroxylation of the phenolic compound favored retention capacity due to the increased 

ability of these molecules to form hydrogen bonds with the polysaccharide chain. The relative 

position of the hydroxyl-substituent is also important and can influence the adsorption 

efficiency, while methylation, methoxylation, and esterification of the small molecule reduced 

its adsorption by the polysaccharide.  

Isothermal titration calorimetry (ITC) is a direct-labeling-free method to quantitatively measure 

the interaction between a polysaccharide and a partner molecule. A considerable number of 

studies reported in the literature have investigated how the interaction between water-soluble 

polysaccharides and phenolic compounds occurs, via ITC. (Tudorache et al., 2020) studied the 

�E�L�Q�G�L�Q�J�� �R�I�� �J�D�O�O�L�F�� �D�F�L�G�� �Z�L�W�K�� �W�Z�R�� �Q�H�X�W�U�D�O�� �V�R�O�X�E�O�H�� �I�L�E�H�U�V���� �R�D�W�� ��-glucan and guar gum, and the 

negatively charged xanthan gum fiber, using ITC. The authors observed that the interaction 

between gallic acid and all fibers was �V�S�R�Q�W�D�Q�H�R�X�V�� ���¨G<0) and mainly dominated by the 

formation of hydrogen bonds (enthalpy-driven process). In addition, the binding stoichiometry 

(n), which refers to the number of binding sites per polysaccharide monomer, was lower for 

branched fibers such as �J�X�D�U�� �J�X�P�� �D�Q�G�� �[�D�Q�W�K�D�Q�� �J�X�P�� �W�K�D�Q�� �I�R�U�� �O�L�Q�H�D�U�� ��-glucan, as smaller the 

gallic acid concentration was required to reach saturation of their binding sites. From this study, 

�L�W�� �Z�D�V�� �K�\�S�R�W�K�H�V�L�]�H�G�� �W�K�D�W�� �O�L�Q�H�D�U�� �S�R�O�\�V�D�F�F�K�D�U�L�G�H�V���� �V�X�F�K�� �D�V�� ��-glucan, possess a greater binding 
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surface area per glycosidic unit available per ligand, which decreases with increasing branching 

density. Compared to branched fibers, xanthan gum exhibited the highest n value, probably due 

to the presence of carboxylic acid groups on its structure, which favor hydrogen interactions 

with gallic acid molecules. 

However, each of these analytical methods comes with limitations. For example, indirect 

methods such as equilibrium dialysis, which involve separation of the ligand after absorption 

onto a solid polysaccharide substrate or in solution, result in non-specific binding of the ligand 

to the membrane, leading to an underestimation of the actual concentration of the free 

compound passing through the semi-permeable membrane. Furthermore, the polysaccharide is 

often used in its solid form to facilitate the separation process between the adsorbent and the 

free solute. This implies that water-soluble polysaccharides must be cross-linked and 

transformed into gels that do not dissolve during the incubation process. This derivatization 

introduces additional hydrophobic groups that can change the architectural properties of the 

polysaccharide by affecting the adsorption process. Additionally, these methodologies provide 

only an empirical description based on the absorption mechanism of a gas or solid surface 

described by Langmuir's law (Le Bourvellec et al., 2005; Liu et al., 2019). The main techniques 

consolidated as part of the direct labeling-free methods in dilute solution are isothermal titration 

calorimetry (ITC), nuclear magnetic resonance (NMR), (UV-Vis), and dynamic light scattering 

(DLS). ITC measures the heat changes (loss (exothermic) or generated (endothermic)) when 

the two molecules get in contact under isothermal conditions. NMR identifies specific changes 

in the chemical shifts of 1H and 13C atoms and provides information on the interacting protons 

(STD-NMR) or the spacial proximity between two molecules (NOESY-NMR). UV-vis 

measures the loss of light intensity, due to the formation of a complex/precipitate, after being 

transmitted through a suspension. While DLS measures the increase in the size of an aggregate 

due to the formation of a complex. Examples of surface analysis are transmission electron 

microscopy (TEM) and atomic force microscopy (AFM). Both provide information on the 

morphology, organization, and structure of the sample (Le Bourvellec & Renard, 2012). These 

techniques may also have restrictions. For example, in microscopic techniques (TEM), 

polysaccharides are highly susceptible to electron beam damage and have a very low electron 

density. Therefore, staining procedures are often necessary to visulize the sample by improving 

contrast, with the implication that sample preparation can induce structural changes in the 

polysaccharide. Spectroscopy technique like NMR requires a highly concentrated sample; 

hence solubility problems may occur. Furthermore, the molecular size of the polysaccharide is 

a limiting factor. Light scattering techniques such as DLS can lead to inaccurate results due to 

the formation of insoluble complexes. While the main limitations of ITC calorimetric 

techniques are related to solubility in the titrant and the titrator and the choice of fitting model. 

Therefore, to elucidate weak interaction between polysaccharides and a target molecule, a 
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single analytical method is most often not sufficient since it provides only fragmentary evidence 

as the complete picture is mostly obtained by complementary analytical techniques. Hence, the 

combination of different procedures that converge towards the same result mechanism, allows 

us to identify more precisely the driving forces of these weak associations.  

When it comes to interactions between neutral polysaccharides and target molecules, the picture 

becomes more complicated due to their low energy and reversibility, and only a small number 

of studies can be found in the literature. The majority of the works already in the literature are 

based on a theoretical description of these weak interactions, and there is still a great lack of 

correlation between theoretical and experimental data. With this study, we propose a unique 

approach for the detection of non-covalent interaction between neutral soluble polysaccharides, 

namely galactomannan (GM), ara�E�L�Q�R�[�\�O�D�Q�����$�;�������D�Q�G���P�L�[�H�G���O�L�Q�N�D�J�H���F�H�U�H�D�O����-glucan (BG) with 

nutritional relevant molecules, namely gallic acid (GA), sodium gallate (NaGal), sodium 

ferulate (NaFerul), and dye molecules such as brilliant blue (BB), patent blue (PB), and 

lissamine green (LG). Specifically, three different forms of polysaccharides in solution were 

tested: hydrolyzed polysaccharide, polysaccharide micelle, and glyco-gold nanoparticles. The 

interaction of these three probes with target molecules was performed by a combination of 

different complementary analytical methods: ITC, DLS, UV-vis, and TEM. Specifically, ITC 

was used to test the interaction of hydrolyzed polysaccharides, and their micelle forms with 

ligands. From this method, the binding dissociation constant (Kd), the binding stoichiometry 

(n������ �W�K�H�� �E�L�Q�G�L�Q�J�� �H�Q�W�K�D�O�S�\���� �D�Q�G�� �H�Q�W�U�R�S�\�� ���¨H���� �S̈, respectively), were determined. DLS was 

employed to study the association between glyco-nanoparticles and target molecules, as well 

as the association between micelles and ligands. With this technique, we focused on the 

increased size of the aggregate due to complex formation, and a broadening of the 

polydispersity index (PdI) which may indicate the homogeneity of the complexes being formed. 

UV-vis was used to screen the interaction between glyco-gold nanoparticles and the target 

molecules. With UV-vis spectroscopy we exploited the optical properties of gold, known as 

�V�X�U�I�D�F�H���S�O�D�V�P�R�Q���U�H�V�R�Q�D�Q�F�H������SPR) and which consists of collective oscillations of the conduction 

electrons in resonance with an incident electromagnetic field. If the addition of the ligand to 

particles in solution induces aggregation, their inter-distance decreases, leading to an interaction 

of their surface plasmon fields that results in changes of the center of the abso�U�S�W�L�R�Q���E�D�Q�G������SPR). 

Moreover, the potential interaction between glyco-gold nanoparticles and ligands was assessed 

by TEM, by monitoring the spatial arrangement of the particles before and after the addition of 

the molecule. This strategy overcomes limitations that would otherwise be encountered when 

using free polysaccharides. which need staining procedures to visuallize the sample by 

improving contrast, with the implication that sample preparation can induce structural changes 

in the polysaccharide. 



PART 2: RESEARCH PAPERS�² Manuscript IV  

182 

Understanding the molecular mechanism correlated to the weak association between soluble 

polysaccharides and various relevant ligands is of fundamental importance for many scientific 

disciplines, as well as for the various industrial applications in which polysaccharides are 

involved. This research aims to investigate the complementarity of different analytical 

techniques in determining whether non-covalent interaction occurs. Only a few results can be 

found in the literature concerning the interaction between neutral soluble dietary fibers and 

small molecules, mainly due to their weak interaction, which makes the design of a valid 

detection system a particularly difficult challenge. 

Materials and Methods 

Materials 

Tetrachloroauric acid trihydrate (HAuCl4�Â3H2�2�� �•�� ���������������� �G�L�V�W�L�O�O�H�G�� �Z�D�W�H�U�� ���'�,������ �Q�L�W�U�L�F�� �D�F�L�G��

(HNO3, 70.0%), concentrated hydrochloric acid (HCl, 37%), tri-sodium citrate dihydrate 

(Na3C6H5O7·2H 2�2�� �•���������������� �V�R�G�L�X�P�� �S�K�R�V�S�K�D�W�H�� �G�L�E�D�V�L�F�� ���1�D2HPO4, 99.95%), isopropanol 

(i- �3�U�2�+���� �•������7%), sulfuric acid (H2SO4, ACS reagent, 95.0�±98.0%), anthrone (ACS 

reagent,  97.0%), borane dimethylamine complex (DMAB,  �•�����������������V�R�G�L�X�P�����P�H�W�D���S�H�U�L�R�G�D�W�H��

(NaIO4���� �•���������������� �H�W�K�\�O�H�Q�H�� �J�O�\�F�R�O�� �����&�+2OH)2���� �5�H�D�J�H�Q�W�3�O�X�V�Š���� �•���������������� ��-aminophenyl 

�G�L�V�X�O�I�L�G�H�����$�3�'�6�����•������0%), acetic acid (CH3COOH�����J�O�D�F�L�D�O�����5�H�D�J�H�Q�W�3�O�X�V���Š�����•�������������J�D�O�O�L�F���D�F�L�G��

(GA,  �•���������������E�U�L�O�O�L�D�Q�W���E�O�X�H�����%�%�����•���������������Z�D�V���S�X�U�F�K�D�V�H�G���I�U�R�P���6�L�J�P�D-Aldrich (St. Louis, MI, 

USA). and Patent blue V calcium Salt (PB, purity) was purchased from AppliChem (Germany). 

Sodiu�P���*�D�O�O�D�W�H�����1�D�*�D�O�����•���������������Z�D�V���S�X�U�F�K�D�V�H�G���I�U�R�P���%�L�R�V�\�Q�W�K���&�D�U�E�R�V�\�Q�W�K�����/�R�X�L�V�Y�L�O�O�H�����.�<����

USA). Sodium Ferulate (NaFerul,  �•�����������������Z�D�V���S�X�U�F�K�D�V�H�G���I�U�R�P���%�/�'���3�K�D�U�P����Cincinnati, OH, 

USA.�������/�L�V�V�D�P�L�Q�H���*�U�H�H�Q���%�����/�*�����•�����������������Z�D�V���S�X�U�F�K�D�V�H�G���I�U�R�P���&�D�U�O���5�R�W�K���*�P�E�+�����.�D�U�O�V�U�X�K�H����

Germany.). Deuterium oxide (D2O, 99.9%) was purchased from Cambridge Isotope 

Laboratories, Inc. (Andover, MA, USA). Guar galactomannan (GM) high viscosity (Gal 

depleted, viscosity  >  10 dL/g, Mw  = 350 kDa, sugar ratio Gal:Man  =  21:79 (Lot#10502 B)), 

wheat arabinoxylan (AX) medium viscosity (viscosity 20-30 cSt, Mw = 323 kDa, sugar ratio 

Ara:Xyl  =  ���������������/�R�W���������������$�������D�Q�G���R�D�W����-glucan (BG) standard (intrinsic viscosity 1.32 dL/g, 

Mw  =  70.6 kDa (Lot#110303 A)) was purchased from Megazyme (Bray, Ireland). The 

monosaccharide ratio of AX provided in the product specifications by Megazyme was slightly 

different from that obtained through analysis by high-performance anion-exchange 

chromatography-pulsed amperometric detection (HPAEC-PAD) after complete acid hydrolysis 

of the polysaccharides (wheat arabinoxylan (AX), sugar ratio Ara:Xyl = 35:65 (Lot#40601 A)). 

Cuprous (I) bromide (CuBr, >99%), 2-propylamine (98%), 3-�D�]�L�G�R�S�U�R�S�\�O�D�P�L�Q�H�� ���•������������

sodium cyanoborohydride (NaBH3CN, 95%), sodium acetate (99%), glacial acetic acid (99%), 

�V�R�G�L�X�P�� �D�V�F�R�U�E�D�W�H�� ���•�� ���������� �D�Q�G�� �W�K�H�� �G�H�X�W�H�U�D�W�H�G�� �V�R�O�Y�H�Q�W�V�� �I�R�U�� �1�0�5���� �'�L�P�H�W�K�\�O�V�X�O�I�R�[�L�G-d6 

(DMSO- d6 99.8%) were purchased from Sigma-Aldrich (St. Louis, MI, USA). The (S)-Benzyl 
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3-(2,5-dioxooxazolidin-4-yl) propanoate (Bz-L-GluNCA, 97%) was supplied by Combi-

Blocks, Inc. (San Diego, CA, United States). The solvents: diethylether, dichloromethane 

���'�&�0������ �D�Q�K�\�G�U�R�X�V�� �G�L�P�H�W�K�\�O�I�R�U�P�D�P�L�G�H�� ���'�0�)���� �•�� ���������������� �D�Q�G�� �G�L�P�H�W�K�\�O�V�X�O�I�R�[�L�G�H�� ���'�0�6�2���� �•��

99.7%) were from Acros Inc. (Geel-Belgium). All aqueous solutions were prepared using Milli-

Q water (Milli-Q® IQ 7000 Ultrapure Water System, Merck Millipore, Darmstadt, Germany). 

Dialysis membranes made from regenerated cellulose with MWCO 12,000�± 14,000 Da (25 Å; 

29 mm) were supplied by SERVA (Heidelberg, Germany). Dialysis membranes with MWCO 

50 kDa were supplied by Thermo Fisher Scientific (Waltham, MA, United States) All reagents 

were used as received without further purification. 

Acid hydrolysis coupled with isopropanol precipitation of Galactomannan (GM) and 

Arabinoxylan (AX), and synthesis of thiol-derivatized polysaccharides 

Partially hydrolyzed polysaccharides were prepared based on a method described by (Whistler 

& Durso, 1951) with some modifications. 0.6 % (w/v) of polysaccharide solutions were 

hydrating in 500 mL of water for 1 hour at 80°C under stirring (800 rpm). Samples were left at 

room temperature under mechanical stirring overnight to ensure complete dissolution of the 

polymers. Partial hydrolysis was started by adding concentrated HCl to reach 0.1 M HCl final 

concentration, and the solutions were reacted at 50 °C for 24 h and 8 h for GM and AX, 

respectively. To quench the reaction and neutralize the polysaccharide solutions, equal volumes 

of 0.2 M Na2HPO4 were added to galactomannan and arabinoxylan. The resulting solutions 

were dialyzed against water for 72 hours at room temperature, exchanging the water every 24 

hours. After the dialysis procedure, the initial volume of the water polysaccharide solutions was 

measured as Vi(GM) = 905 mL and Vi(AX)= 550 mL for GM and AX, respectively. The 

samples were fractionated using i-PrOH. First, a volume of X1(GM)  =160 mL of i-PrOH was 

added to the GM polysaccharide solution. Upon addition of this amount of i-PrOH, a precipitate 

was observed. The sample w�D�V���V�W�R�U�H�G���R�Q���L�F�H���I�R�U�������K�R�X�U�V���D�Q�G���F�H�Q�W�U�L�I�X�J�H�G���D�W�������¶���������J���I�R�U���������P�L�Q��

to collect the precipitate. After this, the procedure was repeated with the remaining supernatant 

twice with i- PrOH volumes X2(GM) = 90 mL, and X3(GM)= 110 mL. For AX, the solution 

became turbid after adding 253 mL i-PrOH, indicating the formation of AX precipitate. 

