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II. ABSTRACT  

 

My PhD project was funded by the University of Milano-Bicocca and the pharmaceutical 

company IFBS-Istituto Farmaco-Biologico Sperimentale in collaboration with Istituto di 

Ricerche Chimiche e Biochimiche G. Ronzoni.  

The project was based on the chemical modification of the polysaccharide extracted from 

the seed kernels of Tamarindus indica L., tamarind seed polysaccharide (TSP). TSP is a 

neutral and water-soluble polysaccharide composed of a β-(1,4)-D-glucan backbone with 

α-(1,6)-D-xylose branches that are partially substituted with β-(1,2)-D-galactose. It is 

used as a stabilizer, thickener, gelling agent, and binder in food and pharmaceutical 

industries, due to its physical, chemical, and biological properties like broad pH tolerance, 

biocompatibility, high thermal stability, and non-carcinogenicity. Particularly, it is 

employed in the ophthalmic field in the formulation of eyes drop used for the treatment 

of the Dry-Eyed Disease (DED).  

However, the high viscosity of TSP and the absence of charges on the sugar chain make 

the solubilization of this polysaccharide difficult. For this reason, a chemical modification 

of TSP is conducted adding sulfated groups on the chain to improve its workability, the 

physical and biological properties.  

Several synthetic approaches were explored to identify the optimal sulfation conditions 

and to obtain sulfated samples with varying degrees of substitution, while preserving the 

native polysaccharide structure. The chemical and physical properties of the sulfated 

products were characterized by using various analytical techniques to confirm the success 

of the synthesis and to achieve a comprehensive characterization of the synthesized 

products. Physical, rheological, and morphological studies were conducted on the 

modified samples. Furthermore, NMR spectroscopy and mass spectrometry were applied 

to hydrolyzed products to investigate their chemical structure. Mucoadhesion with the 

glycoprotein mucin was evaluated through rheological measurements and zeta potential 

analysis, as reported in the literature. Finally, biological assays, such as the MTT test, 

were performed to assess the cytotoxicity of the synthesized samples, in collaboration 

with the Department of Pharmacy, University of Pisa. 

The sulfated products exhibited higher solubility than native TSP, with molecular weight 

ranging from 700 to 1000 kDa, a sulfation degree of two to four groups per repeating unit, 

and pseudoplastic behavior. A preliminary mucoadhesion study revealed an unexpected 

interaction between S-TSP and mucin, suggesting a potential mechanism through which 
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the interactions sulfated TSP and mucin with biomolecules might occur. Moreover, no 

cytotoxic effects were detected in sulfated products. 

After establishing the sulfation of TSP, the research focused on the possibility of cross-

linking and/or derivatizing TSP to obtain a biopolymer capable of absorbing liquids, 

modulating enzymatic activities to enhance its residence time in biological systems, and 

exhibiting new rheological properties. The products were synthesized using 1,4-

butanediol diglycidyl ether (BDDE) as a crosslinked agent, at different concentrations, in 

order to obtain both hydrogels and soluble modified samples. Their physio-chemical 

properties were analyzed using various analytical techniques, depending on their different 

solubility and viscosity profiles.  

Morphological, physical and spectroscopic analysis were performed on the modified 

samples. The rheological properties, including viscosity and moduli G’ (storage or elastic 

modulus) and G” (loss or viscous modulus) were measured to characterize the rheological 

behavior of the functionalized products. The cytotoxicity and the pharmacological 

potential of the samples were also evaluated using in vitro assays conducted at the 

Department of Pharmacy, University of Pisa. Hydrolyzed samples, obtained with 

xyloglucanase treatment, were analyzed by NMR spectroscopy and mass spectrometry. 

MALDI-TOF analysis was performed during my research period at KU Leuven 

University, Belgium.  

In conclusion, the hydrogel products exhibited higher viscosity than native TSP, as 

expected, with G’ values exceeding G’’, confirming their gel-like behavior. For the lower 

viscosity products, the molecular weights were similar to or slightly lower than those of 

TSP, likely due to a partial depolymerization during synthesis. These results were 

confirmed by viscosity values which remained similar to or slightly lower than TSP. 

Following enzymatic degradation of the synthesized samples, the BDDE content, 

calculated from NMR spectra, ranged from 2 to17%. MALDI-TOF spectra revealed 

oligosaccharide structures containing crosslinked BDDE as well as monolinked BDDE, 

demonstrating that the crosslinker can attach TSP on both sides, forming a crosslink, or 

on only one side, generating a pendant structure. As expected, with increasing of the 

BDDE concentration, more crosslinked oligosaccharide structures were observed in the 

spectra compared to monolinked or not linked fragments. 

In summary, during my PhD, I successfully chemically modified TSP to enhance its 

properties and thoroughly characterized the physio-chemical and biological properties of 

the synthetized products.  
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CHAPTER 1 – INTRODUCTION 

1.1.  Polysaccharides 

1.1.1. Chemical composition and classification 

Polysaccharides are macromolecules composed of long chains of monosaccharide units, 

linked together by O-glycosidic bonds in either linear or branched chains. They play an 

essential role in various physiological process such as adhesion, cell-cell communication, 

cell signal transduction, blood coagulation, fertilization and molecular recognition within 

the immune system (Yu et al., 2018; F. Zhang et al., 2011). Additionally, they provide 

structure support, protection, energy storage, lubrification and stimuli responsiveness 

(Gopinath et al., 2022; Z. Liu et al., 2008). 

Natural polysaccharides are derived from different sources, including plants, algae, 

microorganism and also animals (Mohammed et al., 2021). In recent years, these 

biopolymer have been produced through fermentation or extracted from biomass to 

promote a sustainable development and replacing conventional petroleum-based 

polymers (Benalaya et al., 2024). Moreover, plant derived polysaccharides have gained 

their importance due to their affordability and availability from renewable sources 

(Chinta et al., 2025).  

Polysaccharides can be divided in two categories: homopolysaccharides composed of the 

identical monomer unit and heteropolysaccharides, which consist of different 

monosaccharides (Mohammed et al., 2021). The most frequently occurring 

monosaccharides in nature are hexoses, six-carbon sugars, and pentoses, five-carbon 

monomers (Maji, 2019). D-glucose is the main sugar present in polysaccharides; 

however, D-fructose, D-galactose, L-galactose, D-mannose, L-arabinose, and D-xylose 

are also common. Moreover, several monosaccharide derivatives occur naturally amino 

sugars such as D-glucosamine and D-galactosamine and their derivatives like N-

acetylneuraminic acid and N-acetylmuramic acid, as well as sugar acids such as 

glucuronic and iduronic acids (Mohammed et al., 2021).  

Polysaccharide may consist of linear chain of the same monosaccharides, as for the 

cellulose, or by different units, such as hyaluronic acid (HA). They may also exhibit 

branching structure either composed of the same sugars, as in glycogen, or of mixed 

monosaccharides as in galactoxyloglucans (Benalaya et al., 2024; Dumitriu, 2004).  
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Polysaccharides can also be classified according to the charge of their sugar chain: neutral 

polymers with no charge, such as cellulose; positively charged polysaccharides, such as 

chitosan; and negatively charged polysaccharides, such as alginate, heparin, hyaluronic 

acid, and pectin (Z. Liu et al., 2008). The latter group also includes glycosaminoglycans 

(GAGs), which are key components of the cell surface and the extracellular matrix 

(ECM). GAGs comprise, in addition to heparin and hyaluronan, heparan sulfate, 

chondroitin sulfate, dermatan sulfate, and keratan sulfate (Sasisekharan et al., 2006).  

1.1.2. Applications and uses of polysaccharides  

The structural polysaccharide characteristics, such as the type of monosaccharides 

components, chain length and the branching, degree of substitution, molecular weight 

(Mw), strongly influence their properties including solubility, physiological activity, 

chemical reactivity, and biodegradability (Dumitriu, 2004). 

Owing to this structural variability as well as their safety, biocompatibility, and 

nontoxicity, polysaccharides have been widely applied in several fields, such as food, 

environmental, cosmetic, pharmaceutical and biomedical industry (Benalaya et al., 2024).  

Examples of their diverse applications are illustrated in Figure 1-1. 

 

Figure 1-1. Schematic representation of different polysaccharides’ applications. 

Adapted from Tudu & Samanta, 2023. 
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Polysaccharide are used as food additives to improve the rheological and textural 

properties of the products, enhance their nutritional value, to preserve the food 

(Nakashima et al., 2018; Muthukumar et al., 2021).  

In pharmaceutical field, they are employed for drug delivery, tissue engineering, and 

wound dressing applications (Sinha & Kumria, 2001; Bragd et al., 2004). They are widely 

formulated as hydrogel and nanoparticles to targeted drug release, to improve the 

therapeutic efficacy and reduce side effects (Gopinath et al., 2018; Xu et al., 2024) 

Moreover, polysaccharide-based hydrogels are used as scaffolds for cell culture and in 

3D-bioprinting (Vatanpour et al., 2022). They are applied in therapeutic applications as 

immunomodulator, anticancer, and antimicrobial agents (Schepetkin & Quinn, 2006; Fan 

et al., 2017). 

Beyond food and medicine, polysaccharides are utilized as a promising alternative to 

synthetic plastics due to their ability to form biodegradable films and coatings (Shafqat 

et al., 2020). In agriculture, they are utilized as bio-based fertilizers, soil stabilizers, and 

plant growth enhancers, promoting sustainable farming practices (Chiaregato et al., 

2022). Furthermore, polysaccharide-derived flocculants have applications in water 

purification, to remove pollutants and improve water quality (Qi et al., 2021). 

1.1.3. Limitations and future perspectives 

Although polysaccharides possess various properties and promising potential, they also 

present limitations and challenges. Since polysaccharides are typically derived from 

natural sources, there are some challenges regard their extraction and purification due to 

the presence of other compounds, such as proteins and lipids, resulting in a costly 

production process (Mohammed et al., 2021). Therefore, the development of cost-

effective production systems using renewable resources and more efficient extraction 

methods is necessary (Jabeen & Atif, 2024).  

Furthermore, the high variability of polysaccharides lead to batch-to-batch variations, 

susceptibility to microbial contamination, and uncontrolled rate of hydration and 

degradation (Saidin et al., 2018). Another limitation is their poor mechanical strength, 

which limit applications requiring durability of robust materials (Jabeen & Atif, 2024).  

Fortunately, some of these challenges can be solved through chemical modifications such 

as grafting, cross-linking, and the introduction of functional groups, for examples via 

sulfation, phosphorylation or carboxymethylation and as well as by blending with other 
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polymers, thereby expanding the potential applications of polysaccharide (Mohammed et 

al., 2021; Jabeen & Atif, 2024).  

Finally, understanding the relationship between the structure and configuration of 

polysaccharides and their resulting biological activities remains a significant challenge, 

requiring further research and investigations (A. Wang et al., 2023). 

Moreover, further clinical studies are necessary to evaluate the in vivo safety of 

polysaccharides and to determine their long term efficacy and non-toxicity affects (Salehi 

& Rashidinejad, 2025).  
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1.2.  Tamarind seed polysaccharide (TSP) 

1.2.1. Origin and chemical composition  

In this PhD thesis, the research focused on Tamarind seed polysaccharide (TSP), one of 

the most abundant and structurally complex natural polymers. TSP is a galactoxyloglucan 

extracted from the seed kernel of the of Tamarindus indica L. (Raj & Lee, 2024), a long-

life evergreen tree of tropical and subtropical plant, widely distributed in Africa, Asia and 

America (Sudjaroen et al., 2005).  

The tamarind fruit, also known as the tamarind pod, shown in Figure 1-2, contains 30-

50% pulp, 25-40% seed and 11-30% shell and fiber. Each seed is composed of the testa, 

the outer seed coat, and the kernel or endosperm, which account for approximately 20-

30% and 70-75% of the seed, respectively (Geethalaxmi et al., 2024).  

 

Figure 1-2. Tamarind pod and its compositions. 

(a) pod, (b) pulp, (c) shell, (d) seed, (e) testa, and (f) kernel adapted from Noraphaiphipaksa et al., 2016. 

The different parts of tamarind plant have various uses and applications (Ghaffaripour et 

al., 2017). The leaves are commonly consumed as vegetables, while the pulp has high 

edible values due to its content of sugars, amino acids, minerals and vitamins (H. Zhang 
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et al., 2024). Additionally, the dried powdered pulp and its juice extract are employed in 

the food industry as a natural preservatives (Mansingh et al., 2021). 

Initially, the seeds of this plant were considered waste products of the tamarind pulp 

industry, due to the presence of some antinutritional components such as total phenols, 

tannins, and phytic acids, which  are mainly concentrated in the seed coat (Nagar et al., 

2022). In contrast, the seed kernel contains 65-73% polysaccharide, 15-20% protein and  

6-8% lipid (H. Zhang et al., 2024). Consequently, extraction processes for obtaining TSP 

from the endosperm of seeds have been developed, thereby increasing the value of these 

by products and reducing overall waste (Mansingh et al., 2021).  

TSP is a neutral, water-soluble polysaccharide consisting of a β-(1,4)-D-glucan backbone 

with α-(1,6)-D-xylose branches, which are partially substituted with β-(1,2)-D-galactose 

(Sonawane et al., 2015), as illustrated in Figure 1-3. 

 

Figure 1-3. Chemical structure of tamarind seed polysaccharide (TSP). 

TSP is composed of a β-(1,4)-D-glucan backbone, with α-(1,6)-D-xylose branches, partially substituted 

with β-(1,2)-D-galactose. The colored residues and abbreviations in bold correspond to the observed 

monosaccharide, while the linked monosaccharides are shown in parentheses. Glc—glucose; Xyl—

xylose; Gal—galactose. 

The molar ratio of glucose, xylose and galactose in TSP has been reported as 3.1:1.7:1.0 

(Majeed et al., 2019), however variations exist in literature as the monosaccharide 

composition is influenced by the origin of the seeds and the extraction methods (H. Zhang 

et al., 2024). 

Furthermore, depending on the distributions of xylose and galactose along the cellulosic 

backbone, TSP can exhibit different subunit structures, including heptasaccharide 

Gal

Glc-(Xyl)

Glc-(Xyl-Gal)

Xyl-(Gal)

Xyl
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(Glc4Xyl3), octasaccharide (Glc4Xyl3Gal), and nonasaccharide (Glc4Xyl3Gal2) (H. Zhang 

et al., 2020). Small amounts of arabinose residues have also been detected in TSP, likely 

resulting from contamination by arabinan or arabinoxylan in plant seeds (H. Zhang et al., 

2020).  

1.2.2. Extraction Methods of TSP  

The extraction methods significantly influence the monosaccharide composition, 

chemical structure, conformation, and functional properties of biopolymers. Various 

pretreatments and extraction methods have been studied to identify the optimal conditions 

to obtain high yield and purity of TSP (Morales et al., 2019).  

Prior to the TSP extraction, the seeds are washed with water and dried. Subsequently, 

different pretreatments such as roasting, soaking, filtration, boiling, and autoclaving are 

applied to separate the testa, which is rich in tannins, from the kernel, thereby enhancing 

the purity of the extracted polysaccharide (Mansingh et al., 2021; Geethalaxmi et al., 

2024). Currently, the main extraction methods for TSP include hot water, organic acid 

extraction, high pressure extraction, subcritical water and enzymatic ultrasound-assisted 

extraction (H. Zhang et al., 2024), which are briefly described below. 

- Hot water extraction is a traditional and widely used method for polysaccharide 

isolation, that uses water to extract polar polysaccharides from plants materials. In 

this process, tamarind seed powder is first solubilized in water and then added to 

boiling distilled water. The resulting solution is centrifugated, and the supernatant is 

precipitated with pure alcohol. The precipitate is subsequently washed with ethanol 

and air-dried. (Geethalaxmi et al., 2024; H. Zhang et al., 2024). This method requires 

simple equipment and low operational cost; however, it is time-consuming, and 

typically yields polysaccharides of relatively low purity (Crispín-Isidro et al., 2019). 

- Organic acid method is commonly used approach for extracting TSP. In this method, 

an acid solution is added to the extract to break down cell walls and degrade crude 

fiber structures, thereby facilitating the release of polysaccharides. Additionally, this 

process promotes isoelectric precipitation of proteins, reducing amino acids content 

and increasing the purity of TSP (Z.-B. Wang et al., 2014). The main limitation of 

this method is that the acid conditions may result in a partial degradations of the 

polysaccharide (H. Zhang et al., 2024). 
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- High pressure extraction applies pressures ranging from 100 to 1000 MPa to 

polysaccharides at temperatures below 50°C, disrupting the structure of the raw 

material, and thereby increasing extraction yields (Geethalaxmi et al., 2024). This 

method allows shorter extraction time, higher extraction efficiency and lower energy 

consumption. However, the high pressure would may affect the molecular weight, 

viscosity, water absorption index and water solubility of TSP (Xie et al., 2021) 

- Subcritical water method operates at temperatures between 100 and 374°C keeping  

water in a liquid state using high pressure (Limsangouan et al., 2019). The elevated 

temperatures improve TSP extraction yield, and this method is relatively inexpensive 

and more ecological compared to other processes. However, extensive hydrolysis of 

TSP may occur, resulting reduced Mw and apparent viscosity (Geethalaxmi et al., 

2024). 

- Enzymatic ultrasound-assisted extraction combines protease enzyme which 

hydrolyze proteins with ultrasound to improve the polysaccharide extraction 

(Muthusamy et al., 2021; Nagar et al., 2022). This method improves the purity of TSP 

but sonication can lead to a partial depolymerization of the polysaccharide 

(Geethalaxmi et al., 2024).  

Nowadays, the most commonly used method for TSP extraction is the organic acid 

method, while auxiliary techniques, such as high pressure and subcritical water extraction 

can be employed to reduce the extraction time and increase yield (H. Zhang et al., 2024). 

However, all these methods show common limitations, including non-selective 

degradation of TSP and disruption of its molecular structure; therefore, further research 

is required to optimize these extraction processes (Geethalaxmi et al., 2024).  

1.2.3. Physicochemical and biological properties  

TSP is a water-soluble polysaccharide that assumes a random coil conformation in 

aqueous solutions (H. Zhang et al., 2020). It can also easily form aggregates depending 

on the degree of galactose side-chain substitution (Raj & Lee, 2024). Indeed, literature 

indicates that partial degalactosylation of TSP promotes the formation of large aggregates 

due to hydrophobic interactions (R. Guo et al., 2022).  

At low concentration, TSP exhibits Newtonian behavior in solution, whereas at higher 

concentrations it shows a viscoelastic property. In this state,  viscosity decreases with 
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increasing shear rate, as the TSP chains align with the flow direction, reducing flow 

resistance (Kaur et al., 2012; Chinta et al., 2025). TSP is not able to forms gels on its own, 

even at high concentrations; however, gel formation can occur in the presence of alcohol, 

sugar, salts, or polyphenols (Yamatoya et al., 2020). 

Generally, TSP has a Mw in the range of 400-1000 kDa, however, this value can be 

influenced by factors such as the source of raw materials, the analytical techniques used 

for the Mw determination and the extraction and purification methods. (H. Zhang et al., 

2024).  

TSP also shows a good physical stability under various conditions (Shao et al., 2019). Its 

apparent viscosity remains relatively stable across a wide pH range, at elevated 

temperatures and in presence of salts and sucrose (Shao et al., 2019; H. Zhang et al., 

2024).   

Moreover, TSP solutions can be sterilized by autoclaving without undergoing thermal 

degradation, unlike hyaluronic acid, which is advantageous from a production prospective 

(Yoon & Lee, 2019). 

TSP shows both emulsion stabilizing and emulsifying properties, as well as the ability to 

inhibit ice recrystallization (Yamatoya et al., 2020; X. Sun et al., 2023).  

Furthermore, TSP possesses important characteristics such as excellent drug-loading 

capacity, bioadhesivity, biocompatibility, non-carcinogenicity and non-irritating 

properties (Xie et al., 2023; Chinta et al., 2025). It also exhibits various biological 

activities, including antioxidation, antibacterial, anti-inflammatory, antitumor and 

regulation of intestinal flora (Ren et al., 2022; H. Zhang et al., 2024).  

Finally, the “mucin-like” molecular structure of TSP confers mucoadhesive and 

mucomimetic properties, enabling interactions with the glycoproteins present in the 

mucus layer, called mucins (Uccello-Barretta et al., 2013). 

Unlike other polysaccharides, such as glycosaminoglycans, TSP is resistant to 

degradation by physiological enzymes; however, it can be depolymerized by the enzyme 

endo-β-(1,4)-glucanase produced by fungi or plants (H. Zhang et al., 2020). This group 

of enzymes includes: xyloglucanase, which hydrolyses β-1,4 bond (H. Zhang et al., 2020), 

and cellulase, which cleaves both the β-1,4 linkage between glucose units and 1,2-linked 

xylose and galactose (Ejaz et al., 2021). 
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1.2.4. Applications  

TSP has a wide range of applications, Figure 1-4, across different fields due to its unique 

properties and its recognition as safe by the regulatory authorities in several countries 

(Chinta et al., 2025).  

 

Figure 1-4. Schematic representation of TSP’s applications.  

TSP is extensively used in the food industry as a thickening, stabilizing and emulsifying 

agent in soups, dairy products, and baked goods (Nagar et al., 2022). It also possesses 

gelling properties similar to pectin, making it a more economical alternative in the 

production of jam, jellies, and marmalades (Marathe et al., 2002).  

Moreover, its high water-holding capacity and antimicrobial activity enhances the texture 

and shelf life of processed foods (Xie et al., 2020). Due to its non-toxic nature, TSP is 

also employed as a dietary fiber supplement with potential prebiotic benefits and it is used 

gluten-free product formulations, due to its similarity to gluten (Jang et al., 2018).  

In pharmaceutical field, TSP has been employed as versatile excipient for drug delivery 

system in various conventional dosage forms such as suspensions, emulsions, tablets, 

beads, gels and nanoparticles (Raj & Lee, 2024).  

It has also been explored in ophthalmic formulations, particularly in artificial tear 

solutions and ocular drug delivery for the treatment of the Dry Eye Disease (DED) owing 
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to its high mucoadhesive properties and compatibility with ocular physiology (Nozari & 

Ramin, 2021). Its branched structure allows adhesion to glycoprotein mucins of the ocular 

surfaces, resulting in increased residence time (Uccello-Barretta et al., 2013; Alotaibi et 

al., 2024).  

Furthermore, TSP has demonstrated a synergistic effects when combined with HA, 

improving HA stability and mucoadhesive properties in ophthalmic applications, as well 

as in intra-articular injections for arthritis (Uccello-Barretta et al., 2010; Yoon & Lee, 

2019). Notably, the ophthalmic company Farmigea S.p.A. has developed the eye drops 

Xyloial®, a TSP and HA formulation, capable of lubricating, hydrating and stabilizing 

the ocular surface. 

Moreover, TSP has been studied for potential applications in wound dressings, tissue 

engineering scaffolds, and as a component of bioadhesive hydrogel (Mansingh et al., 

2021). Its ability to promote cell adhesion and proliferation highlight its promise in 

regenerative medicine (Sanyasi et al., 2014). 

Due to TSP’s hydrating and film-forming properties it has been used in cosmetic 

formulations including skin creams, lotions, and hair care products (Semenzato et al., 

2015). It helps retain moisture in the skin, enhancing hydration and improving elasticity 

(Amnuaikit et al., 2019). Furthermore, its non-irritant nature makes it suitable for 

products for sensitive and anti-aging applications (Khongkow et al., 2024). 

Finally, TSP has also been employed in wastewater treatment and environmental 

remediation, due to its ability to absorb pollutant molecules (Mansingh et al., 2021; Cui 

et al., 2024). 