However, it was not possible to collect the precipitate after centrifugation. Therefore, the 

mixture of AX hydrolysate and i-PrOH was directedly lyophilized after removing the most 

solvent via evaporation. All precipitates were freeze-dried for 24 hours. Samples were stored 

in a desiccator at room temperature until further analysis The selection of the second GMH 

fraction was used in the oxidation and functionalization steps with the thiol linker. 

Partially hydrolyzed polysaccharides (GMH and AXH) obtained from the acid treatment, and 

�V�W�D�Q�G�D�U�G����-glucan (BG) were reacted with NaIO4, followed by a reductive amination reaction 
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with 4-aminophenyldisulfide (APDS) solution. For more details on the oxidation and reductive 

amination steps see supplementary information (section S 2.2.).  

Characterization of GM, AX, and BG before and after acid hydrolysis and their 

corresponding thiol-derivatized polysaccharides (GMSH, AXSH, and BGSH) 

Hydrolyzed, oxidized and thiolated polysaccharides were analyzed and characterized for their 

molecular weight (Mw and Mn), dispersity (�� ), hydrodynamic radius (Rh), conformation (Mark-

�+�R�X�Z�L�Q�N�� �S�D�U�D�P�H�W�H�U�� �F�R�H�I�I�L�F�L�H�Q�W�� ���.�������� �D�Q�G�� �L�Q�W�U�L�Q�V�L�F�� �Y�L�V�F�R�V�L�W�\�� ���>�•]) by high-performance size 

exclusion chromatography (HPSEC) (OMNISEC, Malvern Panalytical Ltd., Malvern, UK) 

following the procedure previously published (Lupo et al., 2020) (Lupo et al., 2020). All 

samples were measured in triplicate. OMNISEC software version v.10.30 was used for data 

acquisition, analysis, and reporting. The monosaccharide ratio before and after acid treatment 

was measured by high-performance anion-exchange chromatography-pulsed amperometric 

detection (HPAEC-PAD) (Thermo Scientific Scientific AG, Basel, Switzerland). An ICS-5000 

system was used for the analysis, and an isocratic method was applied based on the procedure 

described previously (Eder et al., 2021). The monosaccharides concentration was quantified 

relative to the internal standard signal. Data processing was carried out on Chromeleon 7 

(Thermo Fischer Scientific AG, Basel, Switzerland). All samples were measured in triplicate. 

For more details on sample preparation and analytical methodology refers to the supplementary 

information (section S 2.3.). 

Thiolated polysaccharides were characterized using proton nuclear magnetic resonance 

(1H- NMR) to obtain the number of 4-aminothiolphenol linkers (ATP) per polymer chain. 

About 20 mg of GMSH, AXSH, and BGSH were dissolved overnight in 1.2 mL D2O. An aliquot 

of 700 µL of each solution was transferred into NMR tubes and analyzed by a Bruker AVANCE 

III -400 spectrometer (Bruker, Ettlingen, Germany) operating at room temperature at 400 MHz 

with 960 repetitive scans and an acquisition time of 4 s. Data processing was carried out on 

MestReNova 14 (Mestrelab Research SL, Santiago de Compostela, Spain). For all the 

polysaccharide samples the relative peak area of the anomeric proton signals was determined 

by setting the area of the aromatic ring protons (~7.4 and 6.8 ppm) equal to 2 and using the 

signal of residual water in D2�2���D�W�����������×�S�S�P���D�V���D�Q���L�Q�W�H�U�Q�D�O���F�K�H�P�L�F�D�O���V�K�L�I�W���U�H�I�H�U�H�Q�F�H�����7�R���G�H�W�H�U�P�L�Q�H��

the number of ATP molecules per polymer chain (n°(ATP)), slightly different calculation and 

spectra-processing procedures were used for the different fibers. For more details on the 

calculation see supplementary information (section S 2.3.1). 

Synthesis and characterization of glyco-gold nanoparticles (glyco-AuNPs) 

Glyco-gold nanoparticles (GMSH-AuNPs, AXSH-AuNPs, and BGSH-AuNPs) were prepared 

based on the procedure described previously (Lupo et al., 2022a). Firstly, citrate-capped gold 
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nanoparticles (citrate-AuNPs) were synthesized following the Turkevich method (Rostek et al., 

2011). Then glyco-nanoparticle samples (glyco- AuNPs) were prepared by adding the thiol-

derivatized polysaccharide sample into citrate-AuNPs solution following the procedure 

described in the supplementary material (S 2.4). 

Citrate-AuNPs and glyco-AuNPs solutions were characterized spectroscopically using a Cary 

100 spectrophotometer (Agilent Technologies Inc., Santa Clara, CA, USA). A total of 500 µL 

citrate-AuNPs or glyco-AuNPs were diluted with 500 µL water and Tris Buffer 10 nM pH=7.6, 

respectively, mixed, and placed in a 1 cm path-length disposable polystyrene cuvette. The 

wavelength was scanned from 350 nm to 700 nm and water was used as a blank. All the 

measurements were performed in triplicate. 

In addition, the hydrodynamic diameter (Z-Average) and polydispersity index (PdI) of citrate-

AuNPs and glyco-AuNPs were measured by dynamic light scattering (DLS) using the Zetasizer 

Nano- ZS (Malvern Instrument Ltd., Malvern, UK), while the net surface charge of the 

nanoparticle was dete�U�P�L�Q�H�G���E�\���P�H�D�V�X�U�L�Q�J���W�K�H���]�H�W�D���S�R�W�H�Q�W�L�D�O�����������R�Q���W�K�H���V�D�P�H���L�Q�V�W�U�X�P�H�Q�W�����%�H�I�R�U�H��

analysis, 1 mL of sample solution was filtered through a 0.45 µm PTFE filter. All measurements 

were performed in triplicate.  

The morphology and size distribution of the citrate- and glyco-AuNPs samples were evaluated 

by transmission electron microscope (TEM). For the analysis, 4 µl of the sample was applied 

onto a continuous carbon coated 300 mesh copper grid, previously negatively glow-discharged 

at 25 mA for 30 s (Pelco Easy Glow). After 30s incubation, the excess of the sample was 

blotted-away, and the grids were air-dried. Grids were observed under Tecnai F20 

(ThermoFischer Scientific) electron microscope using RT (room temperature) holder. Falcon2 

integrated micrographs representing cumulative dose of approx. 45 electrons per Å2 were 

collected at approx. -3 µm defocus. The TEM images acquired in the bright-field mode were 

analyzed using ImageJ software. A total of about 300 particles were counted, and their area was 

measured. The average diameter (d) of the analyzed particle samples was calculated. 

The carbohydrate density on the gold particle surface was evaluated using the anthrone/H2SO4 

assay (Wang, 2011). The complete procedure was reported in the supplementary material (S 

2.4). 

Preparation and characterization of Polysaccharide-Micelles  

A multi-step synthetic approach was used to produce polysaccharide micelles (GM- Mcl, 

AX- Mcl, and BG-Mcl). Firstly, polysaccharide-block-copolymers were produced according to 

Scheme 1 following the procedure described by (Christophe Schatz et al., 2009). Information 

on the synthesis is reported in the supplementary material (S 2.5). Detailed characterization of 

these materials will be published elsewhere. 
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Scheme 22: Synthesis route of polysaccharide-block-copolymer where: 1. PBLG-N3 �L�V�� �.-azido poly (benzyl l-
glutamate). 2. Ps-alkyne stands for polysaccharide-alkyne and 3.Ps-bock-PBLG copolymer is the BG-, AX-, GM- 
block- copolymer. 

Polysaccharide micelles (GM-Mcl, AX-Mcl, and BG-Mcl) were prepared through a self-
assembling procedure of polysaccharide block polymers in an aqueous solution, based on the 
anti-solvent precipitation method (Dong et al., 2009). Briefly, 10 mg of each polysaccharide-
block-copolymer sample was dissolved in 1 ml DMSO and then added into excess water (9 mL) 
at a very slow rate with a syringe at room temperature. The DMSO in the resulting solution was 
removed by dialyzing against water using a membrane (MWCO  12�± 14 kDa) for 3 days. The 
resulting micelle solutions were characterized by dynamic light scattering (DLS) to determine 
the hydrodynamic diameter (Z-Average) and polydispersity index (PdI). A microscopy 
technique (TEM) was employed to identify the morphology and size distribution of the 
micelles. The samples at a concentration of ~0.5 mg/mL were fi ltered by the 45 ���P nylon filter, 
and 4 ���/  were deposited to previously negatively glow-discharged grids with 400 mesh of 
continuous carbon. The grids were glow-discharged using Pelco Easy Glow system for 30 s at 
25 mA. After 30 s the excess of the sample was dried using a filter paper wedge followed by 
washing and staining with 2% uranyl acetate solution. The prepared samples were scanned by 
TEM (TFS Tecnai F20 FEG) operating at 200 kV. In addition, Fourier-Transform Infrared 
(FTIR) was used to identify the distinctive molecular fingerprint of the polysaccharide-block-
copolymers. Samples were mixed with pre-dried potassium bromide (KBr) at a concentration 
of 1% (w/w), milled in a fine powder until no crystalline can be seen, and pressed into a 
transparent tablet. A control sample using pure KBr was used as the background that was 
subtracted by each sample spectrum. Samples were analyzed by Varian 640 FTIR spectroscopy 
(Agilent Technologies, Santa Clara, California). The IR transmittance was scanned over the 
range from 4000 to 400 cm-1 with a resolution of 2 cm-1 at room temperature and averaged over 
64 scans.  

Interaction studies 

Interaction study with DLS and UV-vis 

�7�K�H���V�S�H�F�L�I�L�F���E�L�Q�G�L�Q�J���D�E�L�O�L�W�\���R�I���J�D�O�D�F�W�R�P�D�Q�Q�D�Q�����*�0�������D�U�D�E�L�Q�R�[�\�O�D�Q�����$�;�������D�Q�G����-glucan (BG) in 

an aqueous solution were evaluated by dynamic light scattering (DLS) using the Zetasizer 

Nano-ZS (Malvern Instrument Ltd., Malvern, UK). The corresponding micelle and nanoparticle 

forms of these polysaccharides were tested. Six ligands were used, namely gallic acid (GA), 

sodium gallate (NaGal), sodium ferulate (NaFerul), brilliant blue (BB), patent blue (PB), and 
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lissamine green (LG). The chemical structure of unmodified polysaccharides and ligands is 

reported in the supplementary materials (Figure S 1). Briefly, 1 mL of micelles (GM- Mcl, 

AX- Mcl, and BG-Mcl) and glyco-nanoparticle suspension (GM- AuNPs, AX- AuNPs, and 

BG- AuNPs) was prepared into a disposable polystyrene cuvette. The polysaccharide 

concentration in each sample solution was 2.3 µM, 2.72 µM, and 3.24 µM for GM, AX, and 

BG, respectively. The concentration of the ligand in each micelle and nanoparticle sample was 

kept 100 times higher than the concentration of the polysaccharide. Therefore, all the 

galactomannan samples were incubated with 230 µM final concentration of each ligand, the 

arabinoxylan samples were incubated with 272 µM final concentration of each ligand, while 

�I�R�U���W�K�H����-glucan a final concentration of ligand equal to 324 µM was used. For the sample blank, 

micelles and nanoparticles were treated with the corresponding µL of water or 10 nM Tris 

buffer (pH=7.6), respectively. While the control experiments consisted of ligands in water and 

buffer at the same concentration described above. All the samples were kept under shaking for 

12 hours at room temperature and in the dark. After the incubation time, the size (Z-Average) 

and the polydispersity index (PdI) of all samples were measured. Before analysis, 1 mL of 

sample solution was filtered through a 0.45 µm PTFE filter. All measurements were performed 

in triplicate.  

In addition, the interaction between glyco-AuNPs solutions and all the target ligands was 

qualitatively characterized spectroscopically by UV-vis, to check the influence of the 

�D�V�V�R�F�L�D�W�L�R�Q�� �R�Q�� �W�K�H�� �V�X�U�I�D�F�H�� �S�O�D�V�P�R�Q�� �D�E�V�R�U�S�W�L�R�Q�� �E�D�Q�G�� ����SPR) of the gold atom. A Cary 100 

spectrophotometer (Agilent Technologies Inc., Santa Clara, CA, USA) was used for this study. 

A volume of 1mL of glyco-AuNPs (GM- AuNPs, AX- AuNPs, and BG- AuNPs) were treated 

with gallic acid (GA), sodium gallate (NaGal), sodium ferulate (NaFerul) as described above. 

However, the final concentration of brilliant blue (BB), patent blue (PB), and lissamine green 

(LG) in the nanoparticle samples was 14.4 µM, for PB and LG, and 28.8 µM for BB. The 

reduction in concentration for these ligands was necessary due to their extremely high 

absorbance between 400-���������Q�P�����W�K�H���U�H�J�L�R�Q���Z�K�H�U�H���L�W���L�V���O�R�F�D�W�H�G���W�K�H����SPR of the gold atom). All 

the samples were incubated under shaking for 12 hours at room temperature and kept in the 

dark. After the incubation time, the mixed solutions were placed in a 1 cm path-length 

disposable polystyrene cuvette. The wavelength was scanned from 350 nm to 700 nm and 10 

nM Tris buffer (pH=7.6) was used as a blank. Control experiments were conducted by 

measuring the absorption spectra of the ligand in the buffer. All measurements were performed 

in triplicate. 

Interaction study with ITC  

An isothermal titration calorimetry (MICROCAL PEAQ-ITC, Malvern Panalytical Ltd., 

Malvern, UK) was employed to measure the heat change that occurs when partially hydrolyzed 
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GMH and AXH���� �V�W�D�Q�G�D�U�G�� ��-Glucan (BG) and the micelles samples (GM- Mcl, AX-Mcl, and 

BG-Mcl) were titrated with gallic acid (GA), sodium gallate (NaGal), sodium ferulate 

(NaFerul), brilliant blue (BB), patent blue (PB). Briefly, for the hydrolyzed polysaccharides the 

sample cell was loaded with 280 µL of 125 µM GMH, AXH, and BG, solution, previously 

prepared by dissolution in water overnight. The titration syringe was filled with aqueous 

solutions of the ligands at a concentration of 1.25 mM. For the micelles samples the cell was 

loaded with 280 µL of 27.2 µM GM-Mcl, 32.4 µM of AX-Mcl, and 46 µM BG-Mcl, previously 

prepared by the synthesis procedure described in section 2.5. The titration syringe was filled 

with aqueous solutions of the ligands at a concentration of 2.72 mM, 3.24 mM, and 4.6 mM, 

depending on the ligand and the polysaccharide. For both the probe systems a total volume of 

40 µL of the ligand was injected (2 µL/injection; 20 injections) in the sample cell containing 

the fiber. Each injection lasted 4 s, and an interval of 150 s was kept between injections. The 

experiments were conducted at 25 °C, and the fiber solutions were constantly stirred at 750 rpm 

throughout the titration experiment. Control experiments were performed under the same 

experimental conditions as described above and consisted of the injection of ligands into the 

sample cell filled with water. Data analysis and reporting were performed with MicroCal 

PEAQ-�,�7�&���$�Q�D�O�\�V�L�V���V�R�I�W�Z�D�U�H���X�V�L�Q�J���³�R�Q�H���V�H�W���R�I���V�L�W�H�V�´���I�L�W�W�L�Q�J���P�R�G�H�O���W�R fit the measured binding 

isotherms and calculate the binding stoichiometry (n), the dissociation constant (Kd), enthalpy 

��� Ḧ�������D�Q�G���H�Q�W�U�R�S�\�����¨S) of the interaction 

Interaction study with TEM  

Transmission electron microscopy (Tecnai F20 ThermoFischer Scientific) operating at 200 kV 

was used to visualize the interaction study between glyco-nanoparticles (GM-AuNPs, 

AX- AuNPs, and BG-AuNPs) and the different small molecules, namely gallic acid (GA), 

sodium gallate (NaGal), sodium ferulate (NaFerul), brilliant blue (BB), patent blue (PB), and 

lissamine green (LG). The acquisition was performed in bright field mode. For the experiment, 

1 mL of glyco- AuNPs (3.76 nM) were incubated with the different molecules to have a final 

concentration of 272 µM ligands for GM-AuNPs, 324 µM of ligands for AX-AuNPs, and 230 

µM of ligands for BG-AuNPs. The solutions were incubated under shaking for 12  h at room 

temperature. Afterward, 4 µl of the samples were applied onto a continuous carbon coated 300 

mesh copper grid, previously negatively glow-discharged at 25 mA for 30 s (Pelco Easy Glow). 

After 30s incubation, the excess of the sample was blotted-away, and the grids were air-dried. 

The blank sample consisted of a 1 mL glyconanoparticle solution. Control experiments were 

conducted by subjecting the citrate-AuNPs to the same conditions as described above. 

Results and Discussion 

�3�K�\�V�L�F�R�F�K�H�P�L�F�D�O�� �F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q�� �R�I�� �J�D�O�D�F�W�R�P�D�Q�Q�D�Q���� �D�U�D�E�L�Q�R�[�\�O�D�Q���� �D�Q�G�� �V�W�D�Q�G�D�U�G�� ��-

glucan before and after chemical modifications. 



PART 2: RESEARCH PAPERS�² Manuscript IV  

189 

Molecular weight (Mw and Mn), dispersity (�� ), hydrodynamic radius (Rh), Mark-Houwink 

�S�D�U�D�P�H�W�H�U���F�R�H�I�I�L�F�L�H�Q�W�����.�������D�Q�G���L�Q�W�U�L�Q�V�L�F���Y�L�V�F�R�V�L�W�\�����>�ß]) analysis was performed by HPSEC. These 

parameters were evaluated for the untreated polysaccharides (GM, AX, BG), after acid their 

hydrolysis coupled with i-PrOH precipitation (GMH, AXH), after the oxidation with NaIO4 

(GMOX, AXOX, BGOX), and subsequently the reductive amination reaction (GMSH, AXSH, BGSH) 

(Table 1). As already described in our previous publication, the treatment of galactomannan 

and arabinoxylan with HCl and subsequent fractionation with i-PrOH led to fractions with 

lower molecular weight and dispersity than the original untreated material (Lupo et al., 2020). 

However, this time for AX it was not possible to collect the precipitate after the centrifugation 

process. This could be linked to the longer reaction hydrolysis time that AX sample has been 

subjected to (8 h vs 3h of our previous publication). A longer reaction hydrolysis time leads to 

low molecular weight fractions which are soluble at high alcohol concentrations, and therefore 

difficult to isolate (Jian et al., 2014). Therefore, the mixture of AX hydrolysate and i-PrOH was 

directedly lyophilized after removing the most solvent via evaporation, and the dried AX 

powder was used as is. For galactomannan, the second fraction was chosen for the following 

�R�[�L�G�D�W�L�R�Q���D�Q�G���U�H�G�X�F�W�L�Y�H���D�P�L�Q�D�W�L�R�Q���U�H�D�F�W�L�R�Q�V�����Z�K�L�O�H����-glucan (BG) was used as provided. 

Table 3 Molecular weight (Mw and Mn), dispersity (�� ), hydrodynamic radius (Rh), Mark-Houwink parameter 
�F�R�H�I�I�L�F�L�H�Q�W�����.�������D�Q�G���L�Q�W�U�L�Q�V�L�F���Y�L�V�F�R�V�L�W�\�����>�ß�@�����R�I����-glucan (BG), as well as galactomannan and arabinoxylan before 
(GM, AX) and after 24h and 8h hydrolysis, respectively coupled with i-PrOH fractionation (GMH, AXH). The 
same physicochemical parameters were analyzed also after oxidation with NaIO4 (GMOX, AXOX, BGOX), and after 
reductive amination (GMSH, AXSH, BGSH). 

 Mw (kDa)  Mn (kDa)  ��  Rh (nm)  �.  [�R] (dL/g)  
GM 307 ± 2  190 ± 3  1.64 ± 0.15 29.60 ± 0.52  0.79 ± 0.05  6.13 ± 0.04  
GMH 26 ± 1  19 ± 1  1.37 ± 0.03  6.76 ± 0.07  0.85 ± 0.02  0.81 ± 0.01  
GMOX 19 ± 1  11 ± 1  1.65 ± 0.02  4.87 ± 0.18  0.82 ± 0.03  0.45 ± 0.02  
GMSH 65 ± 1  61 ± 2  1.05 ± 0.02  10.52 ± 1.61  0.86 ± 0.09  1.2 ± 0.3  
AX 299 ± 4  139 ± 5  2.16 ± 0.07  24.03 ± 0.12  0.64 ± 0.01  3.65 ± 0.03  
AXH 47 ± 1  32 ± 1  1.48 ± 0.07  8.37 ± 0.38  0.88 ± 0.03  0.92 ± 0.01  
AXOX 34± 2  22 ± 1  1.59 ± 0.09  7.42 ± 0.06  0.83 ± 0.07  0.87 ± 0.01  
AXSH 135 ± 4  100 ± 5  1.36 ± 0.05  14.67 ± 0.11  0.70 ± 0.08  1.68 ± 0.11  

BG 36 ± 0.2  28 ± 0.4  1.27 ± 0.02  7.71 ± 0.02  0.71 ± 0.04  0.86 ± 0.01  
BGOX 30 ± 2  23 ± 2  1.33 ± 0.02  6.94 ± 0.38  0.72 ± 0.04  0.75 ± 0.06  
BGSH 65 ± 5  52 ± 4  1.24 ± 0.03  11.43 ± 0.13  0.89 ± 0.04  1.56 ± 0.11  

As described in previous works, the molecular weight of GM and AX was significantly affected 

by the hydrolysis reaction, as well as the oxidation reaction caused a further reduction in the 

molecular weight of GMH, AXH, and BG. After reaction with the aminophenyl disulfide (APDS) 

linker, a 5-6-fold increase in molecular weight than that of the associated oxidized compounds 

�Z�D�V���R�E�V�H�U�Y�H�G���I�R�U���J�D�O�D�F�W�R�P�D�Q�Q�D�Q���D�Q�G���D�U�D�E�L�Q�R�[�\�O�D�Q�����Z�K�L�O�H���R�[�L�G�L�]�H�G����-glucan almost doubled its 

size. The presence of thiol groups in the polysaccharide chain might promote the formation of 

inter- and intra-chain disulfide bonds, which to some extent might change the characteristics of 

the polysaccharide, such as molecular weight, viscosity, and the hydrodynamic parameters 

(Bravo-Osuna et al., 2006). For all the oxidized polysaccharides, [�ß] and Rh increased upon 
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thiolation indicating that the thiol-derivatized polysaccharides adopted a more open structure, 

probably due to inter-chain disulfide linker between two or more polysaccharide chains, and 

�O�R�Z�H�U���P�R�O�H�F�X�O�D�U���G�H�Q�V�L�W�\�����7�K�H���.���Y�D�O�X�H���R�I���W�K�H���W�K�L�R�O�D�W�H���V�D�P�S�O�H�V���G�L�G���Q�R�W differ drastically from that 

one adopted by the corresponding oxidized compounds, falling in the range of semi-flexible or 

�U�D�Q�G�R�P���F�R�L�O���F�R�Q�I�R�U�P�D�W�L�R�Q���������������.��������������(Lupo et al., 2020). 

The monosaccharide ratio and purity of untreated and hydrolyzed galactomannan and 
arabinoxylan were evaluated by HPAEC upon complete hydrolysis of the polysaccharides. The 
galactose (Gal) to mannose (Man) ratio was estimated to be 21:79 for the untreated 
galactomannan (GM) with 83% of purity, and 17:83 for acid-treated galactomannan (GMH) 
with 90% of purity, whereas the arabinose (Ara) to xylose (Xyl) ratio of the untreated 
arabinoxylan sample (AX) was 35:65 with 79% of purity, while for the acid-treated 
arabinoxylan (AXH), it was 24:76 with 92% of purity. These results are following our previous 
publication (Lupo et al., 2022a). 
In addition, the presence of the thiol linker on the polysaccharides structure was confirmed by 
1H NMR analysis. The 1H NMR spectra are reported in the supplementary information 
(Figure S 2). The number of 4-aminothiophenol likers (n°ATP) per polysaccharide chain was 
calculated following the procedure described in the supplementary information section S 2.3.1. 
It was found that the n°ATP per polysaccharide chain was 1.1, 5.5, and 3.2 for GMSH, AXSH, 
and BGSH, respectively. These results agreed with our previous publication; therefore, we can 
conclude that the thiolation process did not significantly influence the chemical structure of the 
original polysaccharides, hence the fiber properties are mainly retained, and the derivatization 
should not extensively influence the interaction with target molecules. 

Characterization of nanoparticles and micelles 

Citrate-gold- and glyco-nanoparticles characterization by TEM, DLS, and UV-vis 

Citrate-stabilized gold nanoparticles (citrate-AuNps) and glyco-nanoparticles (GM-AuNps, 

AX- AuNps, and BG-AuNps) were characterized for their hydrodynamic diameter (Z-Average), 

polydispersity (PdI) and surface charge (��) by dynamic light scattering (DLS), while 

transmission electron microscopy (TEM) was employed for assessing the morphology of the 

particles and average gold particle size of the citrate-AuNps (d). Moreover, the 

functionalization of the metal surface by self-assembling procedure of thiolated 

polysaccharides was confirmed spectroscopically by monitoring the change in the maximum 

�D�E�V�R�U�S�W�L�R�Q���E�D�Q�G���R�I���W�K�H���J�R�O�G���S�D�U�W�L�F�O�H�V�����N�Q�R�Z�Q���D�V���V�X�U�I�D�F�H���S�O�D�V�P�D���D�E�V�R�U�S�W�L�R�Q������(max)), before and 

after the covalent coupling reaction with the thiolated linkers (Figure 1). 
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Figure 1: TEM images of citrate and glyco-nanoparticles. The overall concentration of the nanoparticles in the 
different images remained constant (3.4 nM). Z-average hydrodynamic diameter (Z-Ave) and polydisperisity index 
(PdI) of citrate and glyconanoparticle suspensions. Zeta potential (��) values and surface plasmon resonance 
absorption band (��(max)) of the same samples. 

The average particle size of the citrate-AuNps was d= 21.2 ± 6.3 nm. All the colloidal solutions 

showed a sphere-like shape; however, they assumed different spatial arrangements depending 

on the nature type of the coating species (Lupo et al., 2021a). As expected, the average 

hydrodynamic size of the particles (Z-�$�Y�H���� �D�V�� �Z�H�O�O�� �D�V�� �L�W�V�� �]�H�W�D�� �S�R�W�H�Q�W�L�D�O�� �������� �L�Q�F�U�H�D�V�H�G��

significantly upon functionalization with the thiolated ligand. Indeed, upon the ligand exchange 

mechanism, the anionic citrate molecules have been replaced by neutral polysaccharides. The 

coupling reaction between the thiolated polysaccharides and gold nanoparticle surface was also 

confirmed by UV-�Y�L�V�� �V�S�H�F�W�U�R�V�F�R�S�\�� �E�\�� �P�R�Q�L�W�R�U�L�Q�J�� ��(max). Upon displacement of the citrate 

molecules with derivatized polysaccharides, a red-�V�K�L�I�W���R�I���W�K�H����(max) was detected, as described 

by (Marín  et al., 2015). In particular, change of the maximum absorption band of 8, 9, and 11 

nm from the value obtained for the citrate-�$�X�1�3�V���V�D�P�S�O�H������(max) = 524 ± 1 nm), was observed 

for GM-�$�X�1�S�V��������(max) = 535 ± 1 nm), AX-�$�X�1�S�V������(max) = 533 ± 1 nm), and BG-�$�X�1�S�V������(max) 

= 532 ± 1 nm), respectively. 

Polysaccharide surface density of glyco-nanoparticles  

Anthrone/H2SO4 assay is a well-established methodology to quantify carbohydrate 

concentration in different polysaccharide-based materials (Turula Jr et al., 2010). Therefore, in 

this study, we used this assay to determine the number of polysaccharide chains anchored to 

the AuNPs core (Table 2). 
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Table 4: Mn values of the oxidized polysaccharides (GMOX, AXOX, BGOX). Amounts in nmol of thiolated 
polysaccharides (PSSH) per ng of AuNPs added and per ng of AuNPs conjugated. The coupling efficiency (%) of 
thiolated polysaccharides is expressed as the ratio between PSSH(conj.) and PSSH(add.). The number of repeating units 
[RU] per AuNPs. The number of conjugated polymer chains PSSH(conj.) per AuNP. 

Samples Mn 
(kDa) 

PSSH(add.) 

(nmol/ng 
AuNp) 

PSSH(conj.) 

(nmol/ng 
AuNp) 

Coupling 
efficiency 

�Q�ƒ�5�8
�Q�ƒ���$�X�1�3

 
�Q�ƒ�3�6�6�+���F�R�Q�M����

�Q�ƒ�$�X�1�3
 

GM-

AuNp  

11±1  76 12.2 16% 2406 35 

AX-AuNp  22±1  40 2.6 6.6% 520 3 

BG-AuNp  23±4  61 2.8 4.6% 546 4 

Assuming that the dimerization mechanism of the thiol group to disulfide in an aqueous solution 

took place, as already studied by (Bagiyan et al., 2003), the number average molecular weight 

of the oxidated species, which corresponds to the molecular weight of a single polysaccharide 

chain, was employed for the calculation of all the parameters presented in Table 2. As shown 

by the coupling efficiency values, the coupling reaction was unfavorable for arabinoxylan and 

��-glucan. This phenomenon might be justified by two factors, namely the nmol of 

polysaccharide chain per ng of AuNp initially added, and the molecular weight of the sample. 

�)�L�U�V�W�O�\���� �W�K�H���D�P�R�X�Q�W���R�I�� �D�U�D�E�L�Q�R�[�\�O�D�Q���D�Q�G����-glucan fibers initially added per gold particle was 

approximately 2-fold and 1.2-fold lower than those used for the synthesis of GM-AuNps. 

�6�H�F�R�Q�G�O�\���� �W�K�H�� �R�[�L�G�L�]�H�G�� �I�R�U�P�V�� �R�I�� �D�U�D�E�L�Q�R�[�\�O�D�Q�� �D�Q�G�� ��-glucan had a molecular weight 2-fold 

higher than the molecular weight of oxidized galactomannan, thus having a higher steric 

hindrance and a lower diffusion rate than polysaccharides with longer size. All these 

observations are in agreement with our previous publication (Lupo et al., 2021a; Lupo et al., 

2022a). 

4.2.3 Micelles characterization by TEM, DLS, and FTIR  

GM-, AX-, and BG micelles (GM-Mcl, AX-Mcl, and BG-Mcl) were visualized by TEM 

(Figure 2 a-c). All three types of polysaccharide-micelles showed a spherical shape However, 

rod-like particles and larger aggregates made of micelles were present in the analyzed samples. 

TEM images only confirmed the micelle formation without precise micelle size distribution, 

which was demonstrated by DLS analysis. A detial morphology, structure, and the self-

assembly parameters characterization definitely need dedicated efforts to demonstrate, which 

is out of scope of present work. The detail characterization and methodology in polysaccharide-

based micelle will be published elsewhere while simple characterization for the chemical 

composite and morphology visualization are provided in this work. 
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Figure 2 samples were prepared at 0.5 mg/mL by diluting the polysaccharides-micelles in water: a) GM-Mcl, b) 
AX- Mcl, and c) BG-Mcl. Z-average hydrodynamic diameter (Z-Ave) and polydispersity index (PdI) measured by 
DLS. 

FTIR analysis of the block copolymer was also performed and compared to the polysaccharide-

alkyne and PBLG-N3 spectrum (Figure 3). The disappearance of the azide peak at 2100 cm-1 

demonstrated that all azido-functionalized PBLG-N3 reacted with polysaccharide-alkyne 

leading to the polysaccharide block copolymer. 

 

Figure 3. FTIR spectra of PBLG-N3, polysaccharide-alkyne, and polysaccharide-block-copolymer. PBLG-N3 

owns the azido group at 2100 cm-1. 