1.2.5. Limitations and future perspectives 

Despite its numerous advantages, TSP also presents certain limitations that can affect its 

applications. One of the main challenges lies in its high viscosity, resulting from its high 

molecular weight, which can complicate processing and formulation, especially in 

pharmaceutical and food industries where precise control of consistency is required (H. 

Zhang et al., 2024). Furthermore, the rigid cellulose backbone and the absence of ionic 

groups contribute to its poor water solubility, thereby restricting its versatility in some 

applications (Yamatoya & Shirakawa, 2003; Sri et al., 2025). Additionally, the 

physicochemical properties of TSP exhibits variability depending on factors such as 
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extraction techniques, environmental conditions, and the origin of the seed 

(Chawananorasest et al., 2016).  

From an economic perspective, the extraction and purification process of TSP can be 

costly and time-consuming, involving multiple steps to remove impurities and obtain the 

desired level of purity. Large-scale production therefore requires optimization strategies 

to improve both yield and cost-effectiveness (Geethalaxmi et al., 2024). Additionally, 

regulatory approval of TSP-based products in the pharmaceutical and food industries can 

be challenging, since safety and efficacy must be evaluated before commercialization 

(Gopinath et al., 2022). 

Although TSP is generally recognized as biocompatible and non-toxic, potential 

allergenic or immunogenic responses in certain individuals cannot be entirely excluded. 

Further studies are required to assess its long-term safety, particularly in novel biomedical 

and therapeutic applications (Sonawane et al., 2015). To enhance the commercial viability 

of TSP in various fields, advancements in processing methods, formulation strategies, 

and regulatory standardization will be essential. Moreover, chemical modifications of the 

TSP such as grafting, crosslinking, or functional group substitution can be a solution to 

improve its physicochemical and functional properties, thereby expanding its potential 

applications (Raj & Lee, 2024; H. Zhang et al., 2024).  
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1.3.  Chemical modifications of polysaccharides 

Modifications of polysaccharides are used to enhance their properties and broaden their 

applications, as well as to overcome some of their limits and drawbacks (T. Liu et al., 

2023). The main approaches used for polysaccharides modification include physical, 

biological and chemical methods (Chen et al., 2024).  

Physical modification is a convenient and effective strategy that relies on physical 

interactions between polysaccharides or other biomolecules to form new structures. 

However, these interactions are generally reversible and they do not significantly increase 

the chemical reactivity and the biological activity of the polysaccharide (B. Zhang et al., 

2022).  

Biological modification represents a highly specific and environmentally friendly 

approach, involving enzymatic reactions under mild conditions. Nevertheless, this 

method is limited by the cost of the enzymes and the relatively low efficiency (Chen et 

al., 2024).  

Chemical modification involves the introduction or the removal of functional groups 

along sugar chain. Although, this approach requires a large of reagents and careful control 

of reaction conditions, it allows efficient alteration of the physiochemical and biological 

properties of the polysaccharide (Mukherjee et al., 2022).  

Depending on the functional groups introduced, changes in molecular structures, 

molecular weight, solubility, rheological behavior and biological activities can be 

achieved (Chakka & Zhou, 2020; Deng et al., 2020). 

The presence of reactive functional groups in polysaccharides, such as hydroxyl, amino, 

and carboxylic acid groups, allows various chemical modifications including sulfation, 

acetylation, phosphorylation, selenization, carboxymethylation and crosslinking (Y. Ren 

et al., 2019; T. Liu et al., 2023). 

In this PhD thesis, TSP was chemically modified through sulfation and crosslinking 

reactions, to enhance its functional properties, expand its range of applications and 

address its limitations. 
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1.3.1. Sulfation  

Sulfated polysaccharides are negatively charged biopolymers naturally occurring in 

various organism and exhibit diverse biological and chemical properties. The two main 

classes of naturally sulfated polysaccharides are glycosaminoglycans (GAG), with the 

exception of hyaluronic acid, and marine algae polysaccharide extracted (Muthukumar et 

al., 2021). GAGs interact with a wide range of proteins involved in both physiological 

and pathological process including cell signaling and development, angiogenesis, axonal 

growth, tumor progression, metastasis and anti-coagulation  (Gandhi & Mancera, 2008; 

Shi et al., 2021). Moreover, these sulfated polymers regulate blood clotting and play key 

roles in pathogens attachment, neuronal growth, cancer cell apoptosis and many several 

other biological functions (Bedini et al., 2017). Sulfated polysaccharides from marine 

algae, such as carrageenan, ulvan, fucoidan, possess important biological activities, 

including antitumor, antiviral, antioxidant, antimicrobial, anticoagulant, and immune-

inflammatory effects (Ngo & Kim, 2013; Hans et al., 2021). The growing scientific and 

industrial interest to these polysaccharides is due to their abundance and renewable origin; 

however, their application  remains challenging because of different factors such as 

seasonality, variability, differences among algae species and the extraction difficulties 

(Ray et al., 2021; Martins et al., 2023). Furthermore, some marine polysaccharides 

contain, sulfated fractions with high bioactivity but low natural content, which limits their 

use in large-scale biomedical applications (T. Liu et al., 2023).  

For these reasons, chemical sulfation has been explored as a strategy to introduce sulfated 

groups into other polysaccharides with distinct physiochemical properties such as high 

molecular weight or branched structure to enhance their biological activities and develop 

new biopolymers not found in nature. Studies have demonstrated that sulfated 

polysaccharides often exhibit enhanced anticoagulation, antitumor and antioxidant 

activity compared to their non-sulfated counterparts (Mazepa et al., 2022; Rizkyana et al., 

2022). Moreover, sulfation can improve polysaccharide solubility, moisture absorption, 

and the water retention capability (Chinta et al., 2025). 
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1.3.1.1. Sulfation chemical reaction 

Sulfation is an esterification reaction that involves the hydroxyl groups of the sugar chain 

and an acylating agent (Mukherjee et al., 2022). 

The extent of derivatization is expressed as the degree of sulfation (DS), which depends 

on several factors, including the reaction type and conditions, time and temperature, the 

polysaccharide structure, the nature of reagent and solvent and the reagent-to-substrate 

molar ratio (Mukherjee et al., 2021). Moreover, the regioselectivity of sulfation reactions 

is influenced by both steric and electronic effects (Mukherjee et al., 2022). 

The most common sulfation methods employed dimethyl sulfoxide (DMSO) or N,N-

dimethylformamide (DMF) as solvents and use reagents as chlorosulfonic acid-pyridine, 

sulfamic acid, concentrated sulfuric acid, and trioxide-pyridine (Z. Wang et al., 2018; T. 

Liu et al., 2023). A brief description of these methods is provided below.  

- Chlrosulfonic acid-pyridine method is commonly used for obtaining sulfated  

polysaccharides with a high degree of substitution (Berezhnaya et al., 2024). The 

sulfating reagent is prepared by adding chlorosulfonic acid dropwise to anhydrous 

pyridine in an ice bath due to the high exothermicity of the reaction (Chen et al., 

2024). The resulting complex is then added to a solution of polysaccharide in an 

organic solvent. Because the reaction is exothermic, the temperature must be carefully 

controlled (Niu et al., 2023).  Moreover, the reagent is strongly acid, so the 

concentration of the reagent and the time of the reaction have to be optimized to a 

depolymerization of the polysaccharide (Berezhnaya et al., 2024). Although this 

method yields high substituted product, chlorosulfonic acid is flammable, toxic, and 

unstable and it reacts violently with water (T. Liu et al., 2023). 

-  Sulfamic acid method involves the addition of the sulfamic acid to a polysaccharide 

dissolved in DMF at high temperature (Niu et al., 2023). Due to the low reactivity of 

sulfamic acid, catalysts such as pyridine, urea and acetamide are required to achieve 

a higher DS. This method is less commonly than the other sulfation techniques (T. 

Liu et al., 2023).   

- Concentrated sulfuric acid method is one of the classic sulfation approaches. The 

reagent is prepared by mixing concentrated sulfuric acid with n-butanol. Ammonium 

sulfate and the polysaccharide are then added at low temperature (Niu et al., 2023). 

The advantages of this method are the use of less toxic reagents, relatively stable 

reaction conditions and minimal side reactions (Z. Wang et al., 2018). Nonetheless, 
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the strong acidity may lead to polysaccharide depolymerization and carbonization 

(Berezhnaya et al., 2024).  

- Sulfur trioxide-pyridine (SO3·Py) method is a milder sulfation process (T. Liu et al., 

2023). The reaction is carry out by adding the SO3·Py complex to a polysaccharide 

solution in an organic solvent, usually DMF (Berezhnaya et al., 2024). This method 

can achieve a high DS without affecting the molecular weight of the polysaccharide 

(Jana et al., 2021; Mukherjee et al., 2021), however the main limitation is the high 

cost of the reagent (T. Liu et al., 2023). 

Usually, following sulfation, polysaccharide is typically recovered through a 

neutralization, ethanol precipitation and dialysis step (Caputo et al., 2019).   

In this PhD project, TSP was sulfated using the sulfur trioxide-pyridine method, which 

enables the introduction of sulfate groups with a high degree of substitution while 

preserving the molecular weight of the polysaccharide. 

1.3.1.2. Biological effects of sulfation 

The different biological effects of polysaccharides’ sulfation are widely reported in 

literature and they include anti-coagulant, antioxidant, antitumoral, anti-viral, 

immunomodulatory activities, as showed in Figure 1-5 below (Ngo & Kim, 2013).  

 

Figure 1-5. Biological effects of sulfated polysaccharides. 
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- Anticoagulant activity: coagulation is critical physiological process in hemostasis and 

anticoagulants play a key role in preventing the formation of thrombus (Z. Wang et 

al., 2018). The anticoagulant effect of sulfated polysaccharides is mediated by 

electrostatic interactions between the negatively charged sulfated groups and the 

positively charged amino acids residues of coagulation protease inhibitors, such as 

antithrombin (Mukherjee et al., 2022). Studies has reported that a higher DS allows 

these interactions due to an increased density of the negative charges, resulting in 

more effective binding to target proteins (Liang et al., 2018). One of the most used 

anticoagulant molecules is heparin, but it can also be harmful because it can cause 

bleeding and thrombocytopenia. Therefore, chemically sulfated polysaccharide are 

being investigated as safer alternatives to heparin (Niu et al., 2023). 

- Antioxidant activity: antioxidants protect cells and tissues from damage caused by 

reactive oxygen species (ROS) which can contribute to cancer, atherosclerosis, and 

DNA damage (Dharmaraja, 2017). The antioxidant properties of polysaccharides are 

attributed to the hydrogen- and electron-supplying ability of the sugar chains (Niu et 

al., 2023). According to literature, the presence of the sulfated groups on the 

polysaccharide chain enhance antioxidant activity compared to the unmodified 

polysaccharide, likely due to improved radical scavenging efficiency (Z. Wang et al., 

2018). 

- Antitumoral activity: polysaccharides are used in antitumoral therapies due to their 

ability to inhibit the tumor cell proliferation, induce apoptosis and activate the 

immune system against cancer cells (Zong et al., 2012). Sulfated polysaccharides 

enhance immune recognition and facilitate the elimination of the tumor cells, 

exhibiting a high antitumoral activity compared to their non-sulfated counterparts (L. 

Wang et al., 2009).  

- Antiviral activity: sulfated polysaccharides show higher anti-viral activity than 

unmodified polysaccharides. The negatively charged sulfate groups interact with 

biomolecules on the surface of host cells or viruses. This includes preventing viral 

adsorption and invasion,  avoiding viral release from host cells and promoting viral 

neutralization (Bouhlal et al., 2011; Niu et al., 2023). 

- Immunomodulatory activity: polysaccharides can induce the production of immune 

factors and enhance overall immune function (Y. Wang et al., 2010). Studies have 

shown that sulfated polysaccharides exhibit immunoregulatory activity protecting 

immune organs, promoting the differentiation of immune cells and stimulating the 
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secretion of cytokines (Gao et al., 2019).  Additionally, sulfated polysaccharides have 

been reported to interact more strongly with macrophages compared to unmodified 

polysaccharides further enhancing their immunomodulatory potential (Yu et al., 

2017). 

1.3.1.3. TSP Sulfation  

Chemical modification of TSP by the introduction of sulfated groups is desirable to 

extend the processability and the applicability of this biopolymer.  

Owing to its high molecular weight and the absence of charged substituents, TSP 

solutions are often highly viscous, and complete solubilization can require prolonged 

stirring and, in some case, even heating (Raj & Lee, 2024). For these reasons, 

formulations containing TSP are typically prepared at low concentrations to facilitate the 

dissolution step, which represents a limitation for certain pharmaceutical and other 

applications.  

The incorporation of sulfated groups on the sugar backbone can improve polysaccharide 

solubility, due to the alter of chain conformation (Z. Wang et al., 2018). 

Moreover, sulfation can allow specific interactions with proteins or cellular receptors, 

significantly increasing the biological activity and potential applications of the 

biopolymer, such as using sulfated TSP derivatives as glycosaminoglycan mimics (Niu 

et al., 2023). 

Compared to naturally sulfated polysaccharides from marine algae, TSP is a low-cost 

byproduct of tamarind seed pulp industry (Sonawane et al., 2015). It possess a well-

defined structure but retains considerable complexity (L. Ren et al., 2022). Moreover, its 

high molecular weight, compared to those from marine algae, makes TSP an attractive 

biopolymer for chemical modification to enable new applications (Kang et al., 2022).  

Indeed, previous studies reported that polysaccharides with higher molecular weights 

often exhibit enhanced immunomodulatory, antioxidant and anticoagulant properties  

(Mukherjee et al., 2022; M. Yang et al., 2022) 

In addition, a higher degree of branching in polysaccharides can improve antioxidant 

properties as the increased number of reactive sites that facilitates the scavenging free 

radicals (Tian et al., 2020). 

For these reasons, a chemical sulfation of TSP was performed in this PhD study, to 

improve its processability and functional properties, thereby expanding its potential.   
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1.3.2. Crosslinking  

Crosslinking modifications allow the formation of hydrogels, three dimensional 

structures based on natural or synthetic polymers capable of absorbing large amounts of 

water or biological fluids without dissolving or altering their morphology (Uman et al., 

2020; Paiva et al., 2024).  Crosslinking can also be employed for the development of films 

and membranes, fibers, porous and sponge-like structures and micro- and nanoparticles 

(Reddy et al., 2015). Recently, crosslinked structures based on natural biopolymers such 

as proteins and polysaccharides have attracted considerable interest by due to their non-

toxicity, biodegradability and biocompatibility (Maiti et al., 2024). In literature, several  

examples of crosslinked polysaccharides can be found, based on cellulose, pullulan, 

hyaluronic acid, alginate and chitosan (Reddy et al., 2015). This type of modification can 

indeed enhance the mechanical properties and stability of polysaccharides, broadening 

their applications in different various fields such as biomedical engineering, 

pharmaceuticals, food technology and environmental science (Reddy et al., 2015; Li & 

Lin, 2021).  

1.3.2.1. Methods of crosslinking  

Crosslinking processes are generally classified into chemical, physical, and enzymatic 

methods (Paiva et al., 2024), which are briefly described below.  

- In chemical crosslinked hydrogels, covalent bonds between polymeric chains are 

formed through reactions with crosslinking agents (Paiva et al., 2024). This method 

provides the three dimensional network, with enhanced chemical, mechanical and 

structural stability even under external stimuli such as variations in temperature, ionic 

strength or pH (Alavarse et al., 2022). Several crosslinker have been reported in 

literature for the preparation of polysaccharide-based hydrogels, including 

glutaraldehyde (GA), epichlorohydrin, 1,4-Butanediol diglycidyl ether (BDDE), 

sodium trimetaphosphate (STMP), Polyvinyl alcohol (PVA), divinyl sulfone and the 

natural crosslinker genipin (Paiva et al., 2024). 

- Physically crosslinked hydrogels are formed through weak interactions such as 

mechanical chain entanglements, hydrogen bonding, van der Waals force, 

hydrophobic interactions, or electronic interactions. These interactions are reversible 

and can be disrupted by environment changes such as pH or temperature (Uman et 
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al., 2020). Unlike chemical hydrogels, physical hydrogels are prepared without the 

use of crosslinkers or initiators (Qin et al., 2019). 

- Enzymatic-mediated crosslinking reactions generate covalent bonds and linkages in a 

highly specific manner under mild conditions. The main limitation of this method are 

its high costs and the chemoselectivity of the enzymes, which can react only in the 

presence of substrate containing a specific functional group (Paiva et al., 2024). 

1.3.2.2. Crosslinkers  

In chemical crosslinking, different types of crosslinkers with various reactivities can be 

employed to obtain polysaccharide-based hydrogels based. A brief description of the most 

used crosslinkers is reported. 

- Aldehydes crosslinkers are common reagents used for hydrogel formation. Among 

them, one of the most frequently employed in biodegradable hydrogels based on 

chitosan and proteins is glutaraldehyde (GA), a low-cost and easily available 

crosslinking agent (Paiva et al., 2024). GA is a bifunctional aldehyde with a low 

molecular weight that exhibits high affinity toward amine, thiol and imidazole 

functional groups (Pal et al., 2013). However, GA has shown cytotoxicity effects; 

therefore, low concentrations have to be used to minimize the risk of unreacted 

compound formation (Alavarse et al., 2022). 

- Trisodium trimetaphosphate (STMP) is a cyclic polyphosphate salt used for 

polysaccharide crosslinking. It exhibits low toxicity and good safety, with no reported 

adverse effects on humans, although its crosslinking efficiency is lower compared to 

other crosslinkers (Alavarse et al., 2022). 

- Genipin is a bicyclic molecule that hydrolyzes in aqueous solutions to form two 

reactive aldehydes, which can easily react with polysaccharides under mild conditions 

to yield stable products. Despite being a natural crosslinker, genipin is expensive, 

exhibits slow  reaction kinetics and it requires are and further studies to fully evaluate 

its safety (Yu et al., 2021; Paiva et al., 2024). 

- Epichlorohydrin is a crosslinked agent used with polysaccharides and polyamines 

(Dehabadi & Wilson, 2014). It contains an epoxy ring and a chloromethyl group, 

which react with hydroxyl groups on sugar chains (Zafar et al., 2022). Its main 

limitation is cytotoxicity which reduces its use in biomedical or food application 

(Maiti et al., 2024).  
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- Divinyl-sulfone is a bifunctional alkylating agent with two reactive vinyl groups that 

can form covalent bonds between polymer chains (Faivre et al., 2021). The main 

drawbacks are its high reactivity and toxicity (De Boulle et al., 2013).  

- 1,4-Butanediol diglycidyl ether (BDDE) is a well-established epoxy crosslinking 

agent used primarily for the formation of HA hydrogels (Wojtkiewicz et al., 2024). 

Under alkaline conditions, the epoxide groups of BDDE can react with amine, 

hydroxyl, and sulfhydryl functional groups, leading to the formation of secondary 

amines, ethers, or thioethers, respectively (Qiu et al., 2024). BDDE exhibits 

significantly lower toxicity compared to other ether-bond crosslinking agents as 

divinyl sulfone (De Boulle et al., 2013) and epichlorohydrin (Li et al., 2021). 

1.3.2.3. Crosslinked polysaccharide applications  

Crosslinked polysaccharides are widely used in various applications due to their 

properties, such as the swelling capability, high viscosity, 3D structures and enhanced 

stability (Alavarse et al., 2022). Figure 1-6 illustrates examples of crosslinked 

polysaccharides.  

 

Figure 1-6. Schematic representation of crosslinked polysaccharide applications. 
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- Polysaccharide hydrogels are frequently used in drug delivery. Pharmaceutical 

compounds can be encapsulated within the network and released in a sustained way 

(Esposito et al., 2020). Moreover, hydrogel can respond to specific environmental 

stimuli such as changes in temperature, pH or irradiation, to release drugs, which has 

been shown to improve efficacy while reducing adverse effects in the human body 

(Mohanty et al., 2024). 

- Hydrogels are commonly applied in tissue engineering, due to their similarity to the 

extracellular matrix. They can create a biocompatible environment for cells growth, 

regulate living cells and organs and promote tissue repair and regeneration thank to 

their permeability to oxygen and nutrients (Q. Yang et al., 2022; Mohanty et al., 

2024).  

- Polysaccharide hydrogels are used in wound healing, as they protect wounds against 

external contaminants. Moreover, they can incorporate antimicrobial and 

inflammatory agents, which accelerate the wound healing process (X. Zhang et al., 

2021). 

- Injectable hydrogels are low viscosity polysaccharide solutions that can form gels in 

situ, due to a transition solution to gel. They are used for local delivery with minimal 

invasiveness to target sites (Lee, 2018). 

- Hydrogels, especially hyaluronic acid-based ones, are applied in cosmetic field as 

dermal filler to anti-aging treatments and corrections of facial imperfections, due to 

their swelling capability and biocompatible and no-toxic properties (Fallacara et al., 

2017). 

- In food industry, polysaccharide-based hydrogels are used in the food packaging due 

to their favorable mechanical, food preservation and environmental friendliness 

(Manzoor et al., 2022). Additionally, antimicrobials, antioxidants, flavorings, 

colorants, and bioactive components can be encapsulating in the 3D structure of 

hydrogels and released over time (Kwan & Davidov-Pardo, 2018).  

- The mechanical properties, swelling capability and stability of polysaccharide 

hydrogels make them eco-friendly alternative for wastewater treatments. They are 

used as sorbents to remove of pollutants such as dyes, oxyanions, pesticides, phenols, 

pharmaceutics and heavy metals in wastewater (Ghiorghita et al., 2022). 
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- The volume of hydrogel can change significantly in response to external stimuli. For 

this reason, they are used as sensors capable of detecting, for example, change in pH, 

pressure, temperature, glucose levels or the presence of specific biomolecules (Li & 

Lin, 2021).  

- Polysaccharide hydrogels are used as bioinks in 3D bioprinting due to their 

rheological and structural properties. They can be printed into structures for 

applications in tissue engineering and organ-on-chip systems (Damiri et al., 2025). 
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1.4. Analytical methods for polysaccharides characterizations   

Polysaccharides exhibit a complex structure due to their molecular complexity which 

arises from the monosaccharide composition, linkage patterns, degree of branching, 

functional groups and molecular weight distribution (Q. Guo et al., 2019). For this reason, 

the characterization of polysaccharides can be challenging, yet it is essential for 

understanding the functional, conformational, and physiological properties of these 

biopolymers (Salehi & Rashidinejad, 2025). Various analytical methods are employed to 

elucidate the structure of polysaccharides and to examine their physical and biological 

properties.  

In this PhD thesis, various techniques, reported in Figure 1-7 and described below, were 

used to investigate TSP and its modified products. 

 

Figure 1-7. Analytical methods used for the characterization of TSP and its modified products 

 

The identification of the functional groups and the composition of the polysaccharide is 

typically studied using spectroscopy and spectrometry techniques. Physicochemical 

properties, such as distribution of the molecular weight, can be determined through 

chromatographic methods. Moreover, the rheological behavior of polysaccharides can be 

assessed by rheological analysis. Dynamic Light Scattering (DLS) is employed to 

measure the surface charge and the particle size of the polymers. The morphology of the 

samples is examined by the Scanning Electron Microscope (SEM). Finally, the biological 

properties of polysaccharides are investigated through in vitro methods, based on cells 

culture.  
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1.4.1. Spectroscopic techniques 

1.4.1.1. Nuclear Magnetic Resonance (NMR)  

Nuclear Magnetic Resonance (NMR) spectroscopy is an analytical technique that 

provides detailed structural information on chemical and natural compounds. It is widely 

used for the study of complex polysaccharides, obtaining information about 

monosaccharide composition, the linkage and substitution patterns, sequence distribution, 

and the quantification of functional groups (Alba & Kontogiorgos, 2021).  