Dynamic light scattering (DLS) and Uv-vis interaction study  

Dynamic light scattering was used to determine the Z-average hydrodynamic diameter (Z-Ave) 

and polydispersity (PdI) of the glycol-nanoparticle suspensions and polysaccharide based-

micelles, before and after incubation with different ligands (gallic acid (GA), sodium gallate 

(NaGal), sodium ferulate (NaFerul), brilliant blue (BB), patent blue (PB), and lissamine green 

(LG)). Specific interactions between polysaccharides-conjugated gold nanoparticles and a 

target ligand, as well as polysaccharide-micelles and a target compound, may induce 

nanoparticles and micelles aggregation, which scatter more light than an individual particle, 

therefore resulting in larger average particle size and increased polydispersity particle 

suspensions (Wang et al., 2011). 
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a) 

b) 

Table 5: Z-average hydrodynamic diameter (Z-Ave) and polydispersity index (PdI) of a) glyco-nanoparticle 
samples and b) micelle samples before and after incubation with gallic acid (GA), sodium gallate (NaGal), sodium 
ferulate (NaFerul), brilliant blue (BB), patent blue (PB), and lissamine green (LG). In all the incubation experiment 
the molar ratio of polysaccharide to ligand was maintained equal to 1:100. 

AuNps  
Z-Ave 

(nm) 
PdI AuNps  

Z-Ave 

(nm) 
PdI AuNps  

Z-Ave 

(nm) 
PdI 

GM 302 ± 8  0.33 ± 0.01  AX  176 ± 2  0.18 ± 0.01  BG 267 ± 3  0.27 ± 0.01  

+ GA 311 ± 14  0.36 ± 0.02  + GA 178 ± 2  0.20 ± 0.01  + GA 252 ± 55  0.28 ± 0.05  

+ NaGal 313 ± 4  0.35 ± 0.03  + NaGal 179 ± 1  0.21 ± 0.01  + NaGal 221 ± 5  0.24 ± 0.02 

+ NaFerul 447± 42  0.42 ± 0.05  + NaFerul 177 ± 2  0.19 ± 0.02  + NaFer 317 ± 35  0.35 ± 0.03  

+ BB 677 ± 52  0.91 ± 0.11  + BB 309± 25  0.37 ± 0.02  + BB 266 ± 6  0.42 ± 0.01  

+ PB 633± 18  0.78 ± 0.06  + PB 404± 35  0.48 ± 0.02  + PB 920 ± 176  0.76 ± 0.08  

+ LG 684 ± 24  0.63 ± 0.12  + LG 304 ± 1  0.39 ± 0.03  + LG 439 ± 12  0.35 ± 0.03  

 

Micelles  
Z-Ave 

(nm) 
PdI Micelles  

Z-Ave 

(nm) 
PdI Micelles  

Z-Ave 

(nm) 
PdI 

GM  114± 1  0.17 ± 0.01  AX  97 ± 1  0.19 ± 0.01  BG  131 ± 2  0.22 ± 0.01  

+ GA 111 ± 1  0.16 ± 0.01  + GA 93 ± 1  0.17 ± 0.01  + GA 131 ± 2  0.23 ± 0.01  

+ NaGal 112 ± 1  0.17 ± 0.01  + NaGal 97 ± 1  0.18 ± 0.01  + NaGal 132± 1  0.22 ± 0.02  

+ NaFerul  113 ± 1  0.17 ± 0.01  + NaFerul 98 ± 1  0.18 ± 0.01  + NaFeru 131 ± 2  0.24 ± 0.02  

+ BB 204 ± 2  0.33 ± 0.02  + BB 150± 13  0.41 ± 0.04  + BB 150 ± 12  0.32 ± 0.04  

+ PB 240 ± 8  0.25 ± 0.04  + PB 207 ± 7  0.28 ± 0.04  + PB 280± 24  0.39 ± 0.07  

+ LG 223 ± 11  0.31 ± 0.10  +LG 199 ± 4  0.26 ± 0.03  + LG 261 ± 10  0.37 ± 0.04  

After both nanoparticles and micelles probes were mixed and incubated with the dye molecules 

namely, brilliant blue (BB), patent blue (PB), and lissamine green (LG) a larger particles size 

with a relative increase of polydispersity was measured (Table 3 a and b). This phenomenon 

can be explained by polysaccharide-ligand interaction-induced particle aggregation, potentially 

acting as a bridge between gold cores or micelles, and bringing them closer together. This 

process could explain why when the dye molecules were mixed with nanoparticles and micelles 

suspension, different larger aggregates formed leading to an increase in the average diameter 

of the whole particle population with a relative increase polydispersity (PdI). Contrariwise, it 

can be observed that the addition of gallic acid (GA), sodium gallate (NaGal), and sodium 

�I�H�U�X�O�D�W�H�����1�D�)�H�U�X�O�����G�L�G�Q�¶�W���P�R�G�L�I�\���W�K�H���K�\�G�U�R�G�\�Q�D�P�L�F���G�L�D�P�H�W�H�U���D�Q�G���S�R�O�\�G�L�V�S�H�U�V�L�W�\���R�I���W�K�H���P�L�F�H�O�O�H��

solutions. 

UV-vis spectroscopy was also used to study the interaction between glyco-AuNPs solutions 

and all the target ligands by checking the influence that the association between particles and 

ligands had on the interparticle distance, potentially leading to a dense network of particles in 

the solution which might cause a red-shift and a broadening of the surface plasmon absorption 

�E�D�Q�G������SPR) of the gold atom. For gallic acid (GA), sodium gallate (NaGal), and sodium ferulate 

(NaFerul) the results showed that no aggregation had taken place, as no significant shift in the 

surface plasmon resonance band was observed, confirming the results found with the DLS 
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technique (Figure S 3). However, the interpretation of the result related to the incubation 

experiment with the dye molecules was difficult to understand and no clear conclusion was 

reached (Figure S 4). This was mainly due to the spectroscopic properties of all the dye 

molecules considered, which exhibit a more or less intense absorption in the range of 

wavelength overlaping the maximum absorption gold atom (��(max) = 524 nm). Therefore, UV-

vis spectroscopy was considered to be inefficient to verify whether dyes interact with 

�J�D�O�D�F�W�R�P�D�Q�Q�D�Q�����D�U�D�E�L�Q�R�[�\�O�D�Q�����D�Q�G����-glucan. 

ITC interaction study 

The interaction between hydrolyzed polysaccharides (GMH, AXH�������V�W�D�Q�G�D�U�G����-glucan (BG), and 

the corresponding micelle particles with target molecules, namely gallic acid (GA), sodium 

gallate (NaGal), sodium ferulate (NaFerul), brilliant blue (BB), patent blue (PB), and lissamine 

green (LG), were evaluated by ITC (Table 4 a and b). As found for the DLS experiments, no 

interaction was measured when both polysaccharides and micelles were titrated with NaGal and 

NaFerul, however, unlike DLS, interaction with GA molecules was detected by ITC for all the 

samples (both free DF and DF based micelle). Sodium gallate is the sodium salt of gallic acid. 

Therefore, the replacement of the proton from the carboxyl group of gallic acid by a sodium 

ion is detrimental to the interaction, hence the presence of the carboxylic acid group is essential 

in determining whether the interaction occurs or not. This hypothesis is in accordance with our 

previous publication (Lupo et al., 2022a). The same assumption might be considered regarding 

the titration with NaFerul which is sodium salt of ferulic acid. However, the titration with ferulic 

acid was not possible to perform because of its poor solubility in water. 

Following the results found with the DLS method, interactions between 

polysaccharide/micelles with the dye molecules, in addition to GA, were also detected with the 

�,�7�&���� �6�S�H�F�L�I�L�F�D�O�O�\���� �V�S�R�Q�W�D�Q�H�R�X�V���L�Q�W�H�U�D�F�W�L�R�Q�V�����¨G � �� � Ḧ - �7� S̈ < 0) were measured when both 

probe systems were titrated with GA, LG, PB, and BB. Usually, a non-covalent association 

between two molecules might be described by thermodynamic signatures that vary from 

�H�Q�W�K�D�O�S�\�����¨H)- �W�R���H�Q�W�U�R�S�\�����7�¨S)-driven processes. The enthalpic contribution is associated with 

hydrogen bonding, van der Waals, and electrostatic interactions, while entropic contributions 

are related to hydrophobic effect-water release, which has an overall favorable effect on the 

binding energy, conformational changes, and reduction in the degree of freedom, leading 

unfavorable effect to the binding energy (Bronowska, 2011). For all the tested material, 

entropically-�G�U�L�Y�H�Q�� �D�V�V�R�F�L�D�W�L�R�Q�V�� �Z�H�U�H�� �R�E�V�H�U�Y�H�G�� ���_�ûH�_�� ���� �_�7�ûS|). Except when the 

polysaccharides were titrated with GA, for all other titrations between the dye molecules and 

hydrolyzed polysaccharides (GMH, AXH���� �D�Q�G�� �V�W�D�Q�G�D�U�G�� ��-glucan (BG), the binding enthalpy 

��� Ḧ) which reflects the strength of the interaction between the molecular partners, assumed a 

positive value, indicating that enthalpy change disfavored the interaction. Consequently, this 
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indicates that the polysaccharide-molecule interaction process is endothermic and could be 

related to the destruction of energetically favorable non-covalent interactions. The change in 

enthalpy at the time of binding comes from the combination of many individual interactions, 

which may provide favorable or unfavorable contributions, including the loss of hydrogen 

bonds and van der Waals interactions formed between a polysaccharide chain and the solvent 

and between the ligand and the solvent, the formation of non-covalent interactions between the 

polysaccharide chain and the ligand, and the reorganization of the solvent near the surfaces of 

the complex (Du et al., 2016). Generally, the binding event between GMH, AXH�����V�W�D�Q�G�D�U�G����-

�J�O�X�F�D�Q�����%�*�������/�*�����3�%�����D�Q�G���%�%���Z�D�V���G�U�L�Y�H�Q���E�\���X�Q�I�D�Y�R�U�D�E�O�H���E�L�Q�G�L�Q�J���H�Q�W�K�D�O�S�\�����ûH) but opposed 

�E�\���I�D�Y�R�U�D�E�O�H���E�L�Q�G�L�Q�J���H�Q�W�U�R�S�\���F�K�D�Q�J�H�����ûS). The entropy of the system has most often discussed 

in terms of the changes in the entropy of solvent water related to the so-called 'hydrophobic 

effect', and variations in conformational and rotational-translational entropy of the interacting 

species (Caro et al., 2017)�����$�O�O���W�K�H�V�H���I�D�F�W�R�U�V���P�D�\���I�D�Y�R�U���R�U���G�L�V�I�D�Y�R�U���W�K�H���E�L�Q�G�L�Q�J���U�H�D�F�W�L�R�Q�����¨G), 

�Z�L�W�K���D���S�R�V�L�W�L�Y�H���R�U���Q�H�J�D�W�L�Y�H���H�Q�W�U�R�S�\���F�K�D�Q�J�H���F�R�Q�W�U�L�E�X�W�L�R�Q�����&�R�Q�W�U�D�U�L�Z�L�V�H�����W�K�H���Q�H�J�D�W�L�Y�H���ûH values 

weremeasured when GA was added to GMH, AXH, and BG indicated the formation of favorable 

exothermic non-covalent interaction between the ligand and the macromolecule(Du et al., 

2016). It was interesting that the value of binding stoichiometry (n), which is defined as the 

number of ligand binding sites per polysaccharide molecule, showed similarity between GMH 

and BG but significant difference from AXH���� �)�R�U�� �J�D�O�D�F�W�R�P�D�Q�Q�D�Q�� �D�Q�G�� ��-glucan samples, the 

binding stoichiometry was similar, with n (GMH) = 0.50 ± 0.03 and n (BG)  =0.45 ± 0.07, while 

for arabinoxylan was almost 3 times higher, n (AX H) = 1.50 ± 0.09, suggesting that the binding 

sites of arabinoxylan saturated with GA at higher molar ratio ligand/biomolecules. In addition 

to the most obvious parameter influencing the number of site available for the interaction, 

namely Mn, the conformation of the polysaccharide in solution as well as its chemical structure 

are additional important parameters that might play a role. BG and GM chemical structure is 

characterized by a hexose type of monosaccharide, whereas AX is formed by pentoside 

constituents. This diversity may also explain the similar n values between BG and GM, which 

differ considerably from that assumed by AX, when the molecules interact with GA. 

Likewise, titrations with hydrolyzed polysaccharides, titration between micelles (GM-Mcl, 

AX- Mcl, and BG-�0�F�O���� �D�Q�G�� �O�L�J�D�Q�G�V�� �Z�H�U�H�� �V�S�R�Q�W�D�Q�H�R�X�V�� ���¨G < 0) and driven by entropic 

�F�R�Q�W�U�L�E�X�W�L�R�Q�V�������_�ûH�_������ �_�7�ûS|). Therefore, also in the case of the micelles system, the binding 

events seemed to correlate to hydrophobic effect and conformational changes. For the micelle 

�V�\�V�W�H�P�V�����W�K�H���Q�H�J�D�W�L�Y�H���Y�D�O�X�H�V���R�I���E�L�Q�G�L�Q�J���H�Q�W�K�D�O�S�\�����¨H) were measured when the titration happed 

between micelles and GA or PB, indicating that the process was characterized by favorable 

�E�L�Q�G�L�Q�J���H�Q�W�K�D�O�S�\�����Z�K�L�O�H���S�R�V�L�W�L�Y�H���¨H was measured for the titration with LG and BB. For the 

same titration experiment with the ligand molecule, polysaccharides and micelles showed a 

�E�L�Q�G�L�Q�J���H�Q�H�U�J�\���Y�D�O�X�H�����¨G) of the same order of magnitude, indicating that the intensity of the 
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interaction was comparable between the two systems. For both the probe systems, it can be 

hypothesized that the interaction mechanism involved a conformational change of the 

polysaccharide chain or mutation in the geometry of the die-�Œ���V�\�V�W�H�P�V���W�R���S�U�R�P�R�W�H���K�\�G�U�R�S�K�R�E�L�F��

interaction, dipole-dipole hydrogen bonding interactions between polysaccharide hydroxyl 

groups and electronegative residues in the dye molecules, and H-bonding between 

polysaccharide hydroxyl groups and aromatic residues in the dye, which limits the degree of 

freedom of the complex and therefore has a detrimental impact on the entropic binding 

contribution, which was compensated for the enthalpy component (Blackburn, 2004). More 

information related to the ITC interaction studies, namely the raw and fitted data, are reported 

in the supplementary information (Figure S 4. a and b) 

The binding affinity between two species can be expressed in terms of the dissociation constant 

(Kd), and usually, the smaller the Kd the more tightly bound the ligand is. For both the free 

polysaccharides and micelles moderate type of association was formed, as the dissociation 

constants were on the order of 10-6 M (X. Liu et al., 2020). Between the two system probes, 

micelles were those for which the titration experiments gave a higher Kd, therefore a lower 

affinity with GA, LG, PB, and BB. This may be because the micelle owns a very compact and 

more rigid structure than that assumed by free polysaccharides in solution, which adopt a semi-

flexible or random spiral conformation (0.5< �. < 0.8) (Figure 3, Table 1). Therefore, for 

micelles, the ligand molecules cannot penetrate the hydrophilic polysaccharide ring and 

interaction only occurs with the terminal part of the polysaccharide chain most exposed at the 

interface with the ligand solution. However, this assumption is in contrast with the binding 

stoichiometry (n). For all micelles (GM-Mcl, AX-Mcl. And BG-Mcl), the interaction with GA, 