NMR measures the absorption of radio frequency radiation (100 to 1000 MHz) from 

nuclei of molecules immersed in a static magnetic field (B0), that possess a non-zero 

quantum spin number (I) such as 13C and 1H (I = 1⁄2) (Cheng & and Neiss, 2012).  

From this analysis, three fundamental parameters can be obtained to provide information 

on the structure of molecules and polymers (Cheng & and Neiss, 2012; Alba et al., 2018):  

- chemical shift (), expressed in ppm, which reflects the degree of shielding of a 

nucleus by its surrounding chemical environment; local magnetic fields generated 

neighboring nuclei influence the resonance frequency of the observed nucleus;  

- signal intensity, which depends on the concentration of the species analyzed and 

the number of scans performed during the experiment;  

- coupling constant, a parameter describing the interaction between nuclei due to 

the molecular structure, which is independent of the applied magnetic field.  

The NMR signal is generated using the pulse method, in which all nuclei of the same 

species are simultaneously excited by a radio frequency pulse. The energy absorbed by 

the nuclei is gradually transferred to neighboring atoms through longitudinal relaxation, 

or spin-lattice (T1), which takes into account for energy exchanges between the spin 

system and the molecular environment, and transverse relaxation, or spin-spin (T2), 

resulting from the loss of phase coherence among nuclear spins (Sinnott, 2013). The 

emitted signal, known as FID (Free Induction Decay), is a sinusoidal signal that decays 

exponentially over time due to these relaxation processes that restore the equilibrium 

situation. To extract the individual frequencies, it is necessary to apply a mathematical 

operator called "Fourier transform" which produces the NMR spectrum (Q. Guo et al., 

2019; Alba & Kontogiorgos, 2021). 

The main experiments for conformational analysis include one-dimensional (1D) 

methods, such as 1H and 13C NMR as well as two-dimensional techniques including 
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Heteronuclear Single Quantum Correlation (HSQC), Correlation Spectroscopy (COSY), 

Total Correlation Spectroscopy (TOCSY) and Nuclear Overhauser Effect Spectroscopy 

(NOESY) experiments. Solid state NMR can be also employed to characterize powder 

samples. 

1H NMR is typically the first experiment performed, providing information about the 

protons of sugar residues. The chemical shift of polysaccharides are generally in the range 

of 1-6 ppm: with anomeric protons are observed in the region 4.2-5.8 ppm and sugar ring 

between 3.2-4.6 ppm (Cheng & and Neiss, 2012; Alba et al., 2018). The main limit of 

this experiment is the signal overlap in the of 3.0-5.0 ppm region which complicates the 

interpretation of the spectra (Alba & Kontogiorgos, 2021).  

13C NMR shows lower sensitivity compared to 1H; therefore, higher concentrations of 

polysaccharides are required. However, this can lead to high viscosity solutions for 

biopolymers with high molecular weights (Sinnott, 2013). To overcome this limitation, 

enzymatic degradation can be performed on the polysaccharide to reduce its molecular 

weight without affecting any chemical modifications that maybe be present (Nizzolo et 

al., 2024). Nevertheless, 13C NMR provides a wider distribution of the peaks compared 

to the overlapping signals in 1H NMR. In 13C spectra, the anomeric carbons are observed 

in the range of 90-110 ppm while ring carbons between 60 and 80 ppm (Cheng & and 

Neiss, 2012). Moreover, most of the 13C experiments are proton-decoupled spectra 

meaning that the interactions between 1H and 13C nuclei are removed, resulting in singlets 

signals. The main limitation of this approach is that is not possible to compare the 

intensity of CH3, CH2, CH or C peaks and it does not allow differentiation between CH3, 

CH2, CH or quaternary carbons (Q. Guo et al., 2019). However, in 13C-DEPT 

(Distortionless Enhancement by Polarization Transfer) experiment, these differences can 

be distinguished as CH and CH3 groups present positive peaks whereas CH2 negative 

peaks (Alba & Kontogiorgos, 2021).  

1H-13C HSQC (Heteronuclear Single Quantum Correlation) correlates protons with 

directly bonded carbons, and these correlations are represented by cross-peaks. In these 

spectra, the 1H chemical shifts are observed along the horizontal axis while the 13C 

chemical shifts appear on the vertical axis (Alba & Kontogiorgos, 2021). HSQC-DEPT 

can also be performed, in which the cross-peaks corresponding to CH2 groups have 

negative intensity values (Q. Guo et al., 2019).  

COSY experiments provide information about correlation between adjacent protons on 

the sugar ring. In COSY spectra, 1H spectrum is plotted along both axes, and the 
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correlations are represented by cross-peaks that are symmetrical  respect to the diagonal 

(Alba & Kontogiorgos, 2021). In TOCSY analysis, correlations between all coupled 

proton within a spin system are observed and the NOESY experiment reveals correlations 

between protons through space (Cheng & and Neiss, 2012).  

In these types of experiments, polysaccharides are studied in solution, typically dissolved 

in D2O, if  water soluble, or in DMSO if soluble in organic solvents (Cheng & and Neiss, 

2012). However, some polysaccharides, that exhibit very low solubility, cannot dissolve, 

for example when forming hydrogel. In such cases, solid state NMR can be used for 

structural characterization. 

13C Cross Polarization with Magic Angle Spinning, CP-MAS, is a solid-state NMR 

technique commonly used to study sample structure. In CP, magnetization is transferred 

from 1H nuclei to 13C nuclei to enhance sensitivity (Apperley et al., 2012). With MAS, 

the sample is spun at 54.7°, improving spectra resolution (Bai et al., 2010). 

The spin-lattice relaxation time, 1H T1 provides information about the populations of 

nuclei in phase, which is related to the structure of the samples: crystalline samples exhibit 

high T1 values ( ms) whereas amorphous samples show lower T1 values ( ms) 

(Separovic & Sani, 2020). 

1.4.1.2. Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy (ATR FT-

IR) 

Fourier Transform Infrared Spectroscopy is an analytical technique used to characterize 

the molecular structure of polysaccharide by applying electromagnetic radiation in the 

infrared region, which induces the vibration of covalent bonds. Each functional groups 

exhibit a characteristic frequency vibration, corresponding to a specific infrared 

absorption bands (Berthomieu & Hienerwadel, 2009; Alba & Kontogiorgos, 2021). In 

FTIR experiments, a spectrum of infrared light is directed towards the samples and an 

interferometer splits and recombines the beam to generate an interferogram. The Fourier 

Transform is then used to process the interferogram and generate a spectrum in which 

each adsorption band corresponds to a specific functional groups (Berthomieu & 

Hienerwadel, 2009; Moore, 2017).  

Attenuated Total Reflection (ATR) is a FTIR method, in which the sample is placed on a 

crystal, typically made of diamond, silicon or germanium. Infrared light passes through 

the crystal and reflects internally due to mirrors within the spectrometer, generating an 
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evanescent wave that penetrates the samples 0.5-5 m into the sample. The light absorbed 

by the sample and it is then measured (Moore, 2017; Tiernan et al., 2020). Typically, the 

infrared spectrum is recorded in the range between 4000 cm-1 and 400 cm-1 with specific 

absorption regions corresponding to characteristic chemical bonds. For example, in 

polysaccharides, alcohols bonds (O-H) stretching vibrations appear between 3200-3600 

cm-1, alkanes stretching (C-H) between 2850-2950 cm-1, aromatics (C-H) stretching 

between 3000-3100 cm-1 and carboxyl groups (C=O) stretching between 1700-1750 cm-1 

(Mallick, 2023). In Table1-1 the typical FTIR adsorption bands for functional groups are 

reported (Khan et al., 2018). 

Table 1-1. Typical FTIR wavelength for functional groups. Adapted from Khan et al., 2018. 

 

 

 

 

 

 

 

 

 

1.4.2. Mass Spectrometry (MS) techniques 

Mass spectrometry (MS) is an analytical technique used for structural analysis and 

determination of polysaccharide monomer composition. This method offers various 

advantages compared to other analytical techniques, such as high sensitivity, detection 

specificity, and low sample consumption (Zaia, 2004). The mass spectrometer consists of 

three main components: an ion source, which generates ions; a mass analyzer, which 

separates the ionized species based on their mass-to-charge ratio (m/z); and a detector, 

which produces an electrical signal proportional to the ion abundance (Hoffmann & 

Wavelength 

(cm-1) 

Functional 

groups 

3200-3600 O-H stretching 

2500-3000 Carboxyl O-H 

3300-3500 N-H stretch 

3500-3500 O=C-N-H 

2220-2260 Nitrile (CN) 

2850-2950 C-H stretch 

3010-3100 =C-H stretch 

1620-1680 C=C stretch 

1690-1740 Aldehyde C=O 

1680-1750 Ketone C=O 

1735-1750 Ester C=O 

1710-1780 Carboxyl acid C=O 

1630-1690 Amide C=O 

2700-2800 Aldehyde C-H stretch 
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Stroobant, 2007). The data are displayed in a mass spectrum where the detector signal is 

plotted as a function of m/z (Zaia, 2004). 

Ionization sources include chemical ionization, electron ionization, the fast atom 

bombardment, while the most used methods are electrospray ionization (ESI) and matrix 

assisted laser desorption/ionization (MALDI) (Glish & Vachet, 2003). The most 

frequently mass analyzer are time-of-flight (TOF), which separates ion based on their 

velocity and the quadrupole system (Kailemia et al., 2014).  

During the ionization, ions can be generated either in positive or negative mode, 

depending on the nature of the samples. Indeed, oligosaccharides containing acidic 

functional groups such as sulfate, carboxylate and phosphate are analyzed in negative ion 

mode (Kailemia et al., 2014).  

In ESI ionization, a diluted solution of the sample is passed through a capillary to which 

a potential of 1-4 kV is applied. This potential difference generates charged droplets, that 

are dried using a flow of heated gas. As the solvent evaporates, the ions, are introduced 

into the mass analyzer (Glish & Vachet, 2003; Kailemia et al., 2014).  This method can 

be coupled with liquid chromatography (LC) which separate samples based on their 

molecular size or their chemical properties (Fenn & McLean, 2011). The sensitivity of 

this technique decreases with the increasing molecular weight of the oligosaccharides,  

and its efficiency is lower for neutral samples (Kailemia et al., 2014).  

In MALDI ionization, the sample solubilized in organic solvent is mixed with a matrix, 

dried, and then spotted on a MALDI target or the matrix can be deposited and dried on 

the target plate first, and then the sample is spotted on the matrix layer. The dry mixture 

is subsequently irradiated with a UV laser, which is absorbed by the matrix which 

transfers energy to the oligosaccharides, leading to ion formation (Fenn & McLean, 2011; 

Kailemia et al., 2014). Compared to ESI, MALDI exhibit higher sensitivity, efficiently 

ionizes higher molecular weight samples and shows better tolerance to contaminants 

(Kailemia et al., 2014). The main limitation is that the higher energy transfer to the 

analytes which can cause a fragmentation of some functional groups in the samples (Zaia, 

2004).  

Among mass analyzers, time-of-flight (TOF) is one of the most commonly used. Ions are 

accelerated through a fixed potential into a TOF drift tube of defined length and ions with 

lower m/z ratios achieve higher velocities and therefore reach the detector first (Glish & 

Vachet, 2003).  
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Another widely used mass analyzer is the quadruple (Q), in which a dynamic electric field 

is applied to filter ions based on their m/z ratio. This method offers higher selectivity 

compared to TOF, and it is particularly suitable for complex mixtures or high mass 

samples (Hoffmann & Stroobant, 2007). Moreover, quadruples are commonly paired with 

ESI system, whereas TOFs are used with MALDI. These two methods can also be 

combined in quadrupole time-of-flight (Q-TOF) instrument to enhanced the analytical 

performance (Glish & Vachet, 2003).  

Tandem mass spectrometry, MS/MS, can be employed to obtain more detailed structural 

information on oligosaccharide. In this technique ions of a specific mass (m) or charge 

(z) are selected in the initial stage and subsequently fragmented in a second stage, 

providing additional structural information (Glish & Vachet, 2003). 

As previously mentioned, ESI can be coupled with chromatography separation, such as 

high-performance liquid chromatography (HPLC) or electrophoresis. In this approach, 

samples are separated according to their molecular size or chemical properties at different 

retention times, and then they are analyzed in MS (Kailemia et al., 2014). Among the 

chromatographic approaches, hydrophilic interaction liquid chromatography (HILIC), 

and ion-pair reversed phase liquid chromatography (IPRP-LC) are usually used for the 

separation of oligosaccharides.  

HILIC chromatography is based on a hydrophilic stationary phase typically silica, and a 

hydrophobic mobile phase, usually a mixture of an organic solvent, commonly 

acetonitrile, and water in varying proportions (Kohler et al., 2022). Separation is based 

on different polarity of the samples, which depend on factors such as molecular size, and 

the presence of specific chemical groups in the sugar chain, such as sulfated groups and 

N-acetylation content. However, the main limitations of this technique are the poor peak 

shapes, low resolution and reproducibility (D.-Q. Tang et al., 2016; Kohler et al., 2022).   

IPRP-HPLC is commonly used for the separations of oligosaccharides containing 

strongly anion group, such as sulfated, as in heparin (Doneanu et al., 2009). 

To improve the retention of charged samples on the stationary phase, typically octadecyl 

(C18) columns, ions are added to the mobile phase (Kailemia et al., 2014). Samples are 

eluted based on their charge and this method is sensitive to sulfate distribution and steric 

hindrance (Doneanu et al., 2009). 
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1.4.3. Chromatographic methods  
 

Size Exclusion Chromatography (SEC), also known as Gel Permeation Chromatography 

(GPC), is a chromatographic technique that separates molecules based on their size, or 

more precisely, their hydrodynamic volume, which is the effective volume a molecule 

occupies when solvated. Separation relies on physical principles rather than chemical 

interactions and it is achieved using a column packed with a porous stationary phase, 

typically composed of silica particles or polymeric gels, forming a three-dimensional 

network with a defined pore size. Molecules elute at different rates according to their size: 

larger molecules elute more quickly, while smaller ones are retained longer within the 

pores resulting in delayed elution (Mori, 1999; Wu, 2003). 

The SEC system consists of a pump, preceded by a degasser to remove any air bubbles 

from the mobile phase. The sample, usually dissolved in the mobile phase, is injected into 

the system either manually or via an autosampler. The solution then elutes through the 

column, where separation occurs, and is subsequently detected by one or more detectors. 

The acquired signal, referred as a chromatogram, is analyzed digitally using dedicated 

software (Lough & Wainer, 1995). 

SEC can be used to determine the molecular weight of polymers, which differs from that 

of small molecules because polymers are composed of chains with repeating units that 

may have vary in length. Consequently, average molecular weights are considered. 

Two key parameters are typically obtained from SEC analysis: the weight-average 

molecular weight (Mw), derived from the weighted average, and the number-average 

molecular weight (Mn), representing the statistically most probable value. The ratio 

between these two values defines the polydispersity index (PDI), which indicates the 

width of the molecular weight distribution. For instance, a polymer with a PDI of 1 is 

monodisperse, meaning all chains have the same length (Mori, 1999; Alba & 

Kontogiorgos, 2021). 

However, chromatograms obtained from SEC do not directly provide molecular weight 

distributions; they only show sample concentration as a function of elution volume or 

retention time. Therefore, system calibration is required  to determine molecular weights 

(Wu, 2003). 

There are two types of calibration: conventional (or relative) and universal. 

In conventional calibration, standard samples with known molecular weights, referred to 

as narrow standards due to their nearly unitary polydispersity, are used to construct a 



 
 

 

32 

   

calibration curve, plotting the logarithm of Mw against elution volume or retention time. 

This curve can then be used to determine the molecular weight of the analyte based on its 

elution time. 

This technique offers several advantages: it is easy to set up, requires only a single 

detector, provides good precision, and allows estimation of sample concentrations, as they 

are not treated as variables. However, it has also several limitations: each polymer 

requires its own calibration curve, structural changes such as branching can introduce 

errors, and no information about molecular structure is obtained (Lough & Wainer, 1995; 

Mori, 1999). 

Universal calibration was first introduced by Benoit in 1967. He observed that, by 

considering the intrinsic viscosity ([η]), defined as the ratio of the polymer specific 

viscosity to its concentration at infinite dilution, many polymers, with different molecular 

structures, follow the same calibration curve. This calibration also relies on a series of 

standards with known molecular weights and viscosities, as well as two coupled 

detectors: one sensitive to concentration and one to viscosity. A calibration curve is then 

constructed by plotting the product between the logarithmic value of the molecular weight 

and the intrinsic viscosity, versus elution volume can then be built. Using this curve, the 

hydrodynamic volume of an unknown sample can be determined (Lough & Wainer, 1995; 

Wu, 2003). 

This technique is highly sensitive to both high and low molecular weights, and their 

determination is based on actual intrinsic viscosities, allowing polymer structure 

characterization. However, its main limitations include potential chemical or electrostatic 

interactions during column separation, which can lead to inaccurate results, and the 

requirement for standards with molecular weights similar to the sample being analyzed 

(Mori, 1999). 

High-Performance Size Exclusion Chromatography with Triple Detector Array (HP-

SEC-TDA) uses high-performance instrumentation, providing better control over 

pressure conditions and eliminating the need for calibration due to the presence of three 

complementary detectors: light scattering (LS), a refractometer, and a viscometer. The 

light scattering measures the hydrodynamic radius and radius of gyration (Rg), which is 

the radius of a sphere that can encompass the entire molecule, using two detectors: RALS 

(Right Angle Light Scattering – 90°) and LALS (Low Angle Light Scattering – 7°). The 

refractometer measures the analyte concentration during chromatography, and the 

viscometer determines intrinsic viscosity (Yau, 1979; Wu, 2003). 
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The combined use of these three sensors enables a comprehensive analysis of molecular 

structure, providing in a single run the molecular weight distribution, intrinsic viscosity, 

and molecular weight. 

Each detector is associated with a specific equation (1), (2), (3) as following reported: 

Refractometer→ 𝐴 = 𝐾1 
𝑑𝑛

𝑑𝑐
𝐶 (1) 

Viscometer→ 𝐴 = 𝐾2[𝜂] 𝐶 (2) 

Light scattering→ 𝐴 =  𝐾3 𝑀𝑤  (
𝑑𝑛

𝑑𝑐
)

2

𝐶 (3) 

Where A represents the area of the chromatogram peaks, C is the sample concentration, 

dn/dc is the refractive index increment, which can be found in the literature for common 

polymers or determined directly using HP-SEC-TDA, and K represents instrument 

constants that depend solely on the detector geometry. 

These constants are established during system calibration by injecting a known standard, 

such as pullulan, for which all parameters ([η], Mw, C, and dn/dc) are known. Once the 

calibration constants K for each detector are determined, the sample of interest can be 

analyzed, provided that its concentration and/or dn/dc in the chosen solvent are known 

(Lough & Wainer, 1995). 

This technique also provides empirical constants logK and a for a polymer at a specific 

temperature and in a specific solvent. These constants are part of the Mark–Houwink 

equation (4), which correlates intrinsic viscosity ([η]) and molecular weight (M), and is 

presented as follows (H. Zhang et al., 2020): 

[𝜂] = 𝐾 𝑀𝛼  (4) 

The constants K and a are used to understand the chain structure and the behavior in 

specific solvent and temperature of polymers: K is related to the flexibility of the intrinsic 

chain and a reflects the geometric chain (Vega et al., 2001). The value of a gives 

information about the shape of the polymer in solution: if a is about 0, the polymer 

showed a compact structure as tight coil, if a is between 0.5 and 0.8, the polymer is 

defined as random coil, and if a is higher than 1 the polymer form rigid rod coil (Rosen, 

1993). 
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1.4.4. Rheological analysis 

In rheology experiments, materials are subjected to a shear stress (τ) expressed in Pascal, 

which is defined as the ratio between the tangential force (F) and the surface of the body 

(A) on which it acts, as the following expression shows (Mezger, 2015): 

𝜏 =  
𝐹

𝐴
 (5) 

The shear stress is applied at a specific rate, called the shear rate or flow gradient (𝛾̇), 

expressed in s-1. It is defined as the ratio between the tangential speed (v) on the top plane 

and the distance between the upper and lower surface (h) (Mezger, 2015): 

𝛾̇ =
𝑣

ℎ
 (6) 

Depending on the physical nature of the material, different stress response behaviors can 

be observed. In purely elastic solids, deformation is instantaneous, fully reversible, and 

directly proportional to the applied stress. These materials return to their original 

equilibrium rate once the stress is removed (Han, 2007).  

In contrast, purely viscous liquids exhibits flow in response to the applied shear stress 

which is time-dependent and irreversible as the energy applied to induce deformation is 

dissipated as friction (Irgens, 2013). 

Viscoelastic materials display intermediate behavior between purely viscous liquid and a 

purely elastic solid. Their deformation is time dependent and can be considered as the 

sum of both viscous and elastic components (Irgens, 2013). 

Liquid-like systems, such as liquids and semi-solids, exhibit behavior described by 

Newton's laws. According to Newton, a fluid at rest can be considered as an infinite series 

of parallel molecular layers. When a tangential force is applied, the upper layer moves in 

the direction of the force and transmits motions to the lower layers. These layers, 

however, move at a lower speed, resisting the motion of the fluid. This phenomenon is 

due to a material property called viscosity (η), expressed in Pa·s, and defined as the ratio 

between shear stress and shear rate, as described by the following equation (7) (Irgens, 

2013; Mezger, 2015): 

𝜂 =  
𝜏

𝛾̇
 (7) 
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This equation can be represented on a graph, known as a flow curve, Figure 1-8, which 

shows shear stress as a function of shear rate. When the curve is a straight line, the fluid 

is defined as Newtonian, and its viscosity is constant (green curve in Figure 1-8), meaning 

it does not depend on the applied flow conditions and corresponds to the slope of the 

curve. This behavior is typical of water or organic solvents. However, there are fluids 

whose viscosity varies depending on the shear rate; these are called non-Newtonian fluids. 

They can be divided into two categories: pseudoplastic (shear thinning) and dilatant 

(shear thickening) fluids (Mezger, 2015; Ramli et al., 2022). 

Pseudoplastic materials are characterized by a decreasing slope of the flow curve, in fact, 

their viscosity decreases as the shear rate increases (red curve in Figure 1-8), although it 

remains constant at very low and very high shear rates. Two linear regions, known as 

Newtonian plateaus, can be identified: the zero-shear viscosity η₀ (at low shear rates) and 

the infinite-shear viscosity η∞ (at high shear rates), which can be obtained using the 

Carreau-Yasuda model (Han, 2007; Alba & Kontogiorgos, 2021). 

This group typically includes dispersions of long-chain polymers, which, at rest or under 

low shear stress, are randomly dispersed in the solvent. When shear stress is applied, the 

chains align in the direction of the force, allowing better layer slippage and thus a decrease 

in viscosity (Irgens, 2013). 

Dilatant fluids, on the other hand, exhibit the opposite behavior, as their viscosity 

increases with increasing shear rate (blue curve in Figure 1-8). This behavior is typical of 

highly concentrated solutions, where under high shear stress, particles tend to 

agglomerate and resist flow, leading to an increased viscosity. They are called dilatant 

because they tend to expand in volume when force is applied (Mezger, 2015). 

 

Figure 1-8. Representation of flow curves of Newtonian and no-Newtonian fluids. 

 The viscosity versus the shear rate is reported. Adapted from Mezger, 2015. 
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Flow curves can be obtained using a rheometer. This instrument is equipped with a motor 

that allows the rotation of a shaft connected to a geometry capable of applying stress to 

the sample. The most common geometries are the plate–plate system, mainly used for 

more gel-like materials, and the double-gap or concentric cylinder system, used for less 

viscous solutions. In both cases, the lower support remains fixed, and only the upper part 

connected to the motor moves. The motor can apply rotations in both directions, 

generating either unidirectional or oscillatory stresses. In the case of oscillatory stresses, 

the instrument can control both the amplitude and the frequency of the applied stress 

(Han, 2007; Mezger, 2015). 