LG, PB, and BB presented the highest binding stoichiometry, compared to that obtained from 

free polysaccharides in solution (Table 4. a and b). Theoretically, the greater flexibility of the 

polymer chains in solution should make the hydrolyzed GM, AX, and BG more prone to accept 

a binding molecule than the corresponding micelle samples and thus possess a higher n than 

that of the corresponding micelles. However, the addition of ligands that change the 

concetration of the micelle may involve self-assembly process of the free unassembled 

amphiphilic blocks which may contribute to the energy detected by ITC and therefore led to an 

overestimated binding stoichiometry.   
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Table 6: Thermodynamic parameters of the interaction between gallic acid (GA), lissamine green (LG), patent 
blue (PB), and brilliant blue (BB), with hydrolyzed galactomannan (GMH), hydrolyzed arabinoxylan (AXH), and 
�V�W�D�Q�G�D�U�G�� ��-Glucan (BG), and corresponding micelle probes (GM-Mcl, AX-Mcl, BG-Mcl) determined by ITC. 
Values of the constant of dissociation (Kd �L�Q�� �—�0������ �E�L�Q�G�L�Q�J�� �H�Q�H�U�J�\�� ���ûG �L�Q�� �N�F�D�O���P�R�O������ �E�L�Q�G�L�Q�J�� �H�Q�W�K�D�O�S�\�� ���ûH in 
�N�F�D�O���P�R�O�������D�Q�G���E�L�Q�G�L�Q�J���H�Q�W�U�R�S�\�����í���7�ûS in kcal/mol) are reported. All the analyses were performed in water, and 
�³�2�Q�H���V�H�W���R�I���W�K�H���V�L�W�H�´���Z�D�V���X�V�H�G���D�V���D���I�L�W�W�L�Q�J���P�R�G�H�O���I�R�U���W�K�H���K�\�G�U�R�O�\�]�H�G���I�L�E�H�U�V���D�Q�G���P�L�F�H�O�O�H�V�����U�H�V�S�H�F�W�L�Y�H�O�\�� 

Titration  n 
Kd  

(µM)  

�¨H 

(kcal/mol)  

-�7� S̈ 

(kcal/mol)  

�¨G 

(kcal/mol)  

Hydrolyzed GM
H
 

+ GA 0.50 ± 0.03  9.4 ± 0.3  -0.92 ± 0.08  -5.94 -6.86 
+ LG 1.60 ± 0.24  24.9 ± 1.0  2.54 ± 0.81  -7.46 -4.92 
+ PB 1.73 ± 0.32  32.3 ± 1.4  3.89 ± 0.15  -8.65 -4.76 
+ BB 0.58 ± 0.02  61.8 ± 13.1  2.39 ± 0.19  -8.14 -5.74 

Hydrolyzed AX
H
 

+ GA 1.50 ± 0.09  3.5 ± 0.2  -0.99 ± 0.01  -6.45 -7.44 
+ LG 0.42 ± 0.018  1.3 ± 0.1  0.29 ± 0.01  -8.31 -8.02 
+ PB 1.23 ± 0.04  9.4 ± 0.3  1.34 ± 0.06  -8.20 -6.68 
+ BB 0.34 ± 0.09  3.8 ± 0.6  0.79 ± 0.03  -8.19 -7.40 

Standard BG 

+ GA 0.45 ± 0.07  5.7 ± 0.4  -2.01 ± 0.12 -5.30 -7.31 
+ LG 0.39 ± 0.18  3.0 ± 0.1  0.31 ± 0.19  -7.85 -7.54 
+ PB 1.05 ± 0.03  20.1 ± 3.3  2.68 ± 0.11  -9.10 -6.41 
+ BB 0.23 ± 0.05  3.9 ± 0.1  0.74 ± 0.11  -8.95 -8.20 

 

Titration  n 
Kd  

(µM)  

�¨H 

(kcal/mol)  

-�7� S̈ 

(kcal/mol)  

�¨G 

(kcal/mol)  

GM-Mcl  

+ GA 2.35 ± 0.36  17.0 ± 1.8  -1.65 ± 0.06  -4.86 -6.51 
+ LG 6.19 ± 0.57  73.1 ± 1.7  1.73 ± 0.22  -7.38 -5.64 
+ PB 1.41 ± 0.28  53.6 ± 2.3  -3.06 ± 0.36  -2.76 -5.83 
+ BB 2.43 ± 0.07  70.3 ± 8.2  0.37 ± 0.28  -6.04 -5.67 

AX-Mcl  

+ GA 2.81 ± 0.38  83.1 ± 1.5 -3.21 ± 0.59  -2.36 -5.57 

+ LG 3.98 ± 0.09  
153.0 ± 

15.1 1.76 ± 0.08  -6.96 -5.21 

+ PB 2.78 ± 0.67  23.8 ± 1.7  -0.41 ± 0.04  -6.62 -7.03 
+ BB 3.51 ± 0.84  98.2 ± 7.8  0.14 ± 0.06  -9.48 -9.35 

BG-Mcl  

+ GA 2.21 ± 0.2  29.3 ± 0.7  -1.96 ± 0.23  -4.22 -6.19 
+ LG 4.99 ± 0.09  26.7 ± 2.5  2.01 ± 0.08  -6.88 -4.88 
+ PB 1.04 ± 0.29  55.1 ± 1.2  -1.28 ± 0.55  -5.90 -7.18 
+ BB 5.57 ± 0.81  124 ± 9.7  0.33 ± 0.08  -5.66 -5.33 

 

 

a) 

b)

c 
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TEM interaction study 

To confirm the results from ITC and DLS, transmission electron microscopy was used to 

compare the spatial arrangement of the gold glyco-nanoparticles in solution before and after the 

addition of the ligand molecules (Figure 4). Variation of the interparticle distance, formation of 

supra-particle assemblies, and formation of highly ordered clustering of particles might indicate 

an interaction between the coating polysaccharide and the target molecule (Lupo et al., 2021a; 

Reynolds et al., 2006). The dye ligands, namely brilliant blue (BB), patent blue (PB), and 

lissamine green (LG), influenced the arrangement of the citrate-AuNPs, while gallic acid (GA), 

sodium gallate (NaGal), and sodium ferulate (NaFerul) did not appear to significantly modify 

the distribution of the particles in solution, suggesting that these molecules did not interact with 

the gold core of the particle (in Figure 4, compare control 1.a to 1.b, 1.c, 1.d, 1.e, 1.f, and 1.g). 

Gold nanoparticles are coated with a layer of sodium citrate which carries a negative charge, 

and the dye molecules have negatively charged sulphonate groups in their chemical structure, 

which exasperate the repulsive effect with the negative citrate groups present on the gold 

nanoparticle surface, leading to a colloidal suspension with a wider interparticle distance and 

evenly distributed. 

For the samples obtained from the incubation experiment with NaGal, and NaFerul no variation 

of the particle distribution was observed (in Figure 4, compare control 2.a to 3.a, 4.a, with 2.c, 

3.c, 4.c, and 2.d, 3.d, 4.d,). While, when GA and the anionic BB, PB, and LG were added to the 

particle solutions, a strong rearrangement of the colloidal particles was observed. For GM-

AuNps, AX-AuNPs, and BG-AuNPs samples, it appeared that GA could act as a bridge 

between the polysaccharide coated on gold nuclei, bringing them closer together, and leading 

to highly ordered clustering of particles in solution in case of GM-AuNps and AX-AuNps 

(Figure 4, 2.b to 3.b.), while for BG- AuNPs the clear aggregation pattern was not observed, 

but rather a significant increase of particle density in the specific area of the carbon grid (Figure 

4, 4.b.). Comparing the TEM pictures obtained from the incubation experiment with NaGal, an 

conjugated base of gallic acid, and GA it was possible to conclude that the carboxylic acid 

group in the gallic acid molecule is a key component in determining the success of the 

interaction, as no variation in the particle distribution was seen when NaGal was added to GM-

AuNps, AX-AuNPs, and BG-AuNPs (in Figure 4, compare 2.a to 3.a, 4.a, with 2.c, 3.c, 4.c). 

This result confirmed the outcomes found by ITC and DLS experiments, where no binding 

isotherms were measured and no variation in the Z-Average was observed when mixing the 

polysaccharides and micelles with NaGal. TEM images showed clear differences in the 

aggregation pattern between the different glyconanoparticles samples. After exposing GM-

AuNPs to BB, PB, and LG an increase in the density of particles was observed, where a bigger 

agglomeration of particles was formed after the addition of PB (Figure 4, 2.e, 2.f, and 2.g). The 
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scenario was different for the AX-AuNPs and BB-AuNPs. Although the dye molecules made 

the AuNPs core more evenly distributed in TEM (Fiugre 4 1e-1g vs 1a), the incubation of these 

dye moleucles, on the contrary, induced different degree of aggregation of these DF-AuNPs. 

Upon incubation of AX-AuNPs with BB, PB, and LG an overall reduction of the gold density 

with the formation of relatively big and localized aggregates, consisting of an evenly distributed 

particle was observed compared to the control (Figure 4, 3.e, 3.f, and 3.g). A slightly different 

situation was found when BB-AuNPs were incubated with BB, PB, and LG. Here, highly 

organized nanoclusters with highly evenly distributed particles were formed.  

Also with this study, we were able to demonstrate that supramolecular interactions visible by 

TEM are favored for a lower surface density but higher molecular weight of the ligand grafted 

to the particle surface (Lupo et al., 2021a; Lupo et al., 2022a). AX-AuNPs, with a Mn(AXSH) = 

134 kDa, and 3 polymer chains per Au core, and BG-AuNPs, with a Mn(BGSH) = 65 kDa, and 

4 polymer chains per Au core, presented the best feature to visualize supramolecular 

interactions visible by TEM, compared to Mn (GMSH) = 65 kDa, and 35 polymer chains per Au 

core, Hence, this explains why the spatial realignment of the particles after the addition of the 

ligand molecule was the most pronounced for AX-AuNPs and BG-AuNPs, and therefore 

molecular interactions were more easily to be captured as highly organized nanoclusters.  

These TEM experiments serve as the complementary method to observe aggregation effect 

caused by the ligands molecule and therefore make result achieved from DLS and ITC methods 

more robust. However, one has to keep in mind that TEM along may not be a robust way to 

identify the interaction since different artifacts may involve, eg. TEM sample preparation, 

which might lead to misinterpretation of the data. 
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Figure 4: TEM images of citrate, GM, AX, and BG glyconanoparticles. The absolute concentration of each ligand 
in the particle samples was 2.72 mM of all the ligands incubated with GM-AuNPs, 3.24 mM of all the ligands 
incubated with BGAuNPs, and 4.6 mM of all the ligands incubated with BG-AuNPs. The overall concentration of 
the nanoparticles in the samples remained constant (3.4 nM Au particles). Scale bars are 0.5 ��m for all the image. 
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Conclusion 

With this study, we aimed to compare different analytical methods to investigate weak 

interaction between neutral soluble polysaccharides (galactomannan, arabinoxylan, and cereal 

��-glucan), and two different types of ligand molecules, namely phenolic compounds (gallic acid 

(GA), sodium gallate (NaGal), and sodium ferulate (NaFerul)), and anionic dyes (brilliant blue 

(BB), patent blue (PB), and lissamine green (LG)). Three different polysaccharide-based probe 

systems have been used: free polysaccharides in aqueous solution, polysaccharide based 

micelles and polysaccharide based glyconanoparticles. Interactions between the three different 

probe systems and the ligand molecules were assessed by DLS, UV-vis, ITC, and TEM. In a 

first stage, DLS was successfully employed to screen the interaction between glyco-

nanoparticles (GM-AuNps, AX-AuNps, and BG-AuNps) and polysaccharide micelles (GM-

Mcl, AX-Mcl, and BG-Mcl) with different ligands. Both probe systems proved satisfactory for 

detecting interaction with anionic dye molecules since larger aggregates were formed upon the 

addition of these ligands to the polysaccharide-probe solutions, while upon the addition of 

phenolic compounds, no significant change in the hydrodynamic diameter and polydispersity 

was measured, indicating that (GA), sodium gallate (NaGal), and sodium ferulate (NaFerul)) 

did not induced particle aggregation. The interaction of the glycol-nanoparticle samples by DLS 

was integrated with UV-vis measurement. Associations between glyco-AuNPs and phenols 

were not observed demonstrated by neither observation of red-shift nor a broadening of the 

�V�X�U�I�D�F�H���S�O�D�V�P�R�Q���D�E�V�R�U�S�W�L�R�Q���E�D�Q�G������SPR) of the particles. This result was in agreement with the 

data obtained through the DLS analysis. However, UV-vis spectroscopy was considered 

ineffective for analyzing the dye-mediated interaction of polysaccharide-based glycol-AuNP as 

the characteristic light absorptions of the dye molecules overlapped with maximum absorption 

�R�I���W�K�H���J�R�O�G���D�W�R�P������(max) = 524 nm), so assessments of the absorption shift of surface plasmon 

resonance and band broadening effect were not possible. In addition, ITC was used to determine 

the dissociation constant (Kd), binding stoichiometry (n), enthalpy (�¨H), and entropy (�¨S) of 

the interaction, using both the polysaccharide solution and the polysaccharide-micelles. 

Contrariwise DLS and UV-vis methodologies, with the ITC it was possible to detect the 

interaction between polysaccharide/micelles and gallic acid (GA), indicating that this 

calorimetric technique has a higher sensitivity than DLS and UV spectroscopy, as directly 

measures millimolar to nanomolar affinities (10-2 < Kd <10-9 M). Moreover, GA was the only 

ligand that prese�Q�W�H�G���I�R�U���D�O�O���W�K�H���V�D�P�S�O�H���V�\�V�W�H�P�V���D���Q�H�J�D�W�L�Y�H���Y�D�O�X�H���R�I���ûH, indicating the formation 

of favorable exothermic non-covalent interaction between the ligand and the macromolecule, 

and only for the micelle probes the titration with patent blue (PB) showed a negative value of 

�ûH, this observation pointed out that the nature of the ligand greatly influenced the quality of 

the interaction. In particular, the carboxylic group of gallic acid was crucial for the formation 

of the complex, and finally, the conformation of the polysaccharide in solution, as well as its 
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chemical structure, might alter the success of the interaction. For all the experiments moderate 

affinity (Kd�×�a�×�����í6�×�0������ �D�Q�G�� �V�S�R�Q�W�D�Q�H�R�X�V�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� ���¨�*�×���×������ �Z�H�U�H�� �R�E�V�H�U�Y�H�G���� �)�R�U�� �E�R�W�K��

polysaccharide and micelles systems, we can conclude that the interaction mechanism involved 

a conformational change of the polysaccharide chain or mutation in the geometry of the die-�Œ��

systems to promote hydrophobic interaction, dipole-dipole hydrogen bonding interactions 

between polysaccharide hydroxyl groups and electronegative residues in the dye molecules, 

and H-bonding between polysaccharide hydroxyl groups and aromatic residues in the dye, 

which limits the degree of freedom of the complex and therefore has a detrimental impact on 

the entropic binding contribution, which was compensated for the enthalpy component. As the 

last approach, TEM was used as a visual inspection to check whether possible polysaccharide-

ligand interaction led to a spatial reorganization of the glyco-nanoparticles after the addition of 

the binding molecule. Supramolecular interactions, characterized by highly organized particle 

�F�O�X�V�W�H�U�V�����Z�H�U�H���I�D�Y�R�U�H�G���I�R�U���J�D�O�D�F�W�R�P�D�Q�Q�D�Q�����D�U�D�E�L�Q�R�[�\�O�D�Q�����D�Q�G����-glucan when exposed to gallic 

acid (GA), brilliant blue (BB), patent blue (PB), and lissamine green (LG), while incubation 

with NaGal, and NaFerul did not vary significantly the particle distribution. These observations 

were in line with the ITC results, and partially with the DLS experiment as for the latter 

methodology, interactions with GA were not measured. From the results obtained from the 

combination of DLS, ITC, TEM, and part-wise UV-vis analysis, we can conclude that direct 

weak interactions at the molecular level, exist at least between galactomannan, arabinoxylan, 

��-glucan, and gallic acid, brilliant blue, patent blue, and lissamine green. Furthermore, this 

research can be considered a valuable study to identify a combination of suitable probe systems, 

such as micelles and nanoparticles, and analytical tools to estimate the key parameters involved 

in the interaction between neutral polysaccharides and target ligands. Specifically, light 

scattering (DLS), calorimetric (ITC) and microscopic (TEM) techniques cooperate to confirm 

the interaction between two molecular systems, leading to a better understanding of the 

mechanism underlying their complexation and consequently to an optimization of their use in 

industrial applications. This is not always applicable to colorimetric spectroscopic techniques 

such as UV-vis for which more limiting factors must be considered. 

References 

Bagiyan, G., Koroleva, I., Soroka, N., & Ufimtsev, A. (2003). Oxidation of thiol compounds 
by molecular oxygen in aqueous solutions. Russian chemical bulletin, 52, 1135-1141.  

Blackburn, R. S. (2004). Natural polysaccharides and their interactions with dye molecules: 
applications in effluent treatment. Environmental science & technology, 38(18), 4905-
4909.  

Bravo-Osuna, I., Schmitz, T., Bernkop-Schnürch, A., Vauthier, C., & Ponchel, G. (2006). 
Elaboration and characterization of thiolated chitosan-coated acrylic nanoparticles. 
International journal of pharmaceutics, 316(1-2), 170-175.  



PART 2: RESEARCH PAPERS�² Manuscript IV  

204 

Bronowska, A. K. (2011). Thermodynamics of ligand-protein interactions: implications for 
molecular design. In Thermodynamics-Interaction Studies-Solids, Liquids and Gases: 
IntechOpen. 

Caro, J. A., Harpole, K. W., Kasinath, V., Lim, J., Granja, J., Valentine, K. G., . . . Wand, A. J. 
(2017). Entropy in molecular recognition by proteins. Proceedings of the National 
Academy of Sciences, 114(25), 6563-6568.  

�ý�H�U�Q�ê���� �-������ �	�� �+�R�E�]�D���� �3����(2007). Non-covalent interactions in biomacromolecules. Physical 
Chemistry Chemical Physics, 9(39), 5291-5303.  

Dong, Y., Ng, W. K., Shen, S., Kim, S., & Tan, R. B. (2009). Preparation and characterization 
of spironolactone nanoparticles by antisolvent precipitation. International journal of 
pharmaceutics, 375(1-2), 84-88.  

Du, X., Li, Y., Xia, Y.-L., Ai, S.-M., Liang, J., Sang, P., . . . Liu, S.-Q. (2016). Insights into 
protein�±ligand interactions: mechanisms, models, and methods. International journal 
of molecular sciences, 17(2), 144.  

Eder, S., Zueblin, P., Diener, M., Peydayesh, M., Boulos, S., Mezzenga, R., & Nyström, L. 
(2021). Effect of Polysaccharide Conformation on Ultrafiltration Separation 
Performance. Carbohydrate polymers, 260, 117830.  

Fang, X.-H., Zou, M.-Y., Chen, F.-Q., Ni, H., Nie, S.-P., & Yin, J.-Y. (2021). An overview on 
interactions between natural product-�G�H�U�L�Y�H�G����-glucan and small-molecule compounds. 
Carbohydrate Polymers, 261, 117850.  

Jian, H.-L., Lin, X.-J., Zhang, W.-A., Zhang, W.-M., Sun, D.-F., & Jiang, J.-X. (2014). 
Characterization of fractional precipitation behavior of galactomannan gums with 
ethanol and isopropanol. Food Hydrocolloids, 40, 115-121.  

Le Bourvellec, C., Bouchet, B., & Renard, C. M. (2005). Non-covalent interaction between 
procyanidins and apple cell wall material. Part III: Study on model polysaccharides. 
Biochimica et Biophysica Acta (BBA)-General Subjects, 1725(1), 10-18.  

Le Bourvellec, C., & Renard, C. M. (2012). Interactions between polyphenols and 
macromolecules: Quantification methods and mechanisms. Critical reviews in food 
science and nutrition, 52(3), 213-248.  

Liu, X., Fang, M., Xu, F., & Chen, D. (2019). Characterization of the binding of per-and poly-
fluorinated substances to proteins: A methodological review. TrAC Trends in Analytical 
Chemistry, 116, 177-185.  

Liu, X., Le Bourvellec, C., & Renard, C. M. (2020). Interactions between cell wall 
polysaccharides and polyphenols: Effect of molecular internal structure. 
Comprehensive Reviews in Food Science and Food Safety, 19(6), 3574-3617.  

Lupo, C. (2021). Towards a better understanding of the molecular mechanism underlying weak 
interactions between soluble dietary fibers and small molecules. ETH Zurich,  

Lupo, C., Boulos, S., Delle Vedove, C., Gramm, F., & Nyström, L. (2021). Dietary Fiber-
Tethered Gold Nanoparticles: An Innovative Analytical Tool for Probing Interactions. 
Polysaccharides, 2(2), 497-518.  

Lupo, C., Boulos, S., Gramm, F., Wu, X., & Nyström, L. (2022). A microcalorimetric and 
microscopic strategy to assess the interaction between dietary fibers and small 
molecules. Carbohydrate Polymers, 287, 119229.  

Lupo, C., Boulos, S., & Nyström, L. (2020). Influence of partial acid hydrolysis on size, 
dispersity, monosaccharide composition, and conformation of linearly-branched water-
soluble polysaccharides. Molecules, 25(13), 2982.  



PART 2: RESEARCH PAPERS�² Manuscript IV  

205 

Marín, M. J., Schofield, C. L., Field, R. A., & Russell, D. A. (2015). Glyconanoparticles for 
colorimetric bioassays. Analyst, 140(1), 59-70.  

Reynolds, A. J., Haines, A. H., & Russell, D. A. (2006). Gold glyconanoparticles for mimics 
and measurement of metal ion-�P�H�G�L�D�W�H�G�� �F�D�U�E�R�K�\�G�U�D�W�H�í�� �F�D�U�E�R�K�\�G�U�D�W�H�� �L�Q�W�H�U�D�F�W�L�R�Q�V����
Langmuir, 22(3), 1156-1163.  

Rostek, A., Mahl, D., & Epple, M. (2011). Chemical composition of surface-functionalized 
gold nanoparticles. Journal of Nanoparticle Research, 13, 4809-4814.  

�6�F�K�D�W�]�����&�������/�R�X�J�X�H�W�����6�������/�H���0�H�L�Q�V�����-�����)�������	���/�H�F�R�P�P�D�Q�G�R�X�[�����6���������������������3�R�O�\�V�D�F�F�K�D�U�L�G�H�(�E�O�R�F�N�(
polypeptide Copolymer Vesicles: Towards Synthetic Viral Capsids. Angewandte 
Chemie International Edition, 48(14), 2572-2575.  

Tong, Y., Guan, H., Wang, S., Xu, J., & He, C. (2011). Syntheses of chitin-based imprinting 
polymers and their binding properties for cholesterol. Carbohydrate research, 346(4), 
495-500.  

Tudorache, M., McDonald, J.-L., & Bordenave, N. (2020). Gallic acid reduces the viscosity 
and water binding capacity of soluble dietary fibers. Food & function, 11(7), 5866-5874.  

Turula Jr, V. E., Gore, T., Singh, S., & Arumugham, R. G. (2010). Automation of the anthrone 
assay for carbohydrate concentration determinations. Analytical chemistry, 82(5), 1786-
1792.  

Wang, X. (2011). Synthesis and Characterization of Glyconanomaterials, and Their 
Applications in Studying Carbohydrate-Lectin Interactions.  

Wang, X., Ramström, O., & Yan, M. (2011). Dynamic light scattering as an efficient tool to 
study glyconanoparticle�±lectin interactions. Analyst, 136(20), 4174-4178.  

Whistler, R. L., & Durso, D. F. (1951). The Isolation and Characterization of Two Crystalline 
Disaccharides from Partial Acid Hydrolysis of Guaran1, 2. Journal of the American 
Chemical Society, 73(9), 4189-4190.  

Zarejousheghani, M., Rahimi, P., Borsdorf, H., Zimmermann, S., & Joseph, Y. (2021). 
Molecularly imprinted polymer-based sensors for priority pollutants. Sensors, 21(7), 
2406.  

Zhu, J., Zhang, D., Tang, H., & Zhao, G. (2018). Structure relationship of non�±covalent 
interactions between phenolic acids and arabinan�±rich pectic polysaccharides from 
rapeseed meal. International journal of biological macromolecules, 120, 2597-2603.  

 



PART 2: RESEARCH PAPERS�² Manuscript IV  

206 

Supporting information  

for 

Complemetability of analytical methods for soluble neutral polysaccharide-

ligand interaction studies 

Cristina Lupo, Xiaowen Wu, Samy Boulos, Laura Nyström



PART 2: RESEARCH PAPERS�² Manuscript IV  

207 

S 2.2 Controlled oxidation, and conjugation with thiol linker of GM, AX, and BG. 

171 µM BG, 2.31 mM of GMH, and 1.33 mM AXH solutions were prepared in water under 

agitation for 24 h. After complete dissolution, all the polysaccharide samples were treated with 

2 equiv. (concerning the polysaccharide chains according to their Mn) of an aqueous 47 mM 

NaIO4 solution and reacted for 6 h in the dark at room temperature. Then, 2 equiv. ethylene 

glycol were added to quench the reaction. Afterward, the oxidized products were purified by 

dialysis against water for 12 h, precipitated with two volumes of i- PrOH, and freeze-dried for 

48 h. Solid oxidized sample solutions (GMOX(0.53 mM), AXOX (0.29 mM), and BGOX (0.33 

mM)) were then reacted with 50 mM 4-aminophenyldisulfide (APDS) solution, previously 

prepared in water:acetic  acid  =  1:1. The polysaccharide and thiol-linker solutions were stirred 

for 1 h at 30 °C. Thereafter, the appropriate amount of solid dimethylamine borane was added 

to each of the mixtures at 100 mM final concentration, and the reactions were stirred unsealed 

for 1 h at room temperature. Then, the solutions were resealed and incubated for 1 h at 50°C. 

All the thiolated fibers (GMSH, AXSH and BGSH) were purified by dialysis for 48 h, freeze-dried 

for two nights, and stored at - 20  °C in the dark.  

S 2.3 Characterization of GM, AX, and BG before and after acid hydrolysis and their 

corresponding thiol-derivatized polysaccharides (GMSH, AXSH, and BGSH) 

The molecular weight, dispersity, and conformational properties of GM, AX, and BG before 

and after acid hydrolysis and their corresponding thiol-derivatized polysaccharides (GMSH, 

AXSH, and BGSH) was determined by high-performance size exclusion chromatography 

(HPSEC) Briefly, the mobile phase consisted of a 0.1 M NaNO3 with 0.02 % NaN3 solution. 

Samples were dissolved in the mobile phase at a concentration of 0.1% (w/v) and filtered 

through a 0.45 µm nylon filter before injection. The system was kept at 30°C, and 100 µL of 

each sample was sequentially injected at a flow rate of 0.7 mL/min. For the absolute molecular 

weight determination, a calibration was performed using narrow molecular weight distribution 

polyethylene oxide (PEO-24K) standard using the refractive index increment (dn/dc) value of 

�������������P�/���J���I�R�U���J�D�O�D�F�W�R�P�D�Q�Q�D�Q�����������������P�/���J���I�R�U���D�U�D�E�L�Q�R�[�\�O�D�Q�����D�Q�G�������������×�P�/���J���I�R�U���R�D�W����-glucan. 

All samples were measured in triplicate. OMNISEC software version v.10.30 was used for data 

acquisition, analysis, and reporting. The monosaccharide ratio before and after acid treatment 

was measured by high-performance anion-exchange chromatography-pulsed amperometric 

detection (HPAEC-PAD) (Thermo Scientific Scientific AG, Basel, Switzerland). Complete 

hydrolysis of 50 mg of dried GMH and AXH was performed in 10 mL 2 M HCl solution at 100°C 

for 45 min. After cooling to room temperature, the polysaccharide solutions were neutralized 

with 5 mL 4 M NaOH and centrifuged for 15 min at 4000 rpm. The hydrolysates were diluted 

with water to reach a concentration of 10 mg/L and filtered through a 0.45 µm PTFE filter. A 

ICS-5000 system was used for the analysis, and an isocratic method was applied Briefly, the 
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column was operated at 26°C using a flow rate of 1.0 mL/min and injection volumes of 10 µL. 

The mobile phase consisted of two eluents: (A) 200 mM NaOH and (B) water. Specifically, 8% 

(A) and 92% (B) was run for the first 22.5 min, followed by 100% (A) for 8.5 min, and 8% (A) 

and 92% (B) for 8 min. For the external calibration, the concentration of the appropriate 

monosaccharide standards was within the range of 0.3�±30.0 mg/L. D-Sorbitol was used as 

internal standard and added at a constant concentration of 10 mg/L to each sample and calibrant 

solution. The monosaccharides concentration was quantified relative to the internal standard 

signal. Data processing was carried out on Chromeleon 7 (Thermo Fischer Scientific AG, Basel, 

Switzerland). All samples were measured in triplicate. 

S 2.3.1 Calculation procedure to determine the number of ATP molecules per polymer 

chain (n°(ATP))  

For galactomannan and arabinoxylan samples, the equation is as follows:  

(1) Mn(PSSH����� ���Q�ƒ���0�R�Q�D���ÂMw���0�R�Q�D���������Q�ƒ���0�R�Q�E���ÂMw���0�R�Q�E���������Q�ƒ���$�7�3���ÂMw(ATP)  

where Mn(PSSH) is the number average molecular weight of the thiolated fibers, which was 

measured by SEC (Mn (GMSH)= 65 kDa, Mn (AXSH)= 135 kDa). n°(Mona) and n°(Monb) are 

the number of monosaccharides units in the polysaccharide chain, namely n°(Mona)=  n°(Gal), 

n°(Mo nb)= n°(Man), for galactomannan sample, and n°(Mona)= n°(Ara), n°(Monb)= n°(Xyl), 

for arabinoxylan sample. n°(ATP) is the number of molecules of thiol linker with a molecular 

weight of Mw(ATP)= 107.18 g/mol. Mw(Mona) and Mw(Monb) are the molecular weights of 

the monomeric units in the polysaccharide chain.  

For galactomannan Mw (Gal)  =  Mw (Man)=  162.14 g/mol, and for arabinoxylan Mw (Xyl) = 

Mw (Ara)= 132.13 g/mol considering that each sugar unit lost a water molecule in the 

polymerization process. Knowing the ratio n°(Mona)/n°(Monb) from HPAEC analysis, and the 

relative peak area of the anomeric protons, it was possible to solve Equation (1) as a function 

of n°(ATP) considering the following steps: 

from HPAEC analysis 

(2) 

�Q�ƒ���0�R�Q�D��
�Q�ƒ���0�R�Q�E��

� �D���:�N�Q�R�Z�Q���Y�D�O�X�H�; 

 

(3) 

�Q�ƒ���0�R�Q�E��
�D

� �Q�ƒ���0�R�Q�D�� 
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form 1H-NMR data processing 

(4) 

�Q�ƒ���0�R�Q�D��
�Q�ƒ���$�7�3��

� 
�U�����+��

�U
���$�7�3��

��

� ��
�U�����+��

��
� �E�����N�Q�R�Z�Q���Y�D�O�X�H�� 

 

(5) 

�•�¹�:�0�R�Q�D�;� �E�Â�Q�ƒ���$�7�3�� 

 

where �U(1H) is the relative peak area of the anomeric protons and �U(ATP) is the relative peak 

area of the aromatic group protons which was set to 2. By substituting Equation (5) into 

Equation (3), the number of (Monb) units in the polysaccharide chain can be determined as 

 

(6) 

�•�¹�:�0�R�Q�E�;� 
�E�Â�Q�ƒ���$�7�3��

�D
 

 

Substitution of Equations (5) and (6) into Equation (1) gives the number of thiol linkers per 

polymer chain (n°(ATP)) 

(7) 

�•�¹�:������ �; 
L��
�0�Q���3�6�6�+��

�T�E�Â���0�Z�:�0�R�Q�D�;����
�E��
�D���^�0�Z�:�0�R�Q�E�;���0�Z���$�7�3���=�U

 

 

�)�R�U����-glucan sample, the equation is as follows:  

(1) 

Mn(BGSH����� ���Q�ƒ���*�O�F���ÂMw���*�O�F���������Q�ƒ���$�7�3���ÂMw(ATP) 

where Mn (BGSH���� �L�V�� �W�K�H���Q�X�P�E�H�U�� �D�Y�H�U�D�J�H�� �P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W���R�I�� �W�K�H�� �W�K�L�R�O�D�W�H�G�� ��-glucan sample, 

which was measured by SEC (Mn (BGSH)= 65 kDa). n°(Glc) is the number of glucose units in 

the polysaccharide chain, and Mw(Glc) is the molecular weight of the glucose monomeric unit 

in the polysaccharide chain (162.14 g/mol), considering that each sugar unit lost a water 

molecule in the polymerization process. n°(ATP) is the number of molecules of thiol linker 

with a molecular weight of Mw(ATP)= 107.18 g/mol.  