Using a rheometer, it is possible to measure the elastic moduli, the storage modulus, G′, 

and the loss modulus, G″, both expressed in Pascal. These values are obtained through a 

strain sweep test, also known as an amplitude sweep, during which the sample is subjected 

to increasing shear stress while keeping temperature and oscillation frequency constant. 

Samples in which G″ is greater than G′ exhibit a fluid-like behavior (viscoelastic liquid), 

whereas when G′ exceeds G″, the samples exhibit the solid-like behavior (viscoelastic 

solid). This test helps identify the range of shear rates in which the material shows linear 

viscoelastic behavior, meaning no structural damage is observed. This range is referred 

to as the Linear Viscoelastic Region (LVE) (Figure 1-9), which is essential for 

determining the appropriate shear rate levels for a subsequent test called the frequency 

sweep (Mezger, 2015). 

In amplitude sweep curves, it is sometimes possible to observe a flow point, where the G′ 

and G″ curves intersect, and the values become equal. Beyond this point, the moduli 

switch roles: the previously lower modulus becomes higher than the other, indicating that 

the sample has undergone structural damage that alters its physical nature (Figure 1-9) 

(Ramli et al., 2022). 
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Figure 1-9. Representation of the curve obtained after the amplitude sweep test. 

The curve of a solid-like materials (G’>G’’) is observed in the graph at the left, where a flow point is also 

detected; at right the amplitude sweep of a liquid-like materials (G’’>G’) is reported. Adapted from 

Mezger, 2015. 

Once the LVE is identified, a frequency sweep test can be conducted. In this test, the 

sample is subjected to oscillatory stress at variable angular frequencies. This allows the 

measurement of the material's viscoelasticity and provides insights into the internal 

structure of polymers and the long-term stability of dispersions by evaluating how the 

sample behaves over time. High frequencies simulate short-term or fast motion, while 

low frequencies simulate long-term or resting behavior. 

The results of these tests are typically presented in logarithmic scale graphs, where 

angular frequency (ω), expressed in radians per second (rad/s), or frequency (f) in Hertz 

(Hz), is plotted against G′ and G″ (Mezger, 2015). 

To evaluate the behavior of the tested material, the values of G′ and G″ at high and low 

frequencies are measured: if at low frequencies G″ > G′, the sample behaves primarily 

viscously and if at high frequencies G′ > G″, the material exhibits primarily elastic 

properties. 

To assess the long-term stability of dispersions, G′ and G″ values in the low-frequency 

region are considered. If G′ > G″, this indicates a solid-like structure, often due to a stable 

network of interactions, suggesting good physical stability of the dispersion. Conversely, 

if G″ > G′, the material is liquid-like and susceptible to phase separation. 

In frequency sweep graphs, a crossover point, where G′ and G″ intersect, may be present. 

This point can be linked to the resistance of a formulation over time: the lower the 

frequency at which the crossover occurs, the more long-lasting and stable the tested 

sample is, since frequency is inversely proportional to time (Ramli et al., 2022). 

Flow point 
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1.4.5. Dynamic Light Scattering (DLS) 

Dynamic Light Scattering, also known as Photon Correlation Spectroscopy (PCS), is an 

instrument used to measure the Zeta potential (Zp) and hydrodynamic radius (Rh) of 

particles. The Zp is a parameter that refers the surface change density of particles or 

nanoparticles (Berne & Pecora, 2013). Depending on its value, repulsion or aggregation 

phenomena due to electrostatic forces can occur: at values lower than -30 mV and higher 

than +30 mV no aggregation events happen due to the repulsion of the charges (Stetefeld 

et al., 2016). To measure the Zp, an electric field is applied between the electrodes of the 

cell containing the sample in solution, and then a laser beam passes through it. The 

charged particles move towards the electrode with opposite charge, causing a variation in 

the frequency of the light scattered by the sample. From this variation, it is possible to 

calculate the electrophoretic mobility (μ), which is used to calculate the Zeta potential 

through the Henry equation (8): 

𝜇 =  
2 𝜀 𝜁 𝑓(𝑘 𝑎) 

3 𝜂
 (8) 

where ε is the dielectric constant, ζ the zeta potential, f(k a) is the Henry function and η 

the solvent viscosity (Berne & Pecora, 2013; Stetefeld et al., 2016).  

Trough the DLS it is also possible to determine the hydrodynamic radius of the particles, 

their size, based on the irradiation of a solution and the subsequent measurement of 

scattering light (Stetefeld et al., 2016). During the experiment, a laser beam is applied to 

the sample and the variations in intensity of scattered light generated by random motion 

of particles, known as Brownian motions, are measured over time. This allows to 

determine the hydrodynamic radius of the particles because, at the same temperature and 

viscosity, smaller particles move faster, producing rapid changes in scattering intensity, 

while larger particles move more slowly, generating smaller intensity variations (Berne 

& Pecora, 2013; Feng et al., 2023). 

1.4.6. Scanning Electron Microscope (SEM) 

Scanning electron microscopy is a technique that allows the acquisition of images with 

magnifications beyond the resolution limit of optical microscopy, by exploiting the 

interaction between an electron beam and the atoms of the sample (Vernon-Parry, 2000). 

The SEM mainly consists of: a source from which the electron beam is generated, a 
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column containing a system of lenses necessary to control the beam, a series of detectors 

that collect the signal generated from the interaction between beam and sample to 

reconstruct the images, a sample holder and a vacuum system, generated by a vacuum 

pump and a turbomolecular pump, to prevent the beam from encountering obstacles such 

as gas molecules, with which would interact with it and reduce the image resolution. The 

lenses used are of electromagnetic type, as electrons cannot pass through the glass, and 

divided into two categories: condensing lenses, the first encountered by the electrons in 

the column, used to determine the size of the beam and used to focus the beam on the 

sample (Zhou et al., 2007).  

The signals obtained from a SEM analysis are: back-scattered electrons (Back Scattered 

Electrons, BSE), secondary electrons (SE) and X-rays (Goldstein et al., 2012).  

BSE are generated as a result of elastic interaction between the electron beam and the 

nuclei of the atoms constituting the sample. They are collected by the Backscatter 

Detector (BSD) which generates a grayscale image based on the sample composition. 

Darkest areas correspond to elements with a lower atomic number while the lighter areas 

correspond to heavier elements (Zhou et al., 2007).  

Secondary electrons are emitted from the material as a result of impact with the electron 

beam. In this case, the interaction is inelastic, during which part of the energy is 

dissipated; therefore, these electrons have a lower energy level than the back-diffused 

ones. For this reason, only electrons close to the sample surface can produce a signal 

which is picked up by the Secondary Electron Detector (SED). The image obtained allows 

a detailed view of the sample surface and its topography (Goldstein et al., 2012).  

X-rays have a characteristic energy for each element in the samples, allowing for 

qualitative and semi-quantitative analysis (Vernon-Parry, 2000). 

 

1.4.7. In vitro system  

In vitro models play an important role in the preclinical evaluation of chemical 

compounds, providing a controlled, reproducible, and ethically sustainable system to 

study their biological effects, mechanisms of action, and potential toxicity (Ediriweera et 

al., 2019). These models typically involve cultured cell lines, primary cells, 2D or 3D 

cultural systems, and organ system that mimic specific physiological environments, 

allowing the studies of parameters such as cytotoxicity, genotoxicity, oxidative stress, 

inflammation, metabolic activity, and barrier integrity (C. Zhang et al., 2024). Moreover, 

advanced models such as co-culture systems, organoids, and organ-on-a-chip 
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technologies have been developed to improve the similarity of physiological 

environments, especially in pathological conditions, in order to obtain more accurate 

results of in vivo outcomes (Saeidnia et al., 2015). 

In vitro systems can be used to understand compound mechanism in the cellular pathways 

and their interaction with receptors and enzymes without the need for animal testing 

(Adler et al., 2011). Despite some limitations in replicating the complexity of whole 

organisms, in vitro approaches are important for early-stage screening and for the 

determination of certain biological properties of chemical compounds. 

 

1.4.7.1. Cell viability in vitro test 

The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)  assay is a 

well-established and widely used colorimetric test for assessing cell viability, 

proliferation, and cytotoxicity in various biological and pharmacological studies 

(Ghasemi et al., 2021). This assay is based on the evaluation of cellular mitochondrial 

function by measuring the activity of succinate dehydrogenase enzymes present in 

metabolically active cells. Indeed, these enzymes are able to convert the yellow 

tetrazolium salt MTT into insoluble purple formazan crystals, which can be quantified by 

measuring the absorbance at a specific wavelength (Larramendy & Soloneski, 2018). This 

reaction occurs only in living cells with functional mitochondria, making the assay an 

indirect measure of cell viability and metabolic integrity (Buranaamnuay, 2021). 

During the test, cells, previously treated with the test compounds, are incubated with MTT 

and then the resulting formazan crystals are solubilized using an appropriate solvent, 

typically dimethyl sulfoxide (DMSO) or isopropanol. The absorbance of the resulting 

purple solution is measured typically at 570 nm, and this value is proportional to the 

number of viable cells in the culture, allowing to determine cell proliferation or the 

cytotoxic effects of tested compound (Ghasemi et al., 2021; Larramendy & Soloneski, 

2018).  

The MTT assay is a simple, cost-efficient, and reproducible test, making it particularly 

suitable for high-throughput screening. However, some limitations include sensitivity to 

variations in metabolic state, difficulties in removing cell culture media from the plate 

wells, and the requirement to solubilize formazan in organic solvent (Larramendy & 

Soloneski, 2018). Despite these drawbacks, the MTT assay remains a valuable tool in 

toxicological evaluations, drug development, and cancer research. 
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1.4.7.2. In Vitro Models for Intestinal Permeability 

Cell-based assays are used for studying the intestinal permeability in vitro, providing 

valuable insight into the absorption, transport, and barrier function of compounds across 

the intestinal epithelium, including under pathological condition such as inflammatory 

bowel diseases (IBD) (Dunleavy et al., 2023). The most commonly used models are 

monolayers of human colorectal adenocarcinoma cell lines, such as Caco-2 and HT29-

MTX, which differentiate over time to form tight junctions and microvilli (Srinivasan et 

al., 2015).  

Permeability is typically evaluated by measuring transepithelial electrical resistance 

(TEER), which reflects the integrity of the cell monolayer, and by monitoring the 

transport of marker molecules, such as or fluorescein isothiocyanate-dextran (FITC-

dextran) across the cell layer. A decrease in TEER or an increase in the permeability of 

the markers indicates a compromise in barrier integrity (Malik et al., 2025). These in vitro 

models are important for preclinical studies to understand the mechanisms of absorption, 

predict oral bioavailability, and assess the impact of inflammatory stimuli, microbial 

metabolites, or pharmacological agents on gut barrier function (Artursson et al., 2001). 
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CHAPTER 2 - SYNTHESIS AND 

CHARACTERIZATION OF SULFATED 

TAMARIND SEED POLYSACCHARIDE 

As previously reported, Tamarind seed polysaccharide (TSP) is a neutral water-soluble 

galactoxyloglucan isolated from the seed kernel of Tamarindus indica L. with average 

Mw 600–800 kDa. It is applied as a stabilizer, thickener, gelling agent and binder in food 

and pharmaceutical industries and in the ophthalmic field in the formulations of synthetic 

eye drops used for the treatment of the Dry Eye Disease (DED), due to its important 

physical, chemical and biological properties. 

Despite the above, there is room to further improve TSP properties and processing. Owing 

to its high molecular weight and the absence of charged substituents, the solution 

containing the polysaccharide can become very viscous, and solubilization of TSP 

requires a long time, and sometimes even heating. For these reasons, formulations 

containing TSP at low concentrations are often prepared to facilitate the dissolution step, 

representing a limitation for some applications in the pharmaceutical field and beyond. 

TSP chemical modification by sulfated groups is desirable to extend processability and 

applicability. In particular, the sulfated modification can allow the formation of specific 

binding to proteins or receptors, significantly increasing the biological activity and the 

potential applications of the biopolymer. 

The aim of this chapter is to determine the best conditions for TSP sulfation by tuning the 

extent of sulfation while maintaining high molecular wights. The chemical structure, the 

molecular size and the degree of sulfation (DS) were characterized by using a range of 

complementary physico-chemical techniques. Moreover, the stability toward enzymatic 

degradation by xyloglucanase, viscosity and mucoadhesive properties of S-TSP were 

evaluated.  

TSP was sulfated in a one-step process using dimethyl formamide as a solvent, and sulfur 

trioxide-pyridine complex as a sulfating reagent. Studies of chemical structure, molecular 

weight distribution and viscosity were conducted to characterize the synthesized 

products. The sulfation degree was established by conductimetric titration; the sulfate 

group distribution was studied by NMR spectroscopy and liquid chromatography-mass 

spectrometry, and sulfated TSP oligomers were obtained by enzymatic degradation with 

cellulase and/or xyloglucanase. Sulfated products showed higher solubility than TSP, 
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Mws in the range of 700–1000 kDa, a sulfation degree of two to four per subunit and 

pseudoplastic behavior. A preliminary study of mucoadhesion revealed the unexpected 

interaction of S-TSP with mucin, providing a route by which sulfated TSP interactions 

with biomolecules may be influenced. 

 

2.1.  Chemical sulfation of TSP 

2.1.1. Synthesis strategy 

TSP sulfation synthesis was performed in dimethylformamide, DMF, using sulfur 

pyridine complex (SO3·Py), modifying the sulfation methods of Nguyen (Nguyen et al., 

2021) and Lang and Crescenzi (Lang et al., 1992).  The chemical sulfation mechanism of 

TSP can be described as an electrophilic attack of the hydroxyl groups of the polymer on 

the SO3·Py reagent as shown in Figure 2-1. 

 

Figure 2-1. The chemical sulfation mechanism of TSP. 

In contrast with the published method, dry TSP was directly solubilized in DMF and was 

not precipitated in a gelatinous state before adding the reagent. Initially, the reaction was 

performed at room temperature (RT) and at 50°C as reported by Lang and Crescenzi (Lang 

et al., 1992), at the same concentration of reagents and with a TSP/ SO3·Py molar ratio of 

1:1. The sample obtained at room temperature, S-TSP_1, showed a lower degree of 

sulfation than the product sulfated at 50°C, S-TSP_1a (Table 2-1). However, S-TSP_1a 

showed lower absolute zeta potential and lower molecular weight, as reported in Table 2-

1 and Table 2-2 respectively, due to depolymerization of the product caused by the higher 

temperature. For this reason, the sulfation synthesis with higher concentration of reagent 

were performed at room temperature. TSP was solubilized at two different 

concentrations, 10 mg/mL and 5 mg/mL, to evaluate how this parameter influenced 

synthesis. As reported in Table 2-1, different TSP/ SO3·Py molar ratios were tested to 

obtain S-TSP with different sulfation degrees. 
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Table 2-1. Reaction conditions for sulfated TSP, S-TSP, synthesis (molar ratio and concentration), 

resulting in sulfation degree and zeta potential. 

*by conductimetric titration; RT: room temperature 

2.1.2. Conductimetric titration 

By conductimetric titration, the sulfation degree (DS) was determined (Equation 9 in 

paragraph 2.7.2.5.), considering that 21 hydroxyl groups can be sulfated on the repeating 

unit of TSP. The DS values are reported in Table 2-1. By increasing the reagent, an 

increase in DS was observed, as expected. S-TSP_1 and S-TSP_2 show, respectively, DS 

of two and three and S-TSP_3 DS of four, meaning that a lower TSP concentration also 

leads to an increase in DS. 

2.1.3. Zeta potential 

Qualitative analysis of the sulfation reaction was performed measuring sample Zp, a 

parameter typically obtained by model-dependent transformation of the measured 

electrophoretic mobility used to estimate the surface charge of the polymers (Ladiè et al., 

2021). As expected, the Zp of neutral TSP is equal to 0 mV, while negative Zp values 

were determined for the sulfated TSP products (Table 2-1). Additionally, the absolute Zp 

value correlated with the degree of sulfation obtained by conductimetric titration: −43 

mV for S-TSP_1, −47 mV for S-TSP_2 and −58 mV for S-TSP_3 (Table 2-1). 

2.1.4. Fourier-transform infrared spectroscopy (FT-IR) 

TSP sulfation was also confirmed by FT-IR spectroscopy. The pristine TSP FT-IR 

spectrum (Figure 2-2) showed the typical profile of this polysaccharide (Chawananorasest 

et al., 2016). The wide absorption peak from about 3600 cm−1 to 3000 cm-1 corresponded 

to the stretching vibration of hydroxyl groups (O–H) induced by inter- or intramolecular 

motion. The peak at 2890 cm−1 was due to C–H stretching and bending vibrations 

including CH, CH2 and CH3. The band at 1640 cm−1 is due to the small traces of uronic 

Sample 
Temperature 

(°C) 

TSP/ SO3·Py 

molar ratio 

TSP 

concentration in 

DMF (mg/mL) 

Sulfation 

Degree (DS)* 

Zeta potential 

(mV) 

TSP - - - - -0.70±0.16 

S-TSP_1 RT 1:1 10 2 -43.0±1.02 

S-TSP_1a 50°C 1:1 10 3 -37.8±3.12 

S-TSP_2 RT 1:2 10 3 -47.4±2.41 

S-TSP_3 RT 1:2 5 4 -58.1±3.12 
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acid in the TSP and the peaks from 1550 cm−1 to 1300 cm−1 were also related to C–H 

bands (L. Ren et al., 2022). The peak from 1150 to 897 cm−1 was attributed to C–O–C 

stretches (Chawananorasest et al., 2016). In S-TSP compounds, the presence of the 

sulfated groups was confirmed by the formation of two new bands in the spectra at 807 

cm−1 and 1227 cm−1, assigned to S=O and C–O–S stretching vibrations, respectively 

(Lang et al., 1992). The intensities of these bands increased with increasing DS, from S-

TSP_1 to S-TSP_3. 

 
Figure 2-2. FT-IR spectra of TSP and S-TSP samples. 

TSP is in black, S-TSP_1 in dark blue, S-TSP_2 in blue and S-TSP_3 in light blue. The new bands 

assigned to S=O and C–O–S stretching vibrations are signed with arrows. 

2.2. Physical-chemical characterization of TSP and sulfated 

products 

 

2.2.1. Molecular weight distribution 

Molecular Weight Distribution HP-SEC-TDA with multi-detector systems (Right Angle 

and Low Angle Light Scattering, Refractive Index and Viscosimeter) was used to 

determine the molecular weight distribution, intrinsic viscosity, hydrodynamic radius and 

Mark–Houwink parameters of TSP and S-TSP products. After various preliminary tests 

using the most common solutions for the elution such as NaNO3 sodium nitrate 0.1M with 

0.05% NaN3, 0.3 M sodium acetate with 0.05% NaN3 (pH~8.1) was chosen as the mobile 

phase. The samples had a similar elution volume between 11 and 16 mL with a broad 
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bell-shaped chromatographic peak, caused by a high polydispersity index (Table 2-2). 

The chromatograms of TSP and S-TSPs samples are reported in Figure 2-3. 

 

Figure 2-3. Chromatographic profiles of TSP (a), S-TSP_1 (b), S-TSP_2 (c) and S-TSP_3 (d). 

In red is reported the refractive index, in blue the viscometer, in black the low angle light scattering and in 

green the right angle light scattering.  

Since no published dn/dc values are available for TSP and S-TSP in sodium acetate, they 

were independently determined under the optimized chromatographic conditions: 0.139 

mL/g and 0.125 mL/g were obtained for TSP and S-TSP, respectively. Mw (weight 

average molecular weight), Mn (number average molecular weight), polydispersion index 

(expressed as Mw/Mn ratio),  (intrinsic viscosity), Rh (hydrodynamic radius) and a, 

corresponding to the slope of Mark-Houwink curve, are reported in Table 2-2. All the 

results refer to the mean values of duplicate injections. 

 

Table 2-2. HP-SEC-TDA results for pristine and modified TSP. 
Mw – weight average molecular weight, Mn – number average molecular weight, PDI – Polydispersity 

index,  – intrinsic viscosity, Rh – hydrodynamic radius, a – Mark-Houwink parameter. 

Sample Mw (kDa) Mn (kDa) PDI (Mw/Mn) [](dl/g) Rh (nm) a 

TSP 620 405 1.5 5.1 35 0.78 

S-TSP_1 750 485 1.5 3.8 34 0.82 

S-TSP_1a 660 355 1.8 4.0 33 0.70 

S-TSP_2 810 540 1.5 4.1 36 0.80 

S-TSP_3 1000 730 1.4 4.5 41 0.81 

 

The TSP Mw and Mn were 620 kDa and 405 kDa, respectively; S-TSPs showed higher 

molecular weight values similar with the theorical Mw values obtained with the presence 
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of sulfated groups on the polysaccharide chain. The molecular weight increase indicated 

that the reaction occurred without, or with negligible, sample depolymerization, except 

for S-TSP_1a, which showed a decreasing of the molecular wight due to the increased 

temperature (Table 2-2). The Mw/Mn remained constant and similar to the starting TSP, 

indicating that there was no increase in polydispersity after derivatization. The 

hydrodynamic radius (Rh) for TSP and S-TSP remain in the same range, except for S-

TSP_3, which showed a higher hydrodynamic radius of 41 nm due to higher molecular 

weight. The intrinsic viscosity, [η], of sulfated products is lower compared to TSP due to 

the introduction of sulfate groups along the chains that creates a charge density and leads 

to an increase in structural density, resulting in a decrease in viscosity (Blanco et al., 

2013). Comparing the different S-TSP products, the [η] increases with the degree of 

sulfation, as the effect of increased molecular weight predominates over the increase in 

density. The Mark–Houwink parameter, a, is similar for all the samples and comparable 

to data reported in the literature (H. Zhang et al., 2020). The values of a are in the range 

of 0.7–0.9, indicating that, regardless of DS, the molecules remain in a random coil 

conformation. The weight recovery, determined by the refractive index area, is in a range 

between 80% and 92% for all the samples, and these values are compatible with the water 

absorption by dry samples. 

2.2.2. Rheological properties 

The compound viscosity was also studied using a rheometer; Figure 2-4 shows that TSP 

and S-TSP behaved like pseudoplastic liquids, with viscosity decreasing for increasing 

shear rate. S-TSP_1 showed a very similar viscosity with TSP, starting at 165 mPa·s; in 

contrast, S-TSP_2 and S-TSP_3 had lower viscosity, starting at almost 100 mPa·s, 

probably due to the presence of the sulfated groups, which changes the conformation of 

the polysaccharide and decrease the viscosity (Z. Wang et al., 2018). Regarding the trend 

of viscosity, the more sulfated samples (S-TSP_2 and S-TSP_3) showed lower viscosity 

compared to TSP, but they were quite similar to each other, unlike the values determined 

by HP-SEC-TDA, for which the intrinsic viscosity increased from S-TSP_1 to S-TSP_3. 

It is important to emphasize that intrinsic viscosity, [η], is measured under infinite dilution 

conditions and is thus influenced by intramolecular rather than in intermolecular 

interactions. In contrast, viscosity, which provides insights into the behavior of fluid 

under a variety of conditions, is not measured under infinite dilution, making 
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intermolecular interactions significant. In this case, the negative charges of the sulfate 

groups are likely to play a crucial role in the viscous behavior, counteracting the increase 

in molecular weight, which is not the predominant parameter. 

 
Figure 2-4. Viscosity curves of TSP and S-TSP samples. 

TSP is in black, S-TSP_1 in dark blue, S-TSP_2 in blue and S-TSP_3 in light blue. The samples were 

analyzed at 10 mg/mL at 20°C. 

 

2.2.3. Scanning electron microscope (SEM)  

The morphology of the samples was analyzed for TSP and S-TSP_3 using SEM, as shown 

in Figure 2-5, to determine differences in the polysaccharide structure after the sulfation. 

 

Figure 2-5. SEM images of TSP (a) and S-TSP_3 (b). 

SEM images, Figure 2-5, revealed a three-dimensional network for both TSP and S-

TSP_3, after freeze-drying solutions in the same concentrations. TSP, shown in Figure 2-

5 (a), exhibited a compact, rough, and irregular surface, consistent with the previously 
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reported data (L. Ren et al., 2022). In contrast, the sulfated sample, shown in Figure 2-5 

(b), displayed a smoother surface compared to TSP, with some holes visible in the 

structure. This morphological difference is attributed to the chemical modification, which 

made the structure less compact (Tu et al., 2016; Z. Wang et al., 2018).  

2.3. Structural properties of TSP, S-TSP and their 

enzymatically hydrolyzed products 

TSP and S-TSP products were characterized using monodimensional (1D) and bidimen 

sional (2D) NMR spectroscopy. In the proton spectra (Figure 2-6), no significant 

chemical shift changes were observed following functionalization. This is likely to be due 

to the overlap of broad signals caused by the high viscosity of the samples and the high 

molecular weight, which reduced the spectral resolution. Consequently, only the well-

separated peaks were attributed to those of the anomeric region, specifically to xylose 

linked to galactose at 5.16 ppm, xylose linked only to glucose at 4.95 ppm, glucose and 

galactose at approximately 4.55 ppm and the hydrogen at position 2 of glucose at 3.40 

ppm.  

 

Figure 2-6. Proton spectra of TSP and S-TSP samples.  

TSP is reported in black, S-TSP_1 in dark blue, S-TSP_2 in blue and S-TSP_3 in light blue. 

The peaks of the anomeric protons of the residues and the position 2 of glucose are indicated. The 

superscript corresponds to the carbon number of the observed monosaccharide, labelled in bold, while the 

monosaccharide linked is in the parentheses.  Glc-glucose; Xyl-xylose; Gal-galactose. 
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2D 1H-13C heteronuclear single quantum correlation (HSQC) NMR allows the resolution 

of overlapping signals present in 1H NMR and is widely used for characterization of 

complex neutral (Huang et al., 2022) and charged (Eisele et al., 2023) polysaccharides. 

The 1H-13C HSQC cross peaks of TSP, attributed in accordance with the literature data 

(Arruda et al., 2015), are shown in Figure 2-7. In addition to the cross peaks related to 

glucose, galactose and xylose, signals from arabinose were also observed, likely due to 

contamination in plant seeds from arabinan or arabinoxylan, as reported in the literature 

(Tuomivaara et al., 2015; H. Zhang et al., 2020). 

In the HSQC NMR spectrum of S-TSP, the CH2 crosspeaks at about 4.33–4.22/69.9 ppm, 

which are separated from the other backbone signals (blue circles in Figure 2-7), are 

consistent with sulfation of the primary alcohol of galactose and/or glucose (D. Zhang, 

2014).  

 
Figure 2-7. 1H-13C HSQC superimposition of TSP in black with partial assignments and S-TSP_1 in blue. 

The superscript corresponds to the carbon number of the observed monosaccharide, which is in bold, 

while the monosaccharide linked is in the parentheses. Signals related to the sulfation were circled in 

blue. Arabinose signals are circled in grey. Glc-glucose; Xyl-xylose; Gal-galactose. 

As with the proton spectra, the resolution remains low because of the high molecular 

weight, which may prevent the detection of other signals related to sulfation. Moreover, 

as previously demonstrated with high molecular weight hyaluronic acid (Nizzolo et al., 

2024), two dimensional experiments are not quantitative due to the different 
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conformational mobility of the residues. Indeed, in the anomeric region of the TSP 

(Figure 2-7), galactose, which has greater conformational mobility compared to the other 

residues but is present in lower molar ratios (Glc:Gal = 3.1:1) relative to the theoretical 

unit (Raj & Lee, 2024), displays higher intensity than xylose and glucose.  

To address this, enzymatic degradation was performed to reduce the molecular weight of 

the polysaccharide while maintaining the substitutions, to allow a more effective NMR 

study. The lower molecular weight of the S-TPS products was expected to make LC-MS 

analysis feasible. Xyloglucanase and cellulase, enzymes with different specificity 

towards xyloglucans, were used: xyloglucanase hydrolyses the β-1,4 bond, primarily 

forming the repeating unit of TSP, Figure 2-8(a), (H. Zhang et al., 2020); cellulase, 

expected to be less specific and less sensitive to branching, cleaves both the β-1,4 linkage 

between glucose units and β-1,2-linked xylose and galactose (Ejaz et al., 2021), as shown 

in Figure 2-8(b). 

 

Figure 2-8. Schematic representation of the mechanism of action of xyloglucanase (a) and cellulase (b). 

After 24 h of depolymerization of TSP with cellulase and xyloglucanase, oligomers with 

Mw < 2kDa, reported in Table 2-3, similar to the theorical Mw of the repeating unit were 

obtained, regardless of the enzyme used. For S-TSP, the enzymes were less active due to 

the presence of sulfate, especially for the cellulase which could not hydrolyzed the TSP, 

that maintained a Mw of 253 kDa. Instead, oligomers with a Mw similar to the repetitive 

unit were obtained with xyloglucanase, but a fraction of almost 7 kDa still remained. 

Consequently, a mixture of both enzymes was used, and the hydrolysis time was extended 

to 48h compared to that used for TSP. 
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Table 2-3. HP-SEC-TDA results for hydrolyzed TSP and S-TSP. 

Mw – weight average molecular weight, Mn – number average molecular weight. 

 

 

 

 

2.3.1. NMR hydrolyzed TSP 

HSQC spectra of hydrolyzed TSP samples were recorded to verify the cleavage site of 

the enzymes. As shown in Figure 2-9, xyloglucanase hydrolyzed only the linkage between 

the backbone glucose units. Indeed, in the anomeric region, the signals of the α/β reducing 

ends (REs) of the glucose were observed (Figure 2-9).  

 

Figure 2-9. 1H-13C HSQC superimposition of the anomeric region of TSP in black and hydrolyzed TSP, 

with xyloglucanase in red.  

The superscript corresponds to the carbon number of the observed monosaccharide, which is in bold, 

while the monosaccharide linked is in parentheses. NR—non reducing end; Glc—glucose; Xyl—xylose; 

Gal—galactose. 
 

 

 

 

Sample Enzyme Mw (kDa) Mn (kDa) Recovery (%) 

TSP 
Cellulase 1.4 1.2 90 

Xyloglucanase 1.3 1.3 115 

S-TSP_1 

Cellulase 253 117 84 

Xyloglucanase 7.0 1.5 4.5 1.2 29 71 

Both enzymes 5.1 1.4 4.1 1.2 28 72 
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In contrast, cellulase also cleaved the β-1,2 linkage between the xylose and the galactose, 

as indicated by the signals of the galactose monomeric unit in Figure 2-10.  

 
Figure 2-10. 1H-13C HSQC anomeric region of hydrolysed TSP with cellulase. 

Signals related to Galactose anomeric signals,  and . The superscript corresponds to the carbon number 

of the observed monosaccharide, which is in bold, while the monosaccharide linked is in the parentheses. 

Glc-glucose; Glcred-glucose reducing end; Xyl-xylose; Gal-galactose. 

 

With both enzymes, a new signal at 4.93/100.9 ppm, attributed to the xylose linked to the 

non-reducing (NR) end glucose, was also observed (Figures 2-9/10). Owing to the short 

oligosaccharides, new signals in the hydrolyzed TSP appeared to the non-hydrolyzed 

pristine TSP, particularly in the region from 4.10 to 3.20 ppm. The complete attribution 

of the hydrolyzed TSP obtained by xyloglucanase digestion is reported in Table 2-4 and 

in Figure 2-11.  
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Figure 2-11. 1H-13C HSQC superimposition of TSP in black and hydrolyzed TSP with xyloglucanase in 

red. 

The superscript corresponds to the carbon number of the observed monosaccharide, which is in bold style, 

while the monosaccharide linked is in the parentheses. * signals assigned to the arabinose residue. Glc—

glucose; Xyl—xylose; Gal—galactose 
 

Table 2-4. Attribution of the HSQC’s signal of hydrolyzed TSP with xyloglucanase. 

The observed monosaccharide is in bold, while the monosaccharide linked is in the parentheses. Glc-

glucose; Xyl-xylose; Gal-galactose. 

Monosaccharide 

Residues 

Chemical shift (ppm) 

H/C 

1 2 3 4 5 6 

GlcNR 4.55/105.2 3.33/75.7 3.51/78.2 3.51/72.1 3.69/77.0 3.77/68.5 

Glc-(Xyl) 4.55/105.2 3.40/75.4 3.67/76.8 3.67/81.9 3.81/76.0 3.99-3.92/68.7 

Glc-(Xyl-Gal) 4.55/105.2 3.40/75.4 3.67/76.8 3.67/82.6 3.89/76.1 3.95-3.91/69.4 

Glcα 5.21/94.4 3.62/73.8 3.82/74.1 3.68/81.9 3.93/72.6 3.86/62.6 

Glcβ 4.65/98.3 3.29/76.5 3.65/77.1 3.68/81.7 3.60/77.2 3.93-3.81/62.7 

Xyl-(Gal) 5.16/101.4 3.66/82.7 3.90/74.6 3.71/72.1 3.71-3.56/63.9 - 

Xyl-(Glc) 4.95/101.6 3.54/74.1 3.72/75.7 3.59/72.1 3.71-3.56/63.9 - 

Xyl-(GlcNR) 4.93/100.9 3.54/74.1 3.72/75.7 3.63/72.1 3.71-3.56/63.9 - 

Gal 4.55/107.2 3.60/73.8 3.65/75.1 3.91/71.3 3.67/77.7 3.77/63.7 
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A quantitative HSQC analysis of the samples treated with xyloglucanase was possible 

due to the reduced molecular weight of the product. The 1:1 ratio between galactose and 

xylose linked to galactose, which showed the same values of integration, 16 and 17% 

respectively, along with a Glc:Xyl:Gal of 3.7:3:1.3, confirmed the proposed structure of 

the repeating unit as shown in Figure 2-12.  

 
Figure 2-12. Integration of 1H-13C HSQC anomeric region of hydrolyzed TSP with xyloglucanase. 

The superscript corresponds to the carbon number of the observed monosaccharide, which is in bold, 

while the monosaccharide linked is in the parentheses. The relative molar percentages of the individual 

monosaccharides are reported. Glc-glucose; Glcred-glucose reducing end; Xyl-xylose; Gal-galactose 

2.3.2. LC-MS of enzymatically hydrolyzed TSP and S-TSP 

The cellulase and xyloglucanase generated digestion products of TSP were also analyzed 

by hydrophilic interaction chromatography (HILIC) coupled with an ESI-QTOF mass 

spectrometer. The LC-MS profile of TSP hydrolyzed by xyloglucanase (Figure 2-13, on 

the bottom) showed two major peaks attributed to oligomers, the first composed of five 

hexoses and three pentoses (Hex5P3, m/z 611.21 at 12.5 min) and the second composed 

of six hexoses and three pentoses (Hex6P3, m/z 692.24 at 13.5 min), both corresponding 

to the main repeating unit of the TSP, compatible with the values obtained by the 

integration of the NMR bidimensional spectra, Figure 2-12 (H. Zhang et al., 2020). As 

expected, the less selective cellulase gave rise to shorter oligomers than xyloglucanase 

(Figure 2-13, on the top). Overall, the shorter oligomers are more abundant in the TSP 

treated with cellulase. The most intense peak corresponds to the oligomer composed by 

five hexoses and three pentoses (Hex5P3, m/z 611.21 at 12.5min), as that previously 

obtained with xyloglucanase, while Hex6P3 was detected only in trace amounts. The 
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observed differences between the products obtained by two enzymes are in accordance 

with the known higher specificity of xyloglucanase. It is most likely that the cellulase was 

able to cut the linkage between the xylose and the galactose, leading to the formation of 

Hex5P3. This hypothesis is in accord with the generation of monosaccharide galactose 

determined by NMR in cellulase-degraded TSP, shown in Figure 2-10.  

 
Figure 2-13. HILIC/ESI-QTOF-MS chromatograms of TSP hydrolyzed by cellulase on the top and TSP 

hydrolyzed by xyloglucanase on the bottom. 

Hex—hexose (glucose or galactose, 162 Da), P—pentose (xylose, 132 Da); the numbers in subscript 

indicate the number of hexoses and pentoses with in the detected oligosaccharide: ox indicates the 

oxidized minor components (−2 Da), most likely related to the C4-oxidized oligomers, as previously 

reported by P. Sun et al., 2020. 

Interestingly, both enzymes generate a short oligomer composed by two hexoses and two 

pentoses (Hex2P2, m/z 605.21 at 9.4min, Figure 2-13). This oligomer can be 

unambiguously attributed to the structure containing two glucoses, both branched with 

xylose. Probably the enzymes hydrolyzed two glucoses even if they were both linked with 

the xylose, with this fragment derived from longer oligomers with four or more xylose 

units near each other. The disaccharide Hex2 that was detected only in the LC-MS analysis 

of cellulase degraded TSP was attributed to the sucrose present in the cellulase as a 
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stabilizer. The LC-MS analyses also showed minor oligomers with a−2Da mass shift 

compared to the regular TSP oligomers, suggesting possible oxidation of one of the 

hydroxy-groups to a C=O group. Such a side oxidation degradation of xyloglucans has 

been previously studied by MALDI-TOF (P. Sun et al., 2020). The authors reported that 

the C=O may be generated at the NRE of the formed oligosaccharides at the level of 

enzymatic cleavage of the xyloglucan backbone. The S-TSP_1, with a DS value of two, 

hydrolyzed with the mixture of cellulase and xyloglucanase, was analyzed by ion-pair 

reversed phase high performance liquid chromatography (IPRP-HPLC) coupled with 

ESI-QTOF-MS (Figure 2-14). IPRP-HPLC is widely used for sulfated oligosaccharides 

due to its compatibility with ESI-MS and selectivity towards sulfated oligomers, 

including positional isomers (Alekseeva et al., 2020; Gardini et al., 2021; Kang et al., 

2022). LC-MS analysis showed well-defined groups of oligomers with different sulfate 

group numbers (from zero to at least six). Interestingly, only short neutral fragments were 

detected as minor components, suggesting that sulfation occurs in a random but relatively 

homogenous way along the polymer, and non-sulfated oligomers longer than Hex3P2 were 

not detected.  
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Figure 2-14. IPRP-HPLC/ESI-QTOF-MS chromatogram of S-TSP hydrolyzed by cellulase and 

xyloglucanase. 

Hex—hexose (glucose or galactose, 162 Da), P—pentose, (xylose, 132 Da), S—sulfate (SO3-,80Da); the 

numbers in subscript indicate the number of hexoses and pentoses within the detected oligosaccharide. 

The most abundant oligomers Hex6P3Sx and Hex5P3Sx are underlined and in bold. $—oligomers with the 

intensity lower than 500 (the intensity of the highest peaks Hex6P3S1/Hex5P3S1 and Hex6P3S2/Hex5P3S2 

are higher than 1×104). 
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As expected, the profile (Figure 2-14) suggests significantly higher structural 

heterogeneity of the S-TSP compared to the starting material. The increased complexity 

of the resulting oligosaccharide mixture is caused by non-specific sulfation reactions, 

leading to various positional isomers as well as enzymatic specificity of both 

xyloglucanase and cellulase that probably do not recognize highly sulfated regions.  

The extracted ion chromatograms (EICs) for m/z 732.19 (Hex6P3S1), 651.17 (Hex5P3S1), 

772.18 (Hex6P3S2), 691.15 (Hex5P3S2), 876.73 (Hex6P3S3), 731.13 (Hex5P3S3), 981.28 

(Hex56P3S4) and 900.26 (Hex5P3S4) are following reported in Figure 2-15.  

 
Figure 2-15. IPRP-HPLC/ESI-QTOF-MS chromatogram of S-TSP hydrolyzed by cellulase and 

xyloglucanase (a) and extracted ion chromatograms (EICs) showing the separation of various positional 

isomers of the most abundant mono-, di-, tri- and tetrasulfated Hex6P3Sx and Hex5P3Sx (b-i). 

Hex - hexose (glucose or galactose, 162 Da), P – pentose, (xylose, 132 Da), S – sulfate (SO3
-, 80 Da); 

DBA – dibutylamine (129 Da); the numbers in subscript indicate the number of hexoses and pentoses 

within the detected oligosaccharide. 
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Multiple peaks of each m/z confirm the presence of numerous positional isomers. The 

mass spectra of the most abundant oligomers co-eluted in the regions of mono-, di-, tri-, 

tetra-, penta- and hexasulfated oligosaccharides are shown in Figure 2-16 and the value 

m/z values and the corresponding ion forms are reported in Table 2-5. 

 

Figure 2-16. LC-MS chromatogram (a) and MS spectra of the most abundant peaks co-eluted in the 

regions of mono (b), bi- (c), tri- (d), tetra- (e), penta- (f) and hexasulfated (g) oligomers. 

Because various oligomers with the same sulfation degree, including positional isomers, are co-eluted, the 

mass spectra were averaged for their retention time range: 13.9–17.6 min ((b), HexxPyS1); 18.6–22.6 min 

((c), HexxPyS2); 24.6–27.7 min ((d), HexxPyS3); 31.0–34.3 min ((e), HexxPyS4); 36.4–38.0 min ((f), 

HexxPyS5); 41.7 ± 0.5 min ((g), HexxPyS6). Hex—hexose (glucose or galactose, 162 Da), P—pentose, 

(xylose, 132 Da), S—sulfate (SO3-, 80 Da); DBA—dibutyl amine (129 Da, adducts are indicated with 

blue arrow); the numbers in subscript indicate the number of hexoses and pentoses within the detected 

oligosaccharide. 
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Table 2-5. MS data of oligosaccharides identified in the S-TSP_1 digested with cellulase and 

xyloglucanase 

 Oligosaccharide  
Monoisotopic ions observed in ESI-MS 

Ion form m/z experimental m/z theoretical  Error, ppm 

N
o

 s
u

lf
at

ed
 o

li
g

o
m

er
s Hex1P1 

[M-H]- 311,0971 311,0984 -4,2 

[2M-H]- 623,2009 623,2040 -5,0 

Hex2P1 [M-H]- 473,1497 473,1512 -3,2 

Hex2P2 [M-H]- 605,1901 605,1935 -5,6 

Hex3P1 [M-H]- 635,1984 635,2040 -8,8 

Hex3P2 [M-H]- 767,2415 767,2463 -6,3 

M
o
n
o

-s
u
lf

at
ed

 o
li

g
o
m

er
s 

Hex2P1S1 [M-H]- 553,1042 553,1080 -6,9 

Hex3P1S1 [M-H]- 715,1568 715,1608 -5,6 

Hex2P2S1 [M-H]- 685,1459 685,1503 -6,4 

Hex3P2S1 [M-H]- 847,1954 847,2031 -9,1 

Hex4P2S1 [M-H]- 1009,2486 1009,2559 -7,2 

Hex5P2S1 [M-2H]2- 585,1488 585,1507 -3,2 

Hex3P3S1
$ [M-2H]2- 489,1173 489,1190 -3,5  

Hex4P3S1 [M-2H]2- 570,1446 570,1454 -1,4 

Hex5P3S1 [M-2H]2- 651,1684 651,1719 -5,4 

Hex6P3S1 [M-2H]2- 732,1945 732,1982 -5,1 

D
i-

su
lf

at
ed

 o
li

g
o
m

er
s 

Hex2P1S2 
$ [M+DBA-H]1- 762,2108 762,2166 -7,6 

Hex2P2S2 
$ [M+DBA-H]1- 894,2524 894,2513 1,2 

Hex3P2S2 [M+DBA-H]1- 1056,3050 1056,3117 -6,3 

Hex4P2S2 [M-2H]2- 544,1005 544,1027 -4,0 

Hex5P2S2 [M-2H]2- 625,1273 625,1291 -2,9 

Hex4P3S2 [M-2H]2- 610,1217 610,1239 -3,6 

Hex5P3S2 [M-2H]2- 691,1475 691,1503 -4,1 

Hex6P3S2 [M-2H]2- 772,1729 772,1766 -4,8 

Hex6P4S2 
$ [M-2H]2- 838,1935 838,1978 -5,1 

T
ri

-s
u
lf

at
ed

 o
li

g
o
m

er
s 

Hex3P2S3 
$ [M-2H]2- 503,0543 503,0547 -0,8 

Hex4P2S3 [M-2H]2- 584,0795 584,0811 -2,7 

Hex5P2S3 
$ [M-2H]2- 665,1053 665,1075 -3,3 

Hex4P3S3 [M-2H]2- 650,0981 650,1023 -6,5 

Hex5P3S3 [M-2H]2- 731,1249 731,1287 -5,2 

 [M+DBA-2H]2- 795,7010 795,7046 -4,5 
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Hex6P3S3 [M-2H]2- 812,1518 812,1551 -4,1 

 [M+DBA-2H]2- 876,7303 876,7310 -0,8 

Hex7P3S3 
$ [M+DBA-2H]2- 957,7494 957,7574 -8,4 

Hex6P4S3 
$ [M+DBA-2H]2- 942,7545 942,7521 -2,5 

Hex7P4S3 
$ [M+DBA-2H]2- 1023,7742 1023,7785 -4,2 

Hex7P5S3 
$ [M+DBA-2H]2- 1089,7941 1089,7996 -5,0 
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Hex4P2S4 
$ [M+DBA-2H]2- 688,6337 688,6354 -2,5 

Hex5P2S4 
$ [M+DBA-2H]2- 769,6561 769,6618 -7,6 

Hex4P3S4 [M+DBA-2H]2- 754,6548 754,6565 -2,3 

Hex5P3S4 
[M+DBA-2H]2- 835,6804 835,6830 -3,1 

[M+2DBA-2H]2- 900,2555 900,2588 -3,7 

Hex6P3S4 [M+2DBA-2H]2- 981,2802 981,2852 -5,1 

Hex7P3S4 [M+2DBA-2H]2- 1062,3061 1062,3116 -5,2 

Hex6P4S4 
$ [M+2DBA-2H]2- 1047,2975 1047,3064 -8,5 

Hex7P4S4 
$ [M+2DBA-2H]2- 1128,3259 1128,3328 -6,1 

Hex8P4S4 
$ [M+2DBA-2H]2- 1209,3525 1209,3592 -5,5 

Hex9P4S4 
$ [M+2DBA-2H]2- 1290,3777 1290,3856 -6,1 

Hex7P5S4 
$ [M+2DBA-2H]2- 1194,3382 1194,3539 -13,1 

Hex8P5S4 
$ [M+2DBA-2H]2- 1275,3743 1275,3803 -4,7 

Hex9P5S4 
$ [M+2DBA-2H]2- 1356,4063 1356,4067 -0,3 
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Hex4P3S5 [M+2DBA-2H]2- 859,2096 859,2108 -1,4 

Hex5P3S5 [M+2DBA-2H]2- 940,2331 940,2372 -4,4 

 [M+3DBA-2H]2- 1004,8057 1004,8131 -7,4 

Hex6P3S5 [M+2DBA-2H]2- 1021,2579 1021,2637 -5,7 

 [M-2H+3DBA]2- 1085,8336 1085,8395 -5,4 

Hex7P3S5 
$ [M-2H+3DBA]2- 1166,8599 1166,8659 -5,1 

Hex6P4S5 
$ [M+3DBA-2H]2- 1151,8572 1151,8607 -3,0 

Hex7P4S5 
$ [M+3DBA-2H]2- 1232,8802 1232,8871 -5,6 

Hex8P4S5 
$ [M+3DBA-2H]2- 1313,9039 1313,9135 -7,3 

Hex9P4S5 
$ [M+3DBA-2H]2- 1394,9255 1394,9399 -10,3 

Hex7P5S5
$ [M+3DBA-2H]2- 1298,9013 1298,9082 -5,3 

Hex8P5S5 
$ [M+3DBA-2H]2- 1379,9202 1379,9346 -10,5 

Hex9P5S5 
$ [M+3DBA-2H]2- 1460,9437 1460,9610 -11,8 
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Even if the ESI-MS cannot be considered quantitative because the ionization of oligomers 

of different length and DS may vary, it is evident that the most abundant oligomers have 

the same backbone (Hex6P3Sx and Hex5P3Sx) as for the digested neutral TSP, suggesting 

that sulfation did not significantly affect the enzymatic cleavage of the polysaccharide 

chain. Assuming that the enzymes would not recognize the sulfated glucose backbone, 

we suppose that sulfation occurred prevalently at the level of external galactose residues. 