(2) 
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�Q�ƒ���$�7�3��
�Q�ƒ�����*�O�F��

� 
��

�ì �����+��
 

(3) 

�Q�ƒ�����*�O�F��� 
l
± �����+��
p�Â���Q�ƒ���$�7�3�� 

Where �ì �����+�� �L�V���W�K�H���U�H�O�D�W�L�Y�H���S�H�D�N���D�U�H�D���R�I���W�K�H���S�U�R�W�R�Q�V���R�I�������:����-�O�L�Q�N�H�G����-D-glucopyranosyl units 

Substitution of Equation (3) into Equation (1) gives the number of thiol linkers per polymer 

chain (n°(ATP)) 

(4) 

�Q�ƒ���$�7�3��� ��
�0�Q���%�*�6�+��


‹
k�:�ì �����+���;�Â�0�Z�:�*�O�F�;
o���0�Z���$�7�3��
•
 

S 2.4 Synthesis and characterization of glyco-gold nanoparticles (glyco-AuNPs) 

Citrate-gold nanoparticles (citrate-AuNPs) were synthesized by dissolving 43 mg of 

HAuCl4�ÂH2O in 100 mL water. The solution was heated to 100°C under stirring (800 rpm). At 

the boiling point, 10 mL of a freshly prepared sodium citrate (38.8 mM) solution was quickly 

added (1.0 mM HAuCl4�ÂH2O final concentration). The mixture was heated for 15 min at 90 °C 

under stirring (800 rpm) within which a color change of the solution from colorless to purple 

occurred. The particle solution was stirred for an additional 20 min at 90 °C, afterward, it was 

cooled to room temperature and transferred into an amber bottle.  

All the glyco-nanoparticle materials (glyco-AuNPs) were synthesized by adding into 18.8 mL 

of citrate-AuNPs solution 10.8 mg of the thiol-derivatized dietary fiber sample. The mixtures 

were stirred for 48 h at room temperature in the dark. Excess thiolated polysaccharides were 

removed from the solution by washing the glyconanoparticle samples with 10 mL Tris Buffer 

10 nM pH=7.6. Briefly, the glyco-nanoparticles were centrifuged at 23,710×g for 25 min, after 

which the supernatant solution was discarded and replaced with 10 mL Tris Buffer 10 nM 

pH=7.6. After being resuspended, the glyco-AuNPs solution was centrifuged again, and the 

procedure described above was repeated two more times. Modified nanoparticles were 

resuspended in 17 mL Tris Buffer 10 nM pH 7.6 to give a concentration of about 3.76 nM Au 

particles. 

To calculate the surface density of each synthesized glycol-AuNPs different calibration curves 

were created using different concentrations of monosaccharide mixtures equivalent to the 

Gal:Man and Ara:Xyl molar ratio of the respective galactomannan and arabinoxylan samples, 

�Z�K�L�O�H���J�O�X�F�R�V�H���Z�D�V���X�V�H�G���I�R�U����-glucan. The calibration for GM, AX, and BG was in the range of 

12�±192 µg/mL, 6�±96 µg/mL, and 1.5�±24 µg/mL, respectively. Briefly, a total of 0.5 mL of each 

standard solution was transferred inside an amber bottle and stored in iced water under stirring. 
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One mL of the freshly prepared anthrone solution (100 mg of anthrone into 50 mL of 

concentrated H2SO4) was added to the standard solutions. The samples were heated to 100 °C 

for 10 min under stirring. After that, the standard solutions were cooled in an iced water bath 

�D�Q�G�� �W�K�H�� �D�E�V�R�U�E�D�Q�F�H�� �Z�D�V�� �P�H�D�V�X�U�H�G�� �D�W�� ���� � �� �������� �Q�P���� �7�K�H�� �E�O�D�Q�N�� �V�D�P�S�O�H�� �F�R�Q�V�L�V�W�H�G�� �R�I�� ���� �P�/�� �R�I��

anthrone solution in 0.5 mL water, and the instrument was zeroed with water. All standards 

were measured in triplicate. Glyco-AuNP solutions were extensively mixed and three aliquots 

of 0.5 mL each were placed inside an amber bottle previously cooled in an ice bath. The sample 

solutions were treated with anthrone reagent following the same procedure described for the 

standard solutions, with the exception that glyconanoparticles were reacted with the anthrone 

reagent for 20 min. The blank sample consisted of 1 mL of anthrone solution in 0.5 mL water, 

and the instrument was zeroed with water. A control experiment was performed by measuring 

the absorbance of Glyco-�$�X�1�3�V�� �D�W�� ���� � �� �������� �Q�P�� �L�Q�� �W�K�H�� �D�E�V�H�Q�F�H�� �R�I�� �W�K�H�� �D�Q�W�K�U�R�Q�H�� �U�H�D�J�H�Q�W���� �$�O�O��

samples were measured in triplicate. 

S 2.5 Preparation and characterization of polysaccharide Micelles  

�6�\�Q�W�K�H�V�L�V���R�I���.-azido poly (benzyl l-glutamate) (PBLG-N3)  

Bz-L-GluNCA (2 g, 7.6 mmol) was added in dried Schlenk, and dissolved in 20 mL of 

anhydrous DMF under dried N2 atmosphere. The solution was stirred for 10 min with N2 

degassing, and 1-azido-3-aminopropane (6.6 µL, 66 µmol) in 0.5 mL anhydrous DMF was 

added. The solution was stirred for 40 h at room temperature under N2 environment. The 

polymer was recovered by precipitation in diethylether and dried under high vacuum and yield: 

1.42 g (85%).  

Synthesis of polysaccharide-alkyne (2)  

The BG and hydrolyzed GMH, AXH (100 mg) were solubilised in 10 ml 2 % (w/v) acetate buffer 

(50 mM, pH= 5.0) at 50°C. A minimal of 100 equiv. (to DFs) of propargylamine and sodium 

cyanoborohydride (100 equiv.) were added under stirring. The mixture was stirred at 50 °C for 

96 h with a daily addition of 25 equiv. of sodium cyanoborohydride. The solution was dialysed 

for four days against 5 L of water with daily fresh water exchanging. The polysaccharide-alkyne 

products were obtained after lyophilization. Yield: 75% for BG-alkyne, 90% for GM-alkyne, 

and 76% for AX-alkyne. 

Synthesis polysaccharide-block- copolymer (3)  

BG-, AX- block- copolymer 

PBLG-N3 (10 mg, 0.75 µmol, 1equiv.), BG-, AX-alkyne (1.5 µmol, 2 equiv.), and PMDETA 

(4 µL) were dissolved in 5 mL of dried DMSO. The mixture was stirred for 10 min and degassed 

with dried N2. And 2 mg CuBr in 0.5 ml dried DMSO was added through a syringe. The Schlenk 

flask was placed in a constant temperature oil bath at 25 °C for 72 h. The resulting solutions 
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were dialyzed for three days against water (3×5 L) (Spectra/Por®7 MWCO 50 kDa membrane) 

to remove excess polysaccharide and then lyophilized. Yield: 60% for BG, and 63% for AX.  

GM- block- copolymer  

GM-�D�O�N�\�Q�H���������������P�R�O���������H�T�����Z�D�V���V�R�O�X�E�L�O�L�]�H�G���L�Q�������������P�/���Z�D�W�H�U�����3�%�/�*-N3 �������������P�J���������������P�R�O����

2.6 equiv.) was dissolved in 9.8 mL dichloromethane (DCM). 0.1 M CuSO4 and 0.1 M Na-Asc 

aqueous solution were prepared. All solutions were degassed via N2 purged syringe for 20 min. 

GM-alkyne solution and PBLG-N3 solution were combined via syringe to avoid oxygen contact. 

�7�K�H���U�H�D�F�W�L�R�Q���V�W�D�U�W�H�G���E�\���D�G�G�L�Q�J���������������/���R�I�����������0���&�X�6�24 �D�Q�G���������������/���R�I���������0���V�R�G�L�X�P���D�V�F�R�U�E�D�W�H��

via syringe. The reaction was stirred at room temperature for 72h. The water phase was 

collected and then dialyzed for three days against water (3×5 L) (Spectra/Por®7 MWCO 50 

kDa membrane). After dialysis, the solution was sequentially washed with DCM to remove 

excess PBLG-N3.  
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Figure S 3: UV absorption spectra of glyco- AuNps before (GM AuNPs, AX AuNPs, and BG  AUNps) and after 
addition of the ligands (GM-, AX-, BG AuNPs & GA, & NaGal, & NaFerul). The difference of the spectra between 
interaction sample and free ligand are also shown. 
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Figure S 4: UV absorption spectra of glyco- AuNps before (GM AuNPs, AX AuNPs, and BG  AUNps) and after 
addition of the ligands (GM-, AX-, BG AuNPs & BB, & PB, &LG). The difference of the spectra between 
interaction sample and free ligand are also shown. 
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PART 3: DISCUSSION & CONCLUSION 
Summary 

Carbohydrate-based dietary fiber (DF), as characterized by its non-digestible properties, can be 

divided mainly into two categories: water-soluble DF (SDF) and water-insoluble DF (ISDF). A 

diet with high DF content has been recognized as a healthy lifestyle for humans, which is 

attributed to a plethora of health-related beneficial effects of DF including blood glucose 

regulation, cholesterol regulation, and immune system regulation. SDF and ISDF are thought 

to contribute to these effects in different ways, where ISDF mainly regulates health through its 

function as filling volume, creating a sense of satiety, increasing fecal bulk, and regulating 

bowel movement, while SDF may have more diverse functionalities in the digestive process 

including affecting gut microbiota, immune system, and importantly, retarding nutrient 

absorption. The weak non-covalent molecular interaction between SDFs and small molecules 

�L�V���G�L�V�F�X�V�V�H�G���W�R���E�H���D���U�H�O�H�Y�D�Q�W���P�H�F�K�D�Q�L�V�P���D�Q�G���F�R�Q�W�U�L�E�X�W�R�U���W�R���6�'�)�¶�V���H�I�I�H�F�W���R�I���U�H�W�D�U�G�L�Q�J���P�R�O�H�F�X�O�D�U��

absorption. However, the picture of the SDF�±small molecule interaction is still opaque mainly 

due to the lack of proper technologies for detecting such weak interactions. By integrating 

different technologies including electron paramagnetic resonance (EPR) spectroscopy, dynamic 

light scattering (DLS), transmission electron microscopy (TEM), ultraviolet-visible (UV-vis) 

absorbance spectroscopy, and isothermal titration calorimetry (ITC) in this dissertation,  

methods were established to study the interaction between neutral water-soluble dietary fiber 

(SDF) and small molecules. For this, different neutral SDF-based probe systems were used, 

namely, free SDF, spin labelled SDF, SDF-based vesicles/micelles, and SDF-based gold 

nanoparticles (glyco-AuNP). With the employment of different technologies in different SDF-

based probe systems, a clear picture of the molecular interaction between SDFs and small 

molecules was revealed. 

Spin-labelled neutral SDF in EPR (Manuscript I and II) 

To make neutral SDF EPR-active, two strategies for spin labelling SDF were established: the 

site-selective reducing end mono-labelling and stochastic multi-�O�D�E�H�O�O�L�Q�J������-glucan (BG) was 

selected as a model of linear polysaccharide; arabinoxylan (AX) and galactomannan (GM) were 

selected as the models of branched polysaccharide. The mono-labelling is one step reaction 

utilizing the oxime group formation, allowing for achieving high labelling efficiency of up to 

46 % (per chain), which is nearly three times higher than previously reported work (Yalpani & 

Brooks, 1985). The multi-labelling method, which is a 3-step synthetic route, allows yielding 

an extremely high labelling efficiency of the degree of substitution (DS) = 150% at a price of 

compromising the native properties including the binding functionality of SDF. The multi-

labelling method was further optimized with the labelling efficiency of DS= 3.2% by 
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controlling the reagent equivalences in the first step of the synthetic route. For each labelling 

method, three different SDFs yielded a similar labelling efficiency, which demonstrated the 

good universality of the methods. The influence of these two methods on the physical and 

structural properties of SDF including molecular weight, conformation, and viscosity were 

evaluated. In the mono-labelling, for BG, the only observed change was a more homogenous 

distribution in flexible coil conformation. AX showed slight differences in molecular weight 

and its dispersity, while GM showed the largest decrease in molecular weight and viscosity. In 

multi-labelling, different extents of degradation were found in different SDFs, where GM 

showed the biggest molecular weight changes in all SDFs. To test the influence of labelling 

procedures on the binding properties of SDFs, ITC was employed, where Congo red was 

selected as the ligand for BG, and aspirin was selected for AX and GM based on published 

work (Lupo et al., 2022; Semedo et al., 2015). Although the molecular weight changed to 

different extents for the different SDFs as well as for different labelling methods, non-

significant compromising in the binding capacity of all the spin labelled SDF was found for 

both methods �± hence, the binding behavior was preserved. 

Based on the established spin labelling method, the multi-labelled BG was selected as the model 

of the neutral SDF for the interaction study. A methodology based on pulse EPR technologies 

including double electron-electron resonance (DEER), echo-detected EPR (ED EPR), and spin 

relaxation measurement (phase memory time Tm), was established. A series of dye molecules 

were selected as the small molecule ligands, among which calcofluor white (CalW) was chosen 

as the positive control which is known to bind to BG. A titration experiment was tested on the 

positive control ligand by adding increasing amounts of CalW to the multi-labelled BG with a 

fixed final concentration. The line broadening in the ED EPR spectrum, and slower Tm and 

DEER decays were found when increasing CalW content. Considering that our samples were 

prepared in deuterated solvent and using a low spin concentration, we concluded that the line 

broadening in ED EPR was due to the population of short-distance spin labels moving closer to 

each other; that the slower Tm �G�H�F�D�\���Z�D�V���G�X�H���W�R���W�K�H���O�R�Z�H�U���S�U�R�W�R�Q���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���L�Q���W�K�H���O�D�E�H�O�¶�V��

vicinity, and that slower DEER decay was due to the population of long-distance spin labels 

moving further apart. Therefore, the CalW binding with BG induced either a transition of BG 

from a compact to a relatively looser conformation or a disassociation of aggregated BG chains 

towards individually dissolved BG polymers. To quantify the binding effects caused by the 

ligand in DEER experiments, a simple model using a stretched exponential decay function was 

�H�P�S�O�R�\�H�G���� �Z�K�H�U�H���W�K�H���I�L�W�W�L�Q�J���S�D�U�D�P�H�W�H�U������ �Z�D�V�� �H�[�W�U�D�F�W�H�G���D�Q�G���W�K�H�U�H�I�R�U�H�� �D�O�O�R�Z�H�G���H�V�W�L�P�D�W�L�R�Q���D�Q�G��

determination of the binding capacity of BG for CalW: on average, every 10 monosaccharide 

moieties in the BG chain could bind one CalW, close to a reported value (Wu et al., 2008). 

After confirming the validity of the methodology by the positive control ligand, other selected 
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food dye molecules were tested and showed different binding affinities to BG, which were 

attributed to the differences in the pKa values and planar aromatic fragments as the intrinsic 

factors affecting the corresponding strengths of hydrogen bond (H-bond) and van der Waals or 

hydrophobic interactions, respectively. In addition, the environmental factor, pH, was 

investigated in the BG-patent blue intera�F�W�L�R�Q�����Z�K�H�U�H���D���S�+���E�H�O�R�Z���R�U���F�O�R�V�H���W�R���W�K�H���O�L�J�D�Q�G�¶�V���S�.�D��

would compromise their H-bond with BG due to the protonation of the ligands that disabled 

their ability as the effective H-bond acceptors. 

Neutral SDF-based vesicle/micelle in DLS (Manuscript III) 

The direct size measurement of unmodified SDF via DLS might not reflect the size of a single 

SDF polymer chain, especially for concentrated samples, which may underestimate some 

properties of SDF or make the measurements unreliable. Therefore, a nanoparticle system 

formed by amphiphilic block copolymers (ABCs) was developed, where ABCs were 

synthesized by connecting four different SDFs as the hydrophilic blocks with the same 

polypeptide (PP) material as the hydrophobic block. One linear polysaccharide (Ps) BG and 

three branched Pss including AX, GM, and xyloglucan (XG) were selected for the study. The 

particles self-assembling from these ABCs had two morphologies which were characterized by 

DLS, static light scattering (SLS), and TEM, where the linear BG-based ABC formed a vesicle 

structure with a hollow core, while the branched AX-, GM- and XG-based ABCs formed a 

micelle structure with a solid core. The differences in morphology may be attributed to the 

difference in hydrophilicity of Ps that compensates the phase-separation of the hydrophobic 

block to different extends as well as to the differences in the linearity of Ps that create different 

conformational hindrances to modify the self-assembly kinetic and thermodynamic properties. 