These results are in agreement with the 2D NMR results (discussed below). The presence 

of oligomers of the same length but with the number of sulfates higher than the theoretical 

number of primary hydroxy-groups (CH2OH of non-substituted glucose and galactose) 

suggests that sulfation may also occur on secondary alcohol of the residues. Additionally, 

the presence of longer oligomers (Figure 2-16) indicates that sulfation also happened on 

the backbone of the structure, on the glucose, in the proximity to the enzyme’s cleavage 

site, thus inhibiting the enzymatic cleavage. The presence of trace oligomers such as 

Hex5P4S4 and Hex8P6S4 (Table 2-5) suggests that regions poorly substituted with 

galactoses are present within the TSP chains. 

2.3.3. NMR of enzymatically hydrolyzed S-TSP  

To confirm the LC-MS results, NMR analysis was also performed. In the HSQC spectra 

of the hydrolyzed sulfated sample with both enzymes, new signals appeared compared to 

the spectrum of TSP hydrolyzed with cellulase (Figure 2-17). The presence of CH2 signals 

at about 69 ppm for 13C indicated that sulfation mainly occurred on the primary alcohols 

of glucose and galactose residues, as previously suggested by the NMR and LC-MS 

results. The signals at 4.22/70.0 and 4.31/69.4 ppm were attributed respectively to the 

presence of the sulfated group on the position C6 of the galactose and glucose, in 

accordance with literature (Gardini et al., 2021; Nizzolo et al., 2024). Indeed, the 

substitution is preferred in the galactose side chain of the polysaccharide due to steric 

availability of these groups (Raj & Lee, 2024). Moreover, the substitution on galactose 

led to a shift of the hydrogen in position 1 to lower fields, as shown in the literature (da 

Silva et al., 2022; London, 2022). Other new signals were present, arising from sequence 

effects following sulfation or to the presence of sulfated groups on secondary alcohols, in 

accordance with the LC-MS results, but extensive fractionation steps will be necessary 

for complete attribution. 
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Figure 2-17. 1H-13C HSQC superimposition of TSP in black hydrolyzed with cellulase and S-TSP_1 

hydrolyzed with xyloglucanase and cellulase in blue. 

Circled signals are related to sulfation. Galactose anomeric signals, α and β, are reported in the figure. 

The superscript corresponds to the carbon number of the observed monosaccharide, which is in bold, 

while the monosaccharide linked is in parentheses. * signals assigned to the cellulose enzyme; Gal—

galactose. 

2.4. Mucoadhesion 

Mucoadhesion, the ability of the polymer to adhere to the mucus layer due to interactions 

with mucins (Madsen et al., 1998; de Oliveira Cardoso et al., 2020), is an important 

property for the application of TSP, especially in the ophthalmic field (Uccello-Barretta 

et al., 2013). For this reason, mucoadhesion was also studied for the sulfated products. A 

variety of analytical approaches can be used to evaluate the mucoadhesion properties of 

the polysaccharide. Here, rheology and the zeta potential were employed, based on Graça 

et al. (Graça et al., 2018).  

 

2.4.1. Rheology  

The viscosities of solutions of TSP and S-TSP_1 at 10 mg/mL with and without mucin 

(2.5 w/w) were measured, and their viscosity curves are reported in Figure 2-18.  
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Figure 2-18. Viscosity curves: (a) TSP (10 mg/mL) in black and TSP with mucin (2.5 w/w) in red; (b) S-

TSP_1 (10 mg/mL) in blue and S-TSP_1 with mucin (2.5 w/w) in red. 

Changes in viscosity were observed in the presence of mucin for TSP and S-TSP (Figure 

2-18), demonstrating that both TSP and S-TSP interact with the glycoprotein. TSP with 

mucin showed a higher viscosity than the solution without the glycoprotein, but, 

surprisingly, the sulfated product, S-TSP, exhibited decreased viscosity in the presence 

of mucin. These two different behaviors reflect the fundamental structural differences 

between TSP and S-TSP combined with the different interactions that these result in. 

Sulfation of a polymer may be expected to stiffen the polymer chains as a consequence 

of charge repulsion, leading to decreased conformational flexibility, but the appended 

charged groups also carry increased volumes of associated water molecules, effectively 

increasing their volume. These effects cannot readily be deconvoluted, and the manner in 

which these charged groups influences subsequent interactions with mucin is also 

difficult to predict. For TSP, viscosity increased after cooperative inter/intrapolymer 

interactions between mucin and the polysaccharide, whereas in the case of S-TSP the 

interaction with the glycoprotein probably led to a decrease of the hydrodynamic volume, 

perhaps through tighter association, driven by charge interactions, including cation-

mediated interactions, and so to decreased viscosity (Menchicchi et al., 2015).  

2.4.2. Zeta potential 

The adhesion of the polysaccharide to mucin lead to changes in the surface properties 

such as the Zp. Table 2-6 shows the Zp of solutions of TSP and S-TSP with and without 

mucin. 
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Table 2-6. Zeta potential of solution of mucin 0.5 w/w, TSP and S-TSP_1 at 2 mg/mL without and with mucin. 

 

 

 

 

 

 

The solution of TSP with mucin showed a similar Zp to the solution of the glycoprotein, 

showing that the interaction with mucin is not based on electrostatic forces, since TSP is 

a neutral polysaccharide (Uccello-Barretta et al., 2013). Instead, the presence of mucin 

led to a significant change of Zp for S-TSP, which demonstrates a probable electrostatic 

interaction between the protein and the sulfated product. Indeed, S-TSP interacted with 

the positively charged domain of the mucin, leading to charge compensation and variation 

in the Zp, as reported in the literature for negatively charged polysaccharides (Yermak et 

al., 2020). We conclude that the S-TSP samples showed an ability to interact with mucin. 

 

2.5. Ocular Irritation test 

As previously reported, TSP is used in the formulation of eye drops. For this reason, an 

ocular irritation test was performed on the sulfated products to evaluate whether the 

chemical modification induced eye irritation. A cellular model of transformed human 

corneal keratinocytes which is structurally, morphologically, and functionally similar to 

the human cornea was used for the assay. The cells were incubated with PBS, as negative 

control, and with eye drops formulation based on TSP (0.2%), S-TSP_1 and S-TSP_2 at 

different concentrations, (0.4%, 0.2% and 0.1%). The cell viability was assessed using an 

MTT assay, to determine the effects of the samples on the corneal tissue. Specifically, if 

viability is lower than 50% the products considered capable to induce serious eye damage, 

(Category 1), or eye irritation, (Category 2); if viability is higher than 50%, the samples 

are considered non-irritant (No Category) (Alépée et al., 2016). The viabilities of the 

samples are reported in Figure 2-19.  

Sample Zeta potential (mV) 

Mucin  -2.59±0.13 

TSP  -0.70±0.16 

TSP + mucin  -2.09±0.15 

S-TSP_1 -43.0±1.02 

S-TSP_1 + mucin  -10.1±0.75 
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Figure 2-19. Effect of PBS (negative control), TSP, S-TSP_1 and S-TSP_2 compounds on cell viability 

after 24-hour treatment.  

Cell viability was assessed and expressed as a percentage relative to the vehicle-treated control. Data are 

presented as mean ± SEM (n = 6). Statistical analysis was performed using One way ANOVA followed by 

post-test Bonferroni. 

All the modified samples, at the three different concentrations, showed a cell viability of 

100% similar to the negative control and the TSP, as represented shown in Figure 2-19. 

Therefore, the chemical sulfation of TSP can be considered safe, as it did not cause any 

eye damage or irritation. Moreover, the different degrees of sulfation, 2 for the S-TSP_1 

and 3 for S-TSP_2, did not affect tissue viability.  

  



 
 

 

68 

   

2.6. Conclusion  

In this study, synthesis and characterization of sulfated TSP samples were achieved. The 

sulfated reaction was carried out successfully in organic solvent (in aqueous media it was 

unsuccessful reproducing the synthesis of Nguyen et al.) at room temperature without 

depolymerization, providing varied extents of sulfation with different concentrations of 

reagent. The concentration of TSP and the TSP/sulfation reagent ratio are critical and can 

be used to control the sulfation reaction. The success of the sulfation reaction was 

established using three different techniques: conductimetric titration, FT-IR 

spectroscopy, and analysis of the zeta potential. The first method allowed the calculation 

of the number of sulfated groups per repeating unit of the TSP and the increase in DS 

with increasing concentration of reagent. Two new bands in the FT-IR spectra 

demonstrated the formation of new bonds consistent with sulfated groups, and the 

negative Zp confirmed the addition of negatively charged groups, whose presence also 

increased the solubility of the product due to electrostatic repulsions of the charges 

(Bertini et al., 2017). Moreover, the addition of sulfates bestowed new biological 

activities on the products, as reported above. The physical properties of the sulfated 

samples were also studied to verify the maintenance of the properties of TSP, including 

high molecular weight and pseudoplastic behavior. S-TSPs showed higher molecular 

weights than TSP, consistent with the DS obtained. The mild conditions of the reaction 

guarantee the maintenance of polymer chain length and the structure of TSP. The 

viscosity of S-TSP at low shear is very similar to TSP (Figure 2-4) but is maintained 

better at higher shear rate, indicating stronger intermolecular interactions. The presence 

of sulfated groups led to lower viscosity: in general, the sulfation of a polysaccharide 

tends to reduce the viscosity of the solution, mainly due to the electrostatic repulsion 

between the polymer chains, which prevents aggregation and favors a more compact 

conformation. Moreover, S-TSP tends to be more soluble in water than its unsulfated 

version: increased solubility can reduce the interaction between chains, leading to a 

decrease in the viscosity of the solution. To study in detail the structure of sulfated 

products, an enzymatic hydrolysis step was necessary, which allows for the reduction of 

molecular weight without altering the chemical structure, thereby generating 

oligosaccharides that can also be characterized using LC-MS techniques (York et al., 

1993). The presence of sulfate groups inhibits the action of enzymes specific to TSP, 

likely due to the steric hindrance of the anionic group, which prevents, or slows down, 
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cleavage of the β-1,4 glucose-glucose bonds. By studying the hydrolysis products of S-

TSP using NMR, partial sulfation of the C6 positions of glucose and galactose was first 

demonstrated, as evidenced by the presence of signals in the HSQC spectrum 

corresponding to both the CH2OH and CH2OR groups. Indeed, the SO3·Py reagent 

induces sulfation at primary hydroxyl group, at the C-6 or C-5 positions of hexose/pentose 

units, respectively (Jana et al., 2021). Additionally, it was shown that even the secondary 

alcohols of the monosaccharide subunits can react, since new HSQC correlation peaks 

appeared in the anomeric region, likely indicating a substitution at position 2 of the sugar. 

This finding is also supported by the HILIC/ESI QTOF-MS chromatogram of the 

hydrolyzed sulfated product. As expected, sulfation was not selective, and the preference 

for primary hydroxyl groups was confirmed. This resulted in the generation of various 

positional isomers that occur in a random but relatively homogeneous manner along the 

polymer. The complexity of the LC-MS profiles of the digested S-TSP may also be 

affected by the α/β-anomers. For precise determination of the sulfation position, size 

fractionation steps are required prior to NMR and/or LC-MS analyses. The interaction of 

biomaterials with mucin potentially leads, under physiological conditions, to 

mucoadhesion, the ability of a polysaccharide to adhere to mucosal surfaces, such as those 

in the mouth, nose, intestine or genitourinary tract; these phenomena are particularly 

relevant to fields including pharmacology, medicine and biomedical technologies 

(Szilágyi et al., 2020). An interesting result was obtained from the study of the interaction 

between S-TSP and mucin, a glycoprotein involved in the mucus adhesion process. This 

study highlighted how the presence of negatively charged groups with significant steric 

hindrance along the TSP chain led to an interaction with mucin, specifically involving 

these charges, as evidenced by a change in Zp. This interaction differs from the one 

between TSP and the glycoprotein, which does not involve charges, but is likely to arise 

from steric interactions. This distinct interaction produces opposing effects in terms of 

viscosity: in the case of TSP with mucin, there is an increase in viscosity compared to the 

native TSP, indicating the formation of a complex with lower structural density. 

Conversely, with S-TSP, the complex that forms is likely to have higher structural 

density. Indeed, high molecular weight negatively charged samples are more flexible and 

can link distant domain of mucin, reducing the hydrodynamic volume and, consequently, 

the viscosity (Yermak et al., 2022; Ferreira et al., 2023). The decrease of viscosity with 

S-TSP may be advantageous, for example, in formulations for treating eye diseases, 

where increasing the viscosity can cause irritation to the eye (Lynch et al., 2019). 
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S-TSP samples showed no irritation effects, making them suitable in the eye drops 

solution. Formulative tests will be performed to investigate if S-TSP could be used as a 

replacement of TSP in ophthalmic products. 
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2.7. Materials and methods  

2.7.1. Materials  

TSP was provided by FARMIGEA (Pisa, Italy). Sodium azide, trimethylsilyl-3-propionic 

acid, hydrochloric acid (≥37%), sulfur trioxide pyridine complex, N,N-

dimethylformamide, cellulase from Penicillium funiculosum (6.7 units/mg), 

dibutylamine, amberlite® IR-120 H+, sodium hydroxide, acetic acid glacial, ammonium 

acetate, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 

Dulbecco′s Phosphate Buffered Saline (PBS), without calcium chloride and magnesium 

chloride were purchased from Sigma Aldrich (Milan, Italy); NaOH 0.1 M from Merck 

(Kenilworth, NJ, USA); dimethyl sulfoxide from Fluka Analytical (Milan, Italy); 

acetonitrile and methanol from Carlo Erba (Milan, Italy); and xyloglucanase (GH5) 

(Paenibacillus sp.) from Megazyme International (Wicklow, Ireland). Ethanol (96%) was 

purchased from Girelli Alcool (Milan, Italy), and deuterium oxide (99.9%) from Euriso-

top (Saint-Aubin, France). SkinEthicTM HCE (Human Corneal Epithelium) tissue and 

SkinEthic Maintenance Medium were purchased from Episkin (Lyon, France) Deionized 

water (conductivity less than 0.1 µS) was prepared with an osmosis inverse system 

(Culligan, Milan, Italy). PolyCAL-Pullulan Std-102K and PolyCAL-DextranStd-T67K 

were purchased from Malvern Panalytical (Malvern, UK). When not specified, the 

reagents were ≥ 98% pure. 

 

2.7.2. Methods  

2.7.2.1.  Sulfation reaction 

1.0 g of dry TSP was suspended in dry dimethyl formamide (DMF, 100 mL or 200 mL), 

and the mixture was stirred overnight at room temperature. Then, different mole/residue 

ratios of polysaccharide/ SO3·Py (1:1 and 1:2) were added: S-TSP_1 was obtained adding 

2.74 g of the reagent in 100 mL of DMF, S-TSP_2 using 5.48 of sulfur trioxide-pyridine 

complex in 100 mL and S-TSP_3 using 5.48 g in 200 mL. The resulting finely dispersed 

suspension was stirred vigorously for 24 h at room temperature. After dilution with water 

(20 mL), a homogeneous mixture was obtained and then precipitated with alcohol 

(EtOH/H2O 70% v/v) to remove DMF, pyridine and salt excess of sulfating agent and 

potential degradation production of the latter (Na2SO4). The S-TSP products were 

recovered by centrifugation. The solid obtained after centrifugation was dissolved in 
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water (~150 mL) and precipitated with ethanol 70% v/v. This process was repeated for a 

third time, and lastly the precipitate was solubilized in water and dialyzed in water (c.o. 

= 6–8 kDa). The pH was also controlled and adjusted to a neutral value. 

 

2.7.2.2.  1D and 2D NMR Analysis 

TSP’s 1H and 1H-13C HSQC spectra were obtained with a Bruker AVANCE 600 III 

apparatus (Bruker, Karlsruhe, Germany) at 313 K. About 8 mg of sample was dissolved 

in 0.6 mL of deuterium oxide (D2O). The TSP sample was stirred overnight to ensure 

complete solubilization before transferring to a 5 mm NMR tube for analysis. 1H-

NMRspectra were acquired with presaturation of residual HOD, using the Bruker zgcppr 

pulse program, with the following parameters: number of scans 16, relaxation delay 12 s 

D1, time domain 32 k points and spectral width of 18 ppm, with transmitter offset 4.7 

ppm. 1H-13C HSQC experiments were performed using the Bruker hsqcetgpsisp2.2 pulse 

program, with GARP4 decoupling. The following acquisition parameters were used: 24 

scans, 16 dummy scans, relaxation delay 2 s, time domain 2048 (F2) and 256 (F1), 

spectral width 8 ppm (F2) and 160 ppm (F1), transmitter offset 4.7 ppm (F2) and 80 ppm 

(F1), and number of t1 increments 320. The 1 JC–H tune value was set to 150 Hz. S-

TSP’s 1H-13C HSQC spectra were obtained with a Bruker AVANCE NEO 500 MHz 

spectrometer (Bruker, Karlsruhe, Germany) equipped with a 5 mm TCI cryoprobe at 303 

K. About 8 mg of sample was dissolved in 0.6 mL of deuterium oxide (D2O) with 0.002% 

trimethylsilyl-3-propionic acid. The S-TSP samples were stirred overnight to ensure 

complete solubilization before transferring to a 5 mm NMR tube for analysis. 1H-NMR 

spectra were acquired with presaturation of residual HOD, using the Bruker zgcppr pulse 

program, with the following parameters: number of scans 32, relaxation delay 12 s D1, 

time domain 32 K points and spectral width of 11 ppm, with transmitter offset 4.7 ppm. 

1H-13C HSQC scans were acquired using the Bruker hsqcedetgpsisp2.2 pulse program, 

with the following parameters: number of scans 48, dummy scans 16, relaxation delay 2 

s, time domain 2048 (F2) and 256 (F1), spectral width 7.9 ppm (F2) and 80 ppm (F1) and 

transmitter offset 4.7 ppm (F2) and 80 ppm (F1). The hydrolyzed with cellulase TSP 

sample’s 1H-13C HSQC spectrum was obtained with a Bruker AVANCE IIIHD 

spectrometer operating at a proton frequency of 500 MHz (Bruker), equipped with a 5 

mm BBO probe, at 303 K. About 20 mg of sample was dissolved in 0.6 mL of deuterium 

oxide (D2O) with 0.002% trimethylsilyl-3-propionic acid and transferred to a 5 mm NMR 
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tube for analysis. 1H-13C HSQC scans were acquired using the Bruker hsqcedetgpsisp2.2 

pulse program, with the following parameters: number of scans 20, dummy scans 16, 

relaxation delay 2 s, time domain 2048 (F2) and 320 (F1), spectral width 7.9 ppm (F2) 

and 120 ppm (F1) and transmitter offset 4.7 ppm (F2) and 70 ppm (F1). The hydrolyzed 

with xyloglucanase TSP sample’s 1H-13C HSQC spectrum was obtained with a Bruker 

AVANCE III HD spectrometer operating at a proton frequency of 500MHz (Bruker), 

equipped with a 5 mm BBO probe, at 303K. About20mgofsamplewasdissolvedin0.6 mL 

of deuterium oxide (D2O) with 0.002% trimethylsilyl-3-propionic acid and transferred to 

a 5 mm NMR tube for analysis. 1H-13C HSQC scans were acquired using the Bruker 

hsqcedetgpsisp2.2 pulse program, with the following parameters: number of scans 64, 

dummy scans 16, relaxation delay 1.5 s, time domain 1024 (F2) and 320 (F1), spectral 

width 9.9 ppm (F2) and 160 ppm (F1) and transmitter offset 4.7 ppm (F2) and 85 ppm 

(F1). The hydrolyzed S-TSP sample’s 1H-13C HSQC spectrum was obtained with a 

Bruker AVANCE NEO500 MHz spectrometer (Bruker, Karlsruhe, Germany) equipped 

with a 5 mm TCI cryoprobe, at 303 K. About 20 mg of sample was dissolved in 0.6 mL 

of deuterium oxide (D2O) with 0.002% trimethylsilyl-3-propionic acid and transferred to 

a 5 mm NMR tube for analysis. 1H-13C HSQC scans were acquired using the Bruker 

hsqcedetgpsisp2.2 pulse program, with the following parameters: number of scans 20, 

dummy scans 16, relaxation delay 2 s, time domain 1024 (F2) and 320 (F1), spectral 

width 7.9 ppm (F2) and 120 ppm (F1) and transmitter offset 4.7 ppm (F2) and 70 ppm 

(F1). All spectra were processed with BrukerTopspin software version 4.1.1. 

 

2.7.2.3.  FT-IR 

The infrared spectra of TSP and S-TSP were recorded using an Alpha spectrometer 

(Bruker, Bremen, Germany) in the range of 4000 – 400 cm−1 at room temperature. An 

ATR (Attenuated Total Reflection) (Bruker, Bremen, Germany) platinum diamond was 

used for the measurement. A resolution of 4 cm−1 and a phase resolution of 32 were 

employed. The sample scan time and the background scan time were both 100 scans. The 

data were analyzed using OPUS software version 7.0 (Bruker, Bremen, Germany) 

 

2.7.2.4.  Zeta Potential 

The zeta potential was measured using a Zetasizer Nano ZS apparatus (Malvern 

Panalytica, Malvern, UK) with a fixed scattering angle of 173° and a 633 nm helium–
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neon laser. Data were analyzed using Zetasizer software version 7.11 (Malvern 

Panalytical, UK). TSP and S-TSP were diluted in deionized water to the desired 

concentration (2.00 mg/L). The measurement was performed at 25°C, five measurements, 

10 run, 60 s time delay and general purpose method for the acquisition using disposable 

folded capillary cells (DTS1070, Malvern Panalytical, UK). 

 

2.7.2.5.  Determining Degree of Sulfation using Conductimetric Titration 

The sulfation degree of S-TSP was determined by conductimetric titration adapting the 

method proposed by Alekseeva et al., 2020 (Alekseeva et al., 2020). The analyses were 

performed with an automatic “Titrando” 888 (“Metrohn”, Herisau, Switzerland) titrator 

coupled with a Metrohm Conductimeter 712 with a conductivity cell characterized by a 

constant of 0.76 cm−1. An aqueous solution (10 mL) of each sample (120 mg), previously 

exchanged on an activated Amberlite® IR-120 (H+) (Sigma Aldrich, Milan, Italy) column 

(20 mL), was titrated by adding point by point 150 µL of 0.1 M NaOH solution every 200 

s to a maximum volume of 6 mL. The number of sulfated groups on the repetitive unit 

was calculated using the following equation: 

DS (mole) =  
(mmole NaOH added)

mg S TSP- (mmole NaOH added×80
g

mole
)

1207
g

mole

 
(9) 

where “1207 g/mole” is the weight of an average repeating unit of TSP and “80 g/mole” 

is the weight difference between the group–SO3H and the group–OH. 

 

2.7.2.6.  Molecular Weight Distribution by Size Exclusion Chromatography with Triple 

Detector Array (HP-SEC-TDA) 

Chromatographic acquisitions were performed on a Viscotek system model TDA302 

(Malvern Panalytical, UK) equipped with a triple detector array exploiting simultaneous 

action of a refraction index detector (RI), Right and Low Angle Light Scattering (RALS 

and LALS) and a Viscometer (DP). Measurements were performed at 40°C using 2× 

TSKGMPWXL columns, 13µm, 7 mm ID × 30 cm L, in series (Tosoh Bioscience, Tokyo, 

Japan)). AcONa 0.3 M + NaN3 0.05% pH~8, prefiltered (0.22 µm mixed cellulose ester 

filter) was used as mobile phase at a flow rate of 0.6 mL/min. Chromatographic profiles 

were elaborated using OmniSEC software version 4.6.2. RI increments, referred to as 
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dn/dc, were determined to enable conversion of RI values into concentrations of TSP and 

products-TSP. dn/dc values equal to 0.139 and 0.125 were calculated for TSP and S-TSP, 

respectively. The detectors were calibrated with Pullulan standard, with certified 

molecular weight, polydispersion index and intrinsic viscosity (PolyCAL-PullulanStd-

102K Malvern Panalytical, UK). Samples were analyzed at 1 mg/mL in AcONa 0.3 M + 

NaN3 0.05% pH~8. 

 

2.7.2.7.  Rheology  

The rheological properties were studied using a Modular Compact Rheometer MCR 92 

(Anton Paar GmbH, Graz, Austria), with measure system DG26.7 (double gap geometry 

with a cylinder spindle) at a temperature of 20°C. Viscosity measurements were 

performed in rotation mode, investigated in the range of 1–1000 s−1, with a logarithmic 

ramp, and ten points per decade were acquired. Samples were solubilized in deionized 

water to a concentration of 10 mg/mL; about 60 mg was solubilized in 6 mL of deionized 

water. 

 

2.7.2.8.  Interaction with mucin 

The interaction with mucin was evaluated comparing the viscosity of TSP and S-TSP 

without and with mucin. A solution of mucin 5% (w/w) was prepared by solubilizing 1 g 

of mucin in 20 mL of deionized water. TSP and S-TSP solutions were prepared at 10 

mg/mL in deionized water, and the viscosity was measured. For experiments with mucin, 

60 mg of TSP or S-TSP were solubilized in 3 mL of deionized water. After complete 

solubilization, 3 mL of mucin solution was added to obtain a final concentration of 10 

mg/mL for the polysaccharide and 2.5% of mucin (w/w). Viscosity measurements were 

performed in rotation mode and investigated in the range of 1–1000 s−1, with a logarithmic 

ramp, and ten points per decade were acquired. The interaction was also studied 

measuring Zp. In total, 20 mg of TSP or S-TSP was solubilized in 5 mL of deionized 

water, and 200 mg of mucin was solubilized in 20 mL of deionized water (1% w/w). Then, 

1 mL of the solution of TSP or S-TSP was added to 1 mL of mucin 1% (w/w) to a final 

concentration of 2 mg/mL of TSP or S-TSP and 0.5% (w/w) of mucin. The measurement 

was performed at 25°C, five measurements, 10 runs, 60 s time delay and general-purpose 

method for the acquisition using disposable folded capillary cells (DTS1070, Malvern 

Panalytical, UK). 
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2.7.2.9.  Enzymatic depolymerization 

Enzymatic depolymerizations were carried out using cellulase from Penicillium 

funiculosum and xyloglucanase (GH5) from Paenibacillus sp, which is stored in buffer 

ammonium sulfate 3.2 M. In total, 100 mg of TSP as solubilized in 18 mL of deionized 

water at 37°C overnight, and 20 mg of cellulase was dissolved in 2 mL of water with low 

agitation overnight. After complete solubilization, 2 mL of the cellulase solution was 

added to the TSP solution. A concentration ratio of TSP to enzyme of 5:1 w/w was used 

for hydrolysis. Then, 24 h after addition of the enzyme, the solution was heated at 100°C 

for 10 min to denature the enzyme, filtered to remove the precipitated enzyme (LLG-

Syringe filter, Meckenheim Germany, CA pore size 0.20 µm, Ø 13 mm) and lyophilized. 

Depolymerization of TSP with xyloglucanase was performed adapting the method used 

by Zhang and Ai (H. Zhang et al., 2020). TSP was solubilized at a concentration of 10 

mg/mL in deionized water at 40°C, dissolving 40 mg of TSP in 4 mL of deionized water 

overnight. Then, 20 µL of xyloglucanase (Paenibacillus sp., 20 U) was added to the 

solution. After 24 h, the reaction mixture was heated at 100°C for 10 min to inactivate the 

enzyme and centrifuged at 8000 rpm for 15 min to remove insoluble materials. The 

supernatant was also filtered to remove the precipitated enzyme (LLG-Syringe filter, CA 

pore size 0.20 µm, Ø13 mm) and then lyophilized. For hydrolysis of S-TSP, 40 mg of S-

TSP_1 was solubilized in 4 mL of deionized water at 40°C overnight. Then, 40 µL of 

xyloglucanase (Paenibacillus sp., 20 U) and 200 µL of cellulase 10 mg/mL were added 

to the solution. After 24 h, the reaction mixture was heated at 100°C for 10 min to 

inactivate the enzyme and centrifuged at 8000 rpm for 15 min to remove insoluble 

materials. The supernatant was also filtered to remove the precipitated enzyme (LLG-

Syringe filter, CA pore size 0.20 µm, Ø 13 mm) and then lyophilized. 

2.7.2.10. LC/MS Analyses of Enzymatically Digested TSP and S-TSP 

LC/MS analyses of both neutral and sulfated oligomers generated enzymatically were 

performed on an Elute UHPLC system (Bruker) coupled with an Impact II ESI-Q-TOF 

mass spectrometer (Bruker). Separation of neutral TSP oligosaccharides generated by 

cellulase or xyloglucanase was performed by hydrophilic interaction chromatography on 

a XBridge BEH Amide column (100 × 2.1 mm, 2.5 µm, Waters, Milford, MA, USA) at 

40°C. The eluents A (5 mM ammonium acetate in water) and B (acetonitrile) were 

delivered at a 0.2 mL/min flow rate. Separation was achieved by applying the following 
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gradient: the solvent composition was held at 20% A for the first 2 min, then increased to 

80% A over 23 min, where it was held at 80% A for 5 min and then returned to 20% A 

over 1 min, where it was held for the last 10 min for equilibrating the chromatographic 

column before injection of the next sample. The samples were injected at 0.1 mg/mL in 

50% acetonitrile. The injected volume was 5 µL. The sulfated S-TSP oligosaccharides 

generated by cellulase and xyloglucanase were analyzed in an ion pair reversed phase 

(IPRP) HPLC on a C18 Kinetex column (100 × 2.1 mm, 2.6 µm, Phenomenex, Torrance, 

CA, USA) using dibutylamine (DBA) acetate as the ion pair reagent. Eluent A (10 mM 

DBA, 10 mM acetic acid in water) and eluent B (10 mM DBA and 10mM acetic acid in 

methanol) were delivered at 0.15 mL/min. The separation of oligomers with different 

lengths and sulfation degrees was performed keeping the column at 35°C and using the 

following gradient: the solvent composition was held at 7% B for the first 5 min, then 

increased to 45% B over 35 min, and up to 90% B over another 10 min, where it was held 

at for 7 min; afterwards, it was returned to 7% B over 3 min, and the column was 

equilibrated for the last 30 min. Samples were analyzed at a concentration of 1 mg/mL, 

and the injection volume was 2 µL. The mass spectra were acquired in negative ion mode 

(capillary voltage 4 kV) in the m/z 140–2500 mass range. Nitrogen was used as a drying 

(7 L/min) and nebulizing (1.8 bar) gas, and the ion transfer capillary was kept at 200°C. 

2.7.2.11. Cell culture  

HCE tissues SkinEthic™ were transferred in a 6-well plate with 1 mL of maintenance 

medium. Cells were incubated at 37°C and 90% of humidity for one night.  

2.7.2.12. Treatment protocol 

Cells were transferred in a 24-well plate with 300 L of fresh maintenance medium. The 

tissues are then treated with 30 L of: negative control (Phosphate Buffering Saline, 

PBS), S-TSP_1 at 0.1%, 0.2% and 0.4%, S-TSP_2 at 0.1%, 0.2% and 0.4%, and TSP at 

0.2%. Every treatment was made in double, and the tissues were incubated for 30’ at 37°C 

and 90% of humidity. Then, the tissues were rinsed with PBS and transferred in a 24-well 

plate with 750 L in apical side and 750 L in the basal side of fresh maintenance 

medium. Then, the cells were incubated again for 30’ at 37°C and 90% of humidity. The 

tissues were rinsed with PBS and tested with the cell viability assay. 
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2.7.2.13. Cell viability assay  

Cell viability was assessed using the MTT assay. Cells were transferred in a plate with 

300 L of MTT solution (1 mg/mL in serum-free Dulbecco’s Modified Eagle Medium 

(DMEM) for 3 hours at 37°C. Subsequently, the medium was removed, and the formazan 

crystals formed were dissolved by adding 600 µL of DMSO to each insert. The solution 

was transferred to a 96-well plate, and absorbance was measured at 570 nm using a 

microplate reader. Results were expressed as a percentage of viable cells compared to the 

untreated control.  
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CHAPTER 3 - SYNTHESIS AND 

CHARACTERIZATION OF CROSSLINKED 

TAMARIND SEED POLYSACCHARIDE 

Tamarind seed polysaccharide (TSP) was crosslinked using 1,4-butanediol diglycidyl 

ether (BDDE) as crosslinked agent, to obtain a biopolymer capable of absorbing liquids, 

modifying enzymatic activities to improve the permanence in a biological system and 

with new rheological properties. BDDE is biodegradable crosslinker less toxic than other 

ether-bond crosslinking agents such as divinyl sulfone and, under alkaline conditions, its 

epoxides can react with the TSP hydroxyl groups to form derivatives of 1,4-dibutanediol 

di-(propan-2,3 diolyl) ether (BDPE). The functionalization of the TSP was in order to 

obtain products with new rheological properties and applications based on a different 

polysaccharide than other used in literature. Indeed, TSP show different interesting 

properties which make it a promising alternative to products based on HA. TSP is a 

bioproduct of the tamarind pulp industry and for this reason it is cheaper than HA which 

is derived from animals and it is now produced by fermentation with high cost and risk 

of contamination (Mansingh et al., 2021; Serra et al., 2023). Moreover, the two 

polysaccharides show similar range of molecular weight but with a different structure: 

TSP is a branched heteropolysaccharide, instead HA has a linear structure formed by two 

sugars (La Gatta et al., 2022). In addition, both the biopolymers present high 

biocompatibility and bioadhesivity, especially for TSP, which present a mucomimetic 

structure able to adhere to the mucus layer (Uccello-Barretta et al., 2013).  TSP is also 

very stable at different rage of pH and temperature and also in the physiological system, 

instead HA has high degradability also caused by physiological enzyme like 

hyaluronidase (Salwowska et al., 2016; Nagar et al., 2022). Moreover, the 

pharmacological potential of TSP and its derivatives have gained increasing attention, 

particularly for protecting the intestinal barrier in inflammatory bowel diseases (IBD). 

Intestinal epithelial barrier dysfunction is a hallmark of IBD, contributing to enhanced 

permeability, microbial translocation, and sustained inflammation. Recent studies have 

demonstrated that polysaccharides such as TSP can exert protective effects by multiple 

mechanisms, including the formation of a mucoadhesive layer that reinforces mucosal 

integrity, the modulation of tight junction protein expression, and the attenuation of 

oxidative stress and pro-inflammatory cytokine release (Uccello-Barretta et al., 2013). 
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TSP has been shown to adhere to the mucus layer due to its mucomimetic branched 

galactoxyloglucan structure, thereby forming a physical barrier that limits luminal antigen 

penetration. Furthermore, its antioxidant and anti-inflammatory properties may mitigate 

epithelial damage and contribute to mucosal healing. The development of TSP-based 

hydrogels with tailored swelling, viscosity, and bioadhesivity could thus provide 

innovative therapeutic strategies for restoring barrier function and delivering bioactive 

compounds directly to inflamed sites in the gastrointestinal tract.  

For this reason, in this part of the study TSP is functionalized with BDDE to obtain 

different hydrogels compared to the ones based on HA in literature.  Different 

concentrations of the reagent were used to obtain both hydrogels and soluble modified 

samples. Characterizations of the chemical-physical properties of the products were 

conducted with different analytical approaches for hydrogels and lower viscosity 

samples, due to their different solubility and viscosity. Morphological, rheological, and 

spectroscopic studies were conducted for all the samples. Moreover, in gel samples the 

swelling capacity and elastic moduli were studied, and the molecular weight of the 

viscous sample was analysed. NMR analyses were also performed, after an enzymatic 

degradation with xyloglucanase, to study the chemical structure and calculate the degree 

of crosslinking. The viability and the potential role of the modified products as barrier-

like agents in intestinal barrier dysfunction were assessed by in vitro tests, using Caco-2 

cells. C-TSP samples showed a more compact structure compared to the TSP. In NMR 

spectra, the new signals attributed to the BDDE confirm the presence of the crosslinker 

in the samples. The gel-like samples showed a higher viscosity than TSP and a swelling 

capacity between 60-80 g/g, instead the viscous-like sample exhibited a similar viscosity 

and molecular weight to TSP. The BDDE content ranged from 2 to 17% and the degree 

of crosslinking from 1.8 to 2.2%. No cytotoxic effects of C-TSP products were detected, 

and all the synthesized samples were able to preserve intestinal integrity by reducing 

intestinal permeability, particularly those with higher degree of crosslinking. 
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3.1. Chemical crosslinking of TSP 

C-TSP samples preparation was conducted utilizing BDDE as a reagent, which is already 

known for crosslinking HA to produce gels, as reported in literature (Fallacara et al., 

2017). For the activation of the BDDE, to open the epoxide groups, a basic environment 

is necessary. Indeed, a sodium hydroxide solution 1M was used as solvent. In the 

literature, BDDE cross-linking of HA is often performed under milder alkaline 

conditions, typically using 0.25-0.3 M NaOH (Fidalgo et al., 2018), however, these 

methods generally used longer reaction times, from 4 to 24 hours, to achieve sufficient 

cross-linking (T. Zhang et al., 2023). In contrast, the cross-linking of TSP in this work 

was performed in 2 hours using stronger alkaline conditions, in order to accelerate 

epoxide activation and crosslinking formation while limiting prolonged exposure of TSP 

to a basic environment. To further enhance reaction kinetics and improve TSP solubility, 

the reaction was conducted at 50°C. This temperature is higher than those commonly 

reported for HA-based systems, 30–40°C, and was used to promote a higher degree of 

cross-linking and a shorter reaction time (Al-Sibani et al., 2016; T. Zhang et al., 2023).  

In TSP, the deprotonated hydroxyl groups, formed due to the basic environment, react 

with the epoxide groups of BDDE to form stable covalent ether bonds between the 

polysaccharide and the cross-linkers, as is the case for HA hydrogel (Kenne et al., 2013). 

The ring opening BDDE epoxide groups  produces derivatives of 1,4-butanediol di-

(propan-2,3 diolyl) ether (BDPE), which can be linked at the both side with TSP formed 

a crosslinked structure, or react with the polysaccharide on one side resulting in “mono-

linked” BDPE (La Gatta et al., 2022), as showed in the following Figure 3-1.  
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Figure 3-1. Example of structure of TSP crosslinked with BDDE. 

The BDDE is represented in red in a crosslinked and mono-linked form. 

 

Several syntheses were performed using various concentrations of BDDE, with a molar 

ratio TSP/BDDE in a range of 1:0.1-2, were used as reported in Table 3-1. The molar 

ratio was calculated using for the TSP the molecular weight of the repetitive unit, 1207 

g/mol, and for the BDDE the molecular weight of 202 g/mol and density of 1.1 g/mL.  

Sodium hydroxide and the unreacted BDDE, in the open form with the hydroxyl groups 

or in the form with the epoxide groups, were eliminated by a dialysis step in deionized 

water as they can be toxic for their reactivity (De Boulle et al., 2013). 

Table 3-1. Molar ratio TSP/BDDE used for the syntheses of crosslinked samples. 

Samples 
Molar ratio 

 (TSP/BDDE) 

C-TSP_A 1:0.1 

C-TSP_B 1:0.8 

C-TSP_C 1:2 
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3.2. Scanning Electron Microscopy (SEM) 

The morphology of lyophilized samples was studied using a Scanning Electron 

Microscope and the images are reported in Figure 3-2. 

 

Figure 3-2. SEM images of freeze-dried samples: (a) TSP, (b) C-TSP_A, low degree of crosslinking, (c) 

C-TSP_B, medium degree of crosslinking, (d) and C-TSP_C, high degree of crosslinking. 

All the samples exhibited three-dimensional network structures. With increasing BDDE 

concentration, a more compact structure was observed, compatible with a higher degree 

of cross-linking degree. Sample C-TSP_C exhibited a denser structure compared to the 

other products and the TSP. C-TSP-A showed more fraying than the TSP probably due 

to the lower concentration of BDDE employed and to the basic treatment required during 

the synthesis which can lead to depolymerization of the sugar chain. 
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3.3. FTIR 

FTIR spectra of TSP and C-TSP samples are reported in Figure 3-3. 

 
Figure 3-3. FT-IR spectra of TSP in black, C-TSP_A in green, C-TSP_B in blue and C-TSP_C in red with bands 

partial assignation of the functional groups. 

The spectra of crosslinked samples showed no significant differences to TSP, suggesting 

that no major functional group alterations occurred during crosslinking. The other 

observed corresponded to the characteristic structure of TSP. Indeed, the broad absorption 

peak from about 3600 cm−1 to 3000 cm-1 was attributed to the stretching vibration of 

hydroxyl groups (O–H) induced by inter- or intramolecular interactions. The peak at 2900 

cm−1 corresponded to C–H stretching and bending vibrations including CH, CH2 and CH3 

(Y. Liu et al., 2024). Additionally, peaks from 1500 cm−1 to 1200 cm−1 were also related 

to C–H bands, while the peak from 1150 to 800 cm−1 was attributed to C–O–C stretches 

The band at 1635 cm−1 was due to the small traces of uronic acid in the TSP (L. Ren et 

al., 2022a). Only a small new peak around 1700 cm-1 was observed in the more 

crosslinked samples, C-TSP_B and C-TSP_C, which can be attributed to the ketone group 

of acetone, used to precipitate the products (Ngohang et al., 2015), as traces may have 

remained even after purification. Additionally, in the crosslinked samples, there was no 

increase in the intensity of the peak at around 900 cm-1, attributed to the epoxide group 

(Osborne-Richards et al., 2025; Privar et al., 2024), suggesting that the epoxide groups of 

BDDE open during the reaction and the unreacted crosslinker was removed. The lower 

intensity of spectra for the crosslinked samples compared to TSP was likely due to the 

different physical aspects of the products, which showed grainy compared to the 

powdered form of TSP, as observed in SEM images. 
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3.4. Rheological properties 

3.4.1. Viscosity curves 

The rheological properties of TSP and C-TSPs samples were studied at 10 mg/mL and 

37°C, the physiological temperature. The viscosity curves of the modified samples and 

TSP are shown in Figure 3-4. 

 

Figure 3-4. The viscosity curves of TSP are in black, C-TSP_A in green, C-TSP_B in blue and C-TSP_C in red at 

37°C and 10 mg/mL. 

All samples exhibited pseudoplastic behavior; with viscosity decreasing as the shear rate 

increased (Figure 3-4).  As expected, the sample with the highest BDDE concentration, 

C-TSP_C, showed the greatest viscosities. C-TSP_B also displayed higher viscosity than 

TSP, whereas C-TSP_A exhibited the lowest viscosity due to the lowest concentration of 

BDDE and probably to depolymerization during the basic treatment. Depolymerization 

probably occurred also for C-TSP_B and C-TSP_C, but the higher concentration of the 

BDDE used increased the viscosity forming a crosslinked structure.  
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3.4.2. Amplitude sweeps 

The storage modulus G’, and loss modulus, G”, were also determined for the TSP and the 

functionalized samples. Samples with G’ lower than G” show a fluid structure while, 

when G’ is greater than G’’, the structure is solid. Through this analysis it is possible to 

identify the shear rate range in which the sample exhibits linear viscoelastic behaviour, 

so, where no material damage is observed (La Gatta et al., 2022). Figure 3-5 showed the 

elastic moduli obtained with the amplitude sweep analysis of TSP and crosslinked 

products at 37°C and 10 mg/mL. 

 
Figure 3-5. The elastic moduli G’ (empty square sign) and G” (full round sign) of TSP in black, C-

TSP_A in green, C-TSP_B in blue and C-TSP_C in red obtained after the amplitude sweep tests at 37°C 

and 10 mg/mL. 

TSP and the low crosslinked product, C-TSP_A, presented a viscous-like behaviour with 

G’ lower than G”. In contrast, C-TSP_C exhibited gel-like structure with G’ higher than 

G”. Specifically, C-TSP_C showed values of the storage modulus almost six times greater 

than that of C-TSP_B, demonstrating a gel-like structure resulting from the higher 

concentration of BDDE.  Values of the elastic moduli for C-TSP_B were very similar and 

a flow point, where the values of G’ and G” are equal, was also detected. Beyond this 

point, an inversion of the moduli occurs, indicating that the sample has been damaged 

due to a change in its physical nature (Øvrebø et al., 2024).  
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With the study of the elastic moduli, we determined the sample mechanical behaviour, 

viscous-like for the C-TSP_A and gel-like for C-TSP- B and C-TSP_C. For this reason, 

distinct analytical methods were used for the characterization of C-TSP_A, which is 

soluble in water (HP-SEC-TDA and solution NMR were used), and C-TSP_B and C-

TSP_C, which are hydrogel (frequency sweep, swelling degree, and solid state NMR 

were employed); results are presented and discussed below.  

3.5. Characterization of water-soluble liquid-like sample 

As a viscous-like water soluble product, C-TSP_A was characterized by high 

performance size exclusion chromatography equipped with a triple detector array (HP-

SEC-TDA) to determine the molecular weight distribution and NMR spectroscopy to 

investigate its chemical structure. 

3.5.1. High Performance Size Exclusion Chromatography 

HP-SEC-TDA with multi-detector system (Right and Low Angle Light Scattering, 

Refractive Index and Viscosimeter) was used to determine the molecular weight 

distribution, intrinsic viscosity and hydrodynamic radius of TSP and C-TSP_A, which 

were the only samples which could be solubilized in the mobile phase (NaNO3 0.1M / 

NaN3 0.05%). In Table 3-2 HP-SEC-TDA results are reported. 

Table 3-2. HP-SEC-TDA of TSP and C-TSP_1: Mw-weight average molecular weight, Mn-number 

average molecular weight, PDI-Polydispersity Index, -intrinsic viscosity, Rh -hydrodynamic radius, a-

Mark-Houwink parameters. 