These SDF-based vesicles/micelles showed stable and reproducible sizes during long storage, 

therefore were employed as the probes for the SDF-ligand interaction study, where the binding 

was characterized by the size changes in DLS. As expected, the positive control ligand CalW 

showed specificity that only bonded with BG-based vesicle (Mn of BG 29 kD) with a binding 

capacity of 16.4 : 1 (molar ratio between CalW/BG) and no bindings were found in AX-, GM-, 

and XG-based micelles. The addition of urea for disturbing the H-bond showed diminished, but 

still a small size increase upon adding CalW ligand, which demonstrated H-bond is a 

contributor for the binding force, but (an)other binding force(s) may potentially also drive the 

binding. In addition, patent blue was tested as another ligand for SDF-based micelles, which 

showed binding to all the SDF-based micelles with different binding affinities. The binding 

force between PB and these micelles was demonstrated to be mainly hydrogen bonds since no 

size increase was found in the presence of urea as the H-bond disturber. 
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Technology combinations for free SDF, SDF-based micelle, and SDF-based Glyco-AuNP 

(Manuscript IV)  

To explore more possible technologies for detecting weak interaction between neutral SDF and 

small molecules, a systematic comparison was conducted by using possible technologies 

including ITC, DLS, TEM, and UV-vis for different probe systems including free SDF, SDF-

based micelle, and SDF-based Glyco-AuNP. Two types of small molecules were selected as 

the studying ligands, namely phenolic compounds including gallic acid, sodium gallate, and 

sodium ferulate, as well as dye molecules including brilliant blue, patent blue, and lissamine 

�J�U�H�H�Q�����7�K�U�H�H���W�\�S�H�V���R�I���S�R�O�\�V�D�F�F�K�D�U�L�G�H�V���Z�H�U�H���V�H�O�H�F�W�H�G���D�V���W�K�H���P�R�G�H�O�V���R�I���Q�H�X�W�U�D�O���6�'�)�����Q�D�P�H�O�\����-

glucan, galactomannan, and arabinoxylan. Due to technological limitations of the methods, ITC 

was used for free SDF and SDF-based micelle, DLS was used for SDF-based micelles and SDF-

based glyco-AuNPs, and TEM and UV-vis were used only for glyco-AuNP. 

All the dye molecules showed consistent results using different probe systems with 

corresponding technologies. The ITC gave detailed binding parameters including dissociation 

constant, binding stoichiometry, enthalpy, and entropy. Although there are some parameter 

differences between free SDF and SDF-based micelles for some dye molecules, the overall 

trend of the SDFs-dye molecules binding is the same, which also agreed with other 

measurements using DLS and TEM. The DLS measurements showed significant size increases 

for SDF-based micelles and SDF-based glyco-AuNP due to larger aggregates forming upon the 

addition of these ligands to the polysaccharide-probe solutions, which were also visualized in 

the TEM measurements. UV-vis spectroscopy was considered ineffective for analyzing the dye-

mediated interaction of the SDF-based glyco-AuNP probe system as the absorption of dye 

�P�R�O�H�F�X�O�H�V���R�Y�H�U�O�D�S�S�H�G���Z�L�W�K���W�K�H���P�D�[�L�P�X�P���D�E�V�R�U�S�W�L�R�Q���R�I���W�K�H���J�R�O�G�¶�V���V�X�U�I�D�F�H���S�O�D�V�P�R�Q���U�H�V�R�Q�D�Q�F�H��

�������P�D�[����� �����������Q�P���� 

For the phenolic compounds, all the sodium salt forms showed no binding in all the probe 

systems, while the acid form gallic acid showed a positive response only in ITC measurement 

but not in DLS and UV-vis. This might be because gallic acid binds to the SDFs under 

exchanges of energy that can be detected by ITC, but does not induce the aggregation of SDF-

based micelles and glyco-AuNPs. Comparing results between sodium phenolates and phenolic 

acids, one could conclude that the carboxylic acid group in the phenolic compound plays a 

crucial role in the binding with SDF. 

General discussion 

To study the molecular interactions between neutral SDF and small molecules, this dissertation 

employed the five technologies EPR, DLS, TEM, ITC, and UV-vis for four SDF-based probe 

systems, namely free SDF, spin labelled SDF, SDF-based micelles/vesicles, and SDF-based 
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AuNPs, using (food) dyes and phenolic compounds as ligands. For the general discussion, the 

results & limitations are examined here on these three different dimensions: the probe systems, 

the technologies, and the dimension of the ligands. 

Probe systems 

Using free SDF directly for the study of interactions was only tested with ITC in this work. 

Other listed technologies are not suitable to be directly adopted for free SDF. However, the 

concentrated SDF samples had been ever used to qualitatively study interaction with phenolic 

compounds by DLS, where micrometer-range sizes were measured with an error range from 

several dozens to hundreds of nanometers, corresponding to the size of aggregates (Tudorache 

& Bordenave, 2019). The DLS quantitative measurement for the interaction using a 

concentrated SDF sample might underestimate the binding effect since parts of SDF inside of 

the aggregate may not have access to the ligands. The interaction detection by DLS for diluted 

SDF samples might be unreliable because the size increase might be due to the spontaneous 

aggregates rather than ligand-induced, which may overestimate the binding capacity. Another 

technology, UV-vis, had used for the interaction study by observing the changes in the light 

absorbance of the ligands (Wu et al., 2008). However, this is only feasible for a limited category 

of small molecules whose light absorbance will change upon binding. 

For spin labelled SDF, the purpose of labelling is for being able to study the interaction with 

EPR, which could provide local information around the labels. At the same time, the labelled 

SDFs were also studied by the ITC technology in this work (Manuscript I ) to test if the 

labelling procedure will alter the binding properties. 

SDF-based vesicles/micelles, which were self-assembled from the SDF-based ABC, were 

designed for DLS measurement, whose structures were stabilized by the strong side-by-side 

interaction between hydrophobic blocks. Unlike free SDF, most SDF-based micelles or vesicles 

showed stable and reproducible size distribution in DLS even under storage for several weeks 

at room temperature. The size increments induced by the added ligands were recorded against 

the final ligand concentration, which allowed quantitively estimating the binding capacity of 

each SDF. The size increases probably due to the aggregate of the micelle or vesicle particles, 

which in principle could be observed in microscopy technology, eg. TEM. Unfortunately, due 

to the low electron density, the particles need to be stained with a heavy metal ion to make these 

micelles visible in TEM, which would likely disturb the complex between SDF-based 

vesicle/micelle and ligands. The SDF-based micelles were also tested with ITC in this work 

(Manuscript IV ), which displayed similar trends that most ligands with positive/negative 

responses in DLS also showed the same response in ITC, except for gallic acid. The reason for 

�W�K�L�V���G�L�V�F�U�H�S�D�Q�F�\���I�R�U���J�D�O�O�L�F���D�F�L�G���L�V���G�L�V�F�X�V�V�H�G���L�Q���W�K�H���µTechnologies�¶���V�H�F�W�L�R�Q���E�H�O�R�Z�� 



PART 3:  DISCUSSION & CONCLUSION  

223 

The SDF-based glyco-AuNPs, which were synthesized by modifying the SDF and grafting 

them to the surface of AuNP, were designed for DLS, TEM, and UV-vis measurements to 

determine interaction. The particle sizes obtained by DLS were several hundred nanometers 

which should not be attributed to a single particle size which was also evidenced by the TEM 

pictures. The polydispersity index of the glyco-AuNP obtained was relatively large. Therefore, 

only qualitative results could be obtained to determine if a ligand binds to the particles. TEM 

was employed to visualize the interaction by observing if aggregation was observed in the 

presence of ligands. In addition, if a ligand binds to the SDF on the surface of the AuNP, the 

surface plasmon density of AuNP might change which can be determined by UV-vis, 

unfortunately, no binding phenomenon was found with this technology either due to the 

limitation of the technology or the binding is too weak. 

Technologies 

The ITC technology is a gold standard technology to detect interactions, which provide valuable 

information based on energy absorption or release in binding activities. However, in the 

interaction between SDFs and small molecules, the energy exchange detected by ITC might be 

generated by a range of activities including binding, SDF chain conformation transition, and 

aggregations or interpolymer disassociation, among which the energy generated by binding 

should dominate the overall energy exchange. Other activities might generate a small portion 

of the overall energy that might be neglected or misinterpreted by ITC. Furthermore, ITC is not 

versatile for all samples, for example, compounds with poor water solubility might be difficult 

to apply in ITC. 

The pulse EPR technology is for the first time applied in SDF, which could give clear 

information on the chain conformational changes or chain rearrangement regarding the 

interaction between SDF and ligands. With the presented pulse EPR methodology in this work, 

the interaction can be characterized at the molecular level through the conformational changes 

of the SDFs which are probed by the changes in the local environment of the spin labels. In the 

structure of spin labelled SDF, the spin labels are surrounded by the protons from the SDF as 

well as other spin labels in the same chain or its neighboring chains. The changes in spin-spin 

dipolar interaction can be characterized by ED EPR and DEER, where ED-EPR detects a short 

distance within a 1.5 nm radius around spin labels, and DEER can detect a longer distance from 

1.5 nm to about 7.3 nm depending on the experimental settings. In addition, the phase memory 

time measurement can be used to detect the changes in local proton concentration around the 

spins. However, one disadvantage of this method is that the sample needs to be prepared in a 

solvent mixed with a cryo-protector, which might not reflect the real condition of the aqueous 

medium. Another drawback is that the proposed EPR methodology may not be suitable to detect 

ligands that bind to SDFs but do not induce significant changes in SDF conformation. 
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The complementary technologies, DLS and TEM, for SDF-based vesicles/micelles as well as 

SDF-based glyco-AuNPs, provide alternative ways to detect weak interactions between SDF 

and ligands, which overcame the drawback of easily spontaneous aggregation property for 

neutral SDF. With TEM, the aggregation of the glyco-AuNP indicated the interactions but it is 

difficult to quantify the interaction by TEM. In addition, the TEM method may only act as the 

backup measurements because of many artifacts during the drying process in the sample 

preparation which may lead to some contradicting results with other measurements. For 

example, gallic acid was found to give no response (no size increase) in DLS for both SDF-

based micelles and glyco-AuNPs, while some suspicious aggregations were observed in TEM 

which may be attributed to aggregation formed during the drying process in the sample 

preparations. The correlations between the size change and the binding are very complex and 

need a dedicated model to simulate the process. However, a simple model with a dose-

responsive function can be applied to roughly estimate the binding capacities by observing the 

size increase of SDF-based micelles/vesicles as a function of the increased concentration of 

ligands. On the other hand, the DLS measures the size changes of the particles. Those ligands 

that bind to the probes but cannot induce aggregates might not be suitable for this system in 

order to determine if binding occurs or not, but it can give information on the mechanism of 

binding when combined with ITC. For example, gallic acid showed a positive response, binding 

to SDFs in ITC, but not to SDF-based micelle and SDF-based glyco-AuNP in DLS. This might 

be because the gallic acid molecule binds to the particles but does not result in any aggregation, 

therefore showing binding energy in ITC but no size changes in DLS. 

Ligands  

In this work, two types of ligands were studied, namely phenolic compounds and dye molecules. 

As explained above, in the interaction study using phenolic acids as the ligand, only ITC 

showed a positive response (gallic acid), while no significant binding phenomena were found 

in DLS, EPR (carminic acid), and UV-vis. Sodium gallate and sodium ferulate, as another type 

of phenolic compound, showed no binding with SDF in all the technologies applied in this study, 

which demonstrated the presence of a carboxylic acid in protonated form to be crucial for the 

binding. On the other hand, especially dye molecules, namely brilliant blue, patent blue, and 

lissamine green, showed consistent binding in all the probe systems using the different 

technologies. Characterization by a pulse EPR method showed different binding affinities 

depending on the food dye molecules. The binding force between these ligands and SDF was 

hypothesized to mainly be governed by H-�E�R�Q�G�L�Q�J���Z�K�L�F�K���L�V���U�H�O�D�W�H�G���W�R���W�K�H���O�L�J�D�Q�G�V�¶���S�.�D���Y�D�O�X�H����

Other binding forces including van der Waals interaction and hydrophobic interaction might 

also contribute to the overall binding effects, which we correlated to the molecular planar sizes. 

The H-bond mechanism was confirmed by adding an H-bond disruptor (urea molecule) in DLS 
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experiments (Manuscript III ) and by adjusting the environmental pH in EPR experiments 

(Manuscript II ). A special case was found for CalW with BG, whose binding affinity was 

�K�L�J�K�H�U�� �W�K�D�Q�� �H�[�S�H�F�W�H�G�� �M�X�G�J�L�Q�J�� �S�X�U�H�O�\�� �E�\�� �&�D�O�:�¶�V�� �S�.�D�� ���+-bonding) and planar size (van der 

Waals/hydrophobic interaction), revealing that other factors that are also responsible for the 

specificity of the CalW/BG binding also play a crucial role, such as the matched geometry of 

the binding. 

Conclusion and outlook 

Overall, we explored the weak non-covalent interactions between neutral SDFs with small 

molecules by multiple technologies. The small molecule binding to neutral SDF caused energy 

release/uptake, conformational transition, and/or interpolymer aggregation, which was 

explored to elucidate the interaction. Several pieces of information, which were collected by 

different SDF-based systems in combination with the corresponding analytical tools, were 

assembled to a clear picture that better described the interaction at the molecular level. The 

molecular interaction between SDFs and small molecules studied in this dissertation can be 

briefly divided into the following situations: 

i) Molecular interaction without DF aggregation and without conformational changes 

In this case, the interaction should be detectable only with ITC among all the technologies 

present in this dissertation. The energy exchange obtained from ITC should be attributed to the 

binding activities. 

ii)  Molecular interaction with DF aggregation and with/without conformation changes 

In this case, the interaction should be detectable with ITC, EPR (spin-labelled probes), DLS 

(micelles and glycol-AuNP probes), and TEM (glycol-AuNP probes). The aggregation may not 

be elucidated clearly with only ITC, which could be compensated by combining with the other 

technologies listed above. 

iii)  Molecular interaction with DF conformational changes but no aggregation. 

In this case, the interaction should be detectable by ITC and EPR but not DLS and TEM. The 

energy exchange observed by ITC should come from the two contributing processes, binding 

and conformational change, induced by the interaction. However, the DF conformational 

change e�Y�D�O�X�D�W�H�G���E�\�� �,�7�&���L�V���E�D�V�H�G���R�Q���H�P�S�L�U�L�F�D�O���I�X�Q�F�W�L�R�Q�����û�6���R�U���û�*�������R�Q�O�\���J�L�Y�L�Q�J���W�K�H���R�Y�H�U�D�O�O��

thermodynamics of the process, which comes with uncertainties. EPR can give a clearer picture 

on the conformational changes, which compensates for the drawback of ITC. 

In addition, the intrinsic factors (ligand pKa, size) and environmental factor (pH) that affect the 

binding force were also studied in this work, which contributes to a clearer understanding of 

mechanisms regarding the interactions at the molecular level. The comparisons of different DFs 

in terms of binding affinity and binding driving force were conducted, which revealed the 
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structure-function relationship. This work not only developed new methodologies for SDF-

small molecules interaction study but also elucidated a lot of details of the interactions, which 

may contribute to food and health science in optimizing healthy foods. 

Apart from the interaction studies, the methods for developing the SDF-based probe systems 

also open strategic possibilities in broad fields. For example, the methodology for spin labelling 

SDF can also be directly adopted into other polymers to realize different functionalities, which 

may contribute to material science. The methodology for constructing SDF-based 

vesicles/micelles also possesses huge prospects in the application of artificial multifunctional 

biological devices and mimicking of biological systems, which may contribute to biological 

and medical material science. 
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