Sample Mw (kDa) Mn (kDa) PDI (Mw/Mn) [](dl/g) Rh (nm)  a 

TSP 720 380 1.9 6.0 39  0.70 

C-TSP_A 580 300 1.9 5.1 34  0.67 

TSP exhibited a molecular weight of 720 kDa, in accordance with the data in the literature 

(Chawananorasest et al., 2016; Ziliani et al., 2024). C-TSP_A showed a decreasing of the 

molecular weight to 580 kDa, suggesting that depolymerization occurred during the 

reaction, as a result of the basic environment and the elevated temperature (50°C). 

Moreover, the hydrodynamic radius and the intrinsic viscosity, as for the dynamic 

viscosity measured with the rheometer, also decreased compared to TSP, as a result of 

decreasing molecular weight. 
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3.5.2. NMR 

3.5.2.1. NMR attributions of BDDE 

Monodimensional (1D) and bidimensional (2D) NMR spectroscopy were used to verify 

the signals of the BDDE, in order to perform NMR study on the crosslinked samples. In 

the following Figure 3-6, the superimposition of 13C and 1H-13C HSQC of the BDDE is 

reported.  

 
Figure 3-6. 13C and 1H-13C HSQC superimposition of BDDE. 

The crosslinker structure is reported with assignations of the signals. 

Each NMR assignment of BDDE corresponds to two equivalent positions, owing to the 

molecular symmetry, which can be observed from the crosslinker’s structure in Figure 3-

6. The cross-peak (signal 1 in Figure 3-6) at 1.65/28 ppm was attributed to the aliphatic 

CH2CH2 in the internal position of BDDE, in accordance with the data in literature 

(Wende et al., 2017). The adjacent CH2 (signals 2 in Figure 3-6) and the CH2 near the 

epoxide ring (signal 3 in Figure 3-6) corresponded respectively to the cross-peaks 

3.60/73.9 ppm and 3.91-3.35/73.9 ppm. Finally, the cross-peaks at 3.32/54.4 ppm and 

2.95-2.75/47.8 ppm were attributed to the epoxide ring (respectively signal 4 and 5 in 

Figure 3-6), as reported in literature (Øvrebø et al., 2024).  

The BDDE structure was also studied in its open form (BDPE), adding a small volume 

of concentrated sodium deuteroxide NaOD to the BDDE. The superimposition of 13C, 

and 1H-13C HSQC of the BDPE is reported in Figure 3-7.  
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Figure 3-7. 13C, and 1H-13C HSQC superimposition of BDPE. 

The open crosslinker structure is reported with assignations of the signals. 

As can be observed in the spectrum, the aliphatic CH2CH2 (signal 1 in Figure 3-7) 

remained in the same position at 1.65/28 ppm. Also, the adjacent CH2 (signal 2 in Figure 

3-7) corresponded to the same cross-peak in the BDDE at 3.58/73.9 ppm. Instead, a shift 

in the signal 3 (Figure 3-7) is observed at 3.48/74.8, since it is near to the hydroxyl group 

in the open conformation. Moreover, the signal 4 (Figure 3-7), which is a CH, is attributed 

to the cross-peak at 3.85/73.6 ppm. Finally, signals related to the epoxide groups 

disappeared due to the opening of the ring, caused by the basic conditions.  Indeed, the 

formation of the primary alcohol is verified by the presence of the cross-peak at 3.59-

3.54/66.2 ppm, as reported in literature (Wende et al., 2017). 

3.5.2.2. NMR attribution of C-TSP_A 

After the attribution of the BDDE’s signals, the chemical structures of TSP and C-TSP_A 

were characterized using NMR spectroscopy. The proton spectra are reported in Figure 

3-8. 
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Figure 3-8. NMR proton spectra of TSP, in black, and C-TSP_A in green. 

 The aliphatic CH2CH2 signal of the BDDE is indicated in the C-TSP_A spectrum (upper) with a red 

circle. 

In proton spectrum, Figure 3-8, no significant chemical shift changes were observed 

following functionalization except for the peaks at 1.65 ppm attributed to the aliphatic 

CH2CH2 protons in the internal position of BDDE, as previously reported (Figure 3-6 and 

3-7). Moreover, in the C-TSP_A spectrum no signals ppm related to the epoxide groups 

of the BDDE (Figure 3-6) were detected as a result of the successful removal of the 

unreacted crosslinker and the opening of the epoxide groups due to the NaOH solution. 

In both samples, the high molecular weight and high viscosity result in proton signal 

broadening with a loss of resolution, indeed peaks from 4 to 3.5 ppm are not well defined. 

For this reason, only the well-separated peaks were attributed: in the anomeric region 

xylose linked to the galactose at 5.16 ppm and linked only with the glucose at 4.95 ppm, 

glucose and galactose at 4.55 ppm and the hydrogen in position 2 of glucose at 3.40 ppm. 

TSP and C-TSP_A were also characterized using the 1H-13C HSQC, reported in the 

following Figure 3-9. 
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Figure 3-9. 1H-13C HSQC superimposition of TSP and C-TSP_A.  

The signals of the BDDE are signed with black arrow in (a). Inset (b), the zoomed region showing the 

aliphatic CH2CH2 protons of BDDE, indicated with *.   

In HSQC of C-TSP_A of Figure 3-9, aliphatic CH2CH2 signals are observed arising from 

the presence of the BDDE. As in proton spectrum, Figure 3-8, the cross peak at 1.65/28 

ppm attributed to the CH2 protons in the internal position of BDDE was present, but also 

new signals were observed. The cross peaks at 3.63-3.56/65.5 were attributed to the 

hydroxyl groups formed after the opening of the BDDE epoxide rings during the reaction, 

as reported in Figure 3-9. The signal at 3.70/73.5 ppm was also related to the presence of 

the crosslinker, while the new cross peak at 3.84/71.8 ppm could be attributed to the 

formation of a link between the TSP and the BDDE. 

As in proton spectra, the resolution is low due to the high viscosity and molecular weight 

of the samples, so, the exact position of the link could not be detected and a quantitative 

analysis could not be performed due to the different mobility of the residues, as previously 

demonstrated with high molecular weight hyaluronic acid (Nizzolo et al., 2024). For this 

reason, an enzymatic degradation was performed to reduce the molecular weight of the 

polysaccharide, while maintaining the functionalization, to enable a more effective NMR 

study (H. Zhang et al., 2020), as following reported in Paragraph 3.7. 
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3.6. Characterization of hydrogel samples 

For samples showed a gel-like behaviour, C-TSP_B and C-TSP_C, product stability was 

studied by frequency sweep analysis, solution absorption capacity by swelling tests, and 

the chemical structure by solid state NMR. 

3.6.1. Frequency sweep 

Once the linear viscoelastic region (1% of shear strain) has been determined by amplitude 

test, it was possible to perform the frequency sweep test on the gel-like products, during 

which the samples are subjected to an oscillatory stress with varying angular frequency. 

In this way, the viscoelasticity of the material can be measured and information on the 

internal structure of the polymers and the long-term stability of the dispersions can be 

obtained, evaluating the behaviour of the sample over time. Indeed, with high frequencies, 

rapid movement on a short-term scale is simulated, while with low frequencies, slow 

movement on a long-term or resting scale is simulated (Ramli et al., 2022).  In Figure 3-

10 the elastic moduli obtained after the frequency sweep test of C-TSP_B and C-TSP_C 

are reported.  

 

Figure 3-10. The elastic moduli G’ (empty square sign) and G” (full round sign) of C-TSP_B in blue and 

C-TSP_C in red obtained after the frequency sweep test. 
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Frequency sweep test on the gel-like products within the linear viscoelastic region (1% 

of shear strain), see Figure 3-5, was determined at high frequencies, rapid movement on 

a short-term scale is simulated, while at low frequencies, slow movement on a long-term 

or resting scale is simulated (Ramli et al., 2022), thereby providing indirect information 

on the hydrogel structure and stability. In Figure 3-10 the elastic moduli obtained after 

the frequency sweep test of C-TSP_B and C-TSP_C are reported.  

The results confirmed that C-TSP_C showed predominantly gel-like behaviour (G’>G”) 

over the entire angular frequency range: this behaviour suggests that the material as a 

long-term shape stability (Stojkov et al., 2021). In contrast, C-TSP_B exhibited two 

regimes: at low angular frequencies (ω < 10 rad/s), G’ > G’’, whereas at high angular 

frequencies (ω > 10 rad/s), G’ < G’’. This samples can be defined as a viscoelastic solid 

material (Ramli et al., 2022).  

3.6.2. Swelling capacity 

Swelling capability refers to the ability of a material to absorb a solvent and expand in 

volume or mass without dissolving. This property is particularly important for the 

performance and functionality of cross-linked samples in various applications (S. Tang et 

al., 2021). The swelling ratio of C-TSP_B and C-TSP_C are reported in Figure 3-11. 

 
Figure 3-11. Swelling capacity in water of C-TSP_B in blue and C-TSP_C in red with deviation standard 

signed with bars. 
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The two samples showed different swelling behaviour: C-TSP_C presented a slower 

swelling kinetics, reaching the maximum swelling capacity of almost 80 g/g after 24 

hours compared to C-TSP_B that achieved the maximum of 60 g/g after three hours. 

Moreover, the C-TSP_B showed a decreasing of the weight and a higher deviation 

standard due probably to its low gel-like structure, as seen from the results of the 

amplitude and frequency sweep, which led to a solubilization of part of the sample. 

3.6.3. NMR Solid State  

Solid-state NMR spectroscopy is a useful technique for determining the chemical 

structure of polysaccharides, and it is able to distinguish between the crystalline and 

amorphous components. This method has, however, yielded limited results due to broad 

NMR resonances and the absence of detailed spectral assignments. In fact, cross-

polarization magic-angle spinning (CP-MAS) solid-state ¹³C NMR spectra resemble 

those obtained in solution, though with lower resolution (Bai et al., 2010). Nevertheless, 

assigning resonances in the solid state based on solution-state spectra carries risks, 

because substantial shifts in chemical resonance can occur due to conformational changes 

or packing effects. This is particularly evident in the case of cellulose: its various solid 

forms display markedly different CP-MAS spectra, both from each other and from the ¹³C 

NMR spectrum of cellulose in solution, largely due to differences in molecular 

conformation (Foston, 2014). NMR solid state was performed for gels (C-TSP_B and C-

TSP_C) due to the high viscosity and highly crosslinked structure, which did not allow 

the solubilization of the products. 13C cross polarization with magic angle spinning, CP-

MAS’s spectra of TSP and C-TSP_B and C-TSP_C is reported in Figure 3-12. 
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Figure 3-12. 13C CP-MAS spectra of TSP in black, C-TSP_B in blue and C-TSP_C in red. 

As shown, the C-TSP samples presented a similar profile to that of TSP; so, after the 

reaction, the products maintain the structure of TSP. Moreover, in C-TSP_C, the BDDE 

peaks appeared, demonstrating the presence of the crosslinker in the product, but no 

further deduction concerning the position of the crosslinking could be made. The broad 

peaks indicate that the samples have an amorphous structure.  

The spin-lattice relaxation time 1H T1 values were also measured for these samples 

(Table 3-3). This parameter provides information about the populations of nuclei in phase, 

related to the structure of the samples: crystalline samples show high values of T1 (100 

ms), instead amorphous samples lower values of T1 (10 ms) (Madsen et al., 1998).  

Table 3-3. 1H T1 values of TSP and C-TSP_C. 

Peaks (ppm) TSP C-TSP_B C-TSP_C 

103 (1C) 8.17 7.65 6.72 

99 (1C) 8.04 7.53 6.63 

82 (4C) 8.36 7.22 6.64 

73 (2,3,5C) 8.20 7.75 6.76 

61 (6C) 8.19 7.60 6.66 

32 (BDDE) - - 4.36 

T1 values less than 10 ms indicate an amorphous structure and the similar values for 

every peak denote homogeneity. BDDE derivatized sample have slightly inferior values, 

indicating lower values due probably to the functionalization. Even for these samples, a 

quantitative analysis could not be performed and also no information about the position 

of the crosslinker on the sugar chain were obtained. For this reason, an enzymatic 

hydrolysis was conducted on all crosslinked samples. 
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3.7. Enzymatic hydrolysis 

3.7.1. NMR 

Xyloglucanase, an enzyme able to hydrolyse the β-1,4 bond, to generate TSP repeating 

unit (Zhang, et al., 2020), as reported in previous Chapter 2 (Paragraph 2-3), was used. 

Enzymatic degradation was performed to reduce the molecular weight of the samples 

without affecting the chemical modification to perform quantitative NMR analysis. The 

1H-13C HSQC spectrum of C-TSP_C is reported with  partial assignation (Figure 3-13), 

obtained in a previous work (Ziliani et al., 2024). 

 

Figure 3-13. 1H-13C HSQC spectrum of C-TSP_C hydrolyzed with xyloglucanase.  

 (a) partial assignation of the cross-peaks is shown. The new signals attributed to the presence of the 

BDDE are indicated (green and blue circles) and the impurities (grey). (b) the zoomed region where 

aliphatic CH2CH2 of BDDE (arrow). The superscript corresponds to the carbon number of the observed 

monosaccharide, which is in bold style, while the monosaccharide linked is in the parentheses. Glc—

glucose; Xyl—xylose; Gal—galactose. 

New cross-peaks related to the presence of the BDDE are shown in Figure 3-13. The 

signal attributed to the internal protons of the BDDE is shown at 1.65/28 ppm, as 

previously observed in HSQC spectrum in Figure 3-9b. The cross-peaks at 3.63-3.56/65.5 

ppm are related to the opening of the epoxide ring of the crosslinker without the linking 

with the TSP. The new signals at 3.99/71.7 and 3.88/73.2 were attributed to the secondary 
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alcohol formed after the opening of the BDDE, using a 1H-13C HSQC-DEPT, reported in 

Figure 3-14, where a distinction between the signal of the CH2 (blue in Figure 3-14) and 

the CH or CH3 (red in Figure 3-14) is possible due to the different colour of the cross-

peaks.  

 
Figure 3-14.  1H-13C HSQC-DEPT spectrum of C-TSP_C hydrolyzed with xyloglucanase from 4.3 to 3.1 

ppm. 

In blue the signals related to the CH2 are colored in blue and the cross-peaks related to CH or CH3 are 

shown in red. The signals related to the presence of the BDDE are circled in black. 

The degree of modification (MoD), which is the stoichiometric ratio between the BDDE 

(mono and crosslinked) and the moles of TSP repeating unit, the effective crosslinker 

ratio (CrR), that described the stoichiometric ratio between the BDDE crosslinked and 

the moles of TSP repeating unit and the degree of crosslinking (CrD), can be calculated 

from the integration of NMR spectra adapting the equation (Wende et al., 2017).  

The MoD was obtained by quantification of the anomeric region (between 5.25 and 4.45 

for the proton and between 93.5 and 108.2 ppm for the carbon), which composed the TSP 

repeating unit, and the signal of the internal aliphatic signals CH2CH2 at 1.65/28.0 ppm 

of the cross linker. This quantification could not be made by integration of the cross-peaks 

in the HSQC spectrum, because the comparison between the secondary alcohol of the 

anomeric region and the primary alcohol in the internal chain of the BDDE is not correct 

due to the different molecular size and mobility between the backbone of polysaccharide 

and the crosslinker chain (Nizzolo et al., 2024). For this reason, we decided to perform 

the quantitative analysis on the proton spectra, integrating the anomeric region and the 
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signal at 1.65 ppm of the BDDE, as shown in Figure 3-15. However, signals of impurities, 

in the region between 5.3-5.1 ppm are observed (circled in Figure 3-13a), which 

contribute to the value of the integration in the proton spectra. Therefore, the values of 

the impurities were calculated by the integration of the cross-peaks in HSQC (area B in 

Figure 3-15) and compared to the anomeric region (area A in Figure 3-15). The values of 

the integrals are reported in Table 3-4. 

 
Figure 3-15. Superimposition of 1H-13C HSQC in red and 1H spectrum in blue of C-TSP_C hydrolyzed 

with xyloglucanase. 

The assignments of the anomeric cross-peaks are shown which are delimitated by a blue rectangle (A). 

The signals related to the impurities are shown by a green rectangle (B). The superscript corresponds to 

the carbon number of the observed monosaccharide, which is bold, while the monosaccharide linked is in 

parentheses. Glc—glucose; Xyl—xylose; Gal—galactose. 

Table 3-4. Integral values from 1H-13C HSQC of the impurities compared to the anomeric region of the 

crosslinked samples. 

Samples Integral region A Integral region B 

C-TSP_A 1.0000 0.3514 

C-TSP_B 1.0000 0.3289 

C-TSP_C 1.0000 0.0825 
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Then, the percentage of the impurities obtained in the HSQC (Table 3-4) was subtracted 

from the integration of the anomeric region in the proton spectra to calculate the MoD 

(%) with the following equation (10):  

MoD (%)= 100 ×
Iδ 1.65  /4

(Iδ 5.4-4.4 -Area B (%))
 

 

(10) 

 

Where I  is the integral of the aliphatic CH2CH2 of the BDDE, divided by four (the 

number of the protons in that position). I − is the integral of the anomeric proton of 

TSP repeating, composed by Glc:Xyl:Gal with a ratio of 4:3:1. From this integral, the 

values of the impurities calculated from the HSQC (Table 3-4) are subtracted (Area B). 

The integration values of the aliphatic CH2CH2 of the BDDE and the anomeric region are 

reported in Table 3-5 and the MoD calculated are showed in Table 3-7. 

Table 3-5. Integral values from 1H of the aliphatic CH2CH2 of the BDDE compared to the anomeric 

region of the crosslinked samples. 

Samples 
Integral CH2CH2  

BDDE (I 1.65) 

Integral anomeric region 

(I 5.4-4.4) 

C-TSP_A 0.0878 1.5977 

C-TSP_B 0.5929 1.6184 

C-TSP_C 1.1616 1.9246 

The MoD indicated the total amount of the BDDE linked to sugar chain but not the 

percentage of the crosslinked or monolinked crosslinker. 

For this reason, the effective cross-linker ratio (CrR) was calculated (Table 3-7) in order 

to define the moles of BDDE which were double linked, by the integration of the HSQC 

spectra of the hydrolysed products using the following equation (Wende et al., 2017): 

CrR = 1 - 
Iδ 3.63-3.56/65.5 

(Iδ 1.65 /28.0/2)
 

 

(11) 

Where I − is the signals of CH2OH of the opening ring of the BDDE, I  

is the aliphatic CH2CH2 of the BDDE, divided by two which is the number of the carbons 

in that position. The values of the integration from the HSQC are reported in Table 3-6. 



 
 

 

100 

   

Table 3-6. Integral values from 1H-13C HSQC of the aliphatic CH2CH2 of the BDDE compared to the 

CH2OH of the crosslinker opening ring. 

Samples 
Integral CH2CH2 

BDDE (I 1.65/28.0) 

Integral CH2OH 

BDDE (I 3.63-3.56/65.5) 

C-TSP_A 1.0000 < LOQ* 

C-TSP_B 1.0000 0.4589 

C-TSP_C 1.0000 0.4532 

*Limit Of Quantitation 

Finally, the degree of modification (CrD) was calculated by the product between MoD 

and CrR (Kenne et al., 2013) and reported in Table 3-7.  

Table 3-7. Degree of modification (MoD), effective crosslinking ratio (CrR) and degree of crosslinking 

(CrD) of C-TSP samples. 

Samples MoD% CrR  CrD % 

C-TSP_A 2.1 < LOQ* - 

C-TSP_B 13.6 0.08 1.09 

C-TSP_C 16.4 0.09 1.48 

*Limit Of Quantitation 

The MoD values obtained for C-TSP_A, C-TSP_B and C_TSP_C were 2.1, 13.6 and 

16.4% respectively (Table 3-7), due to the different BDDE concentrations used for the 

crosslinking synthesis.  

The CrR was calculated only for C-TSP_B and _C, because the signals in the HSQC of 

the sample C-TSP_A were under the limit of quantitation. The CrR value (Table 3-7) was 

0.08 and 0.09 for C-TSP_B and C-TSP _C respectively, showing that the amount of 

double linked BDDE was very similar for the two products. However, CrD value (Table 

3-7) is 1.48 for C-TSP_C and 1.09 for C-TSP_B, showing that the degree of crosslinking 

is higher for the C-TSP_C due to the higher concentration of monolinked BDDE. 

3.7.2. MALDI-TOF 

MALDI-TOF analyses were conducted at KU Leuven University on hydrolyzed by 

xyloglucanase TSP and C-TSPs samples. The MALDI-TOF spectrum of TSP is shown 

in Figure 3-16 and Table 3-8 compares the experimental and theorical m/z values.  
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Figure 3-16. MALDI-TOF spectrum of TSP hydrolyzed by xyloglucanase. 

Hex—hexose (glucose or galactose, 162 Da), P—pentose (xylose, 132 Da); the numbers in subscript 

indicate the number of hexoses and pentoses with in the detected oligosaccharide. m/z values of the 

attributed peaks are also shown. 

The MALDI-TOF profile of hydrolyzed TSP (Figure 3-16) showed two most intense 

peaks corresponding to oligomers composed of five hexoses and three pentoses (Hex5P3, 

m/z 1247.3845), and six hexoses and three pentoses (Hex6P3, m/z 1409.4381), which 

represent the repetitive unit structure of TSP, in agreement with the LC-MS results 

(Paragraph 2.3.2.) and in literature data (H. Zhang et al., 2020). Shorter oligomers 

composed by three or four sugars (Hex2P1, m/z 497.1470 and Hex3P1, m/z 659.1966) were 

also observed, indicating the enzyme hydrolyzed beyond the repetitive unit, as also seen 

in LC-MS results (Paragraph 2.3.2.). Longer structures were detected as well, such as the 

oligomer composed by seven hexoses and four pentoses (Hex7P4, m/z 1703.5306); longer 

fragments with more than thirteen sugars (Hex8P5, m/z 1997.6455) were not observed.  

Table 3-8. MS data of oligosaccharides identified in TSP digested with xyloglucanase. 

Oligosaccharide 

Monoisotopic ions observed in MALDI-TOF-MS 

Ion form m/z experimental m/z theoretical Error, ppm 

Hex1P1 
[M + Na]+ 

[M + K]+ 

335.0949 

- 

335.0949 

- 

0 

- 

Hex2P1 
[M + Na]+ 

[M + K]+ 

497.1470 

513.1141 

497.1477 

513.1216 

-1.4 

-14.6 

Hex2P2 
[M + Na]+ 

[M + K]+ 

629.1880 

645.1583 

629.1899 

645.1639 

-3.0 

-8.7 

Hex3P1 
[M + Na]+ 

[M + K]+ 

659.1966 

675.1673 

659.2005 

675.1745 

-5.9 

-10.7 

Hex3P2 
[M + Na]+ 

[M + K]+ 

791.2378 

807.2118 

791.2428 

807.2167 

-6.3 

-6.1 

Hex3P3 
[M + Na]+ 

[M + K]+ 

923.2789 

939.2536 

923.2850 

939.2590 

-6.6 

-5.7 
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Hex4P1 
[M + Na]+ 

[M + K]+ 

821.2515 

837.2269 

821.2533 

837.2273 

-2.2 

-0.5 

Hex4P2 
[M + Na]+ 

[M + K]+ 

953.2901 

969.2654 

953.2956 

969.2695 

-5.8 

-4.2 

Hex4P3 
[M + Na]+ 

[M + K]+ 

1085.3348 

1101.3058 

1085.3379 

1101.3118 

-2.8 

-5.4 

Hex4P4 
[M + Na]+ 

[M + K]+ 

1217.3728 

- 

1217.3801 

1233.3541 

-6.0 

- 

Hex5P1 
[M + Na]+ 

[M + K]+ 

983.3005 

- 

983.3062 

999.2801 

-5.8 

- 

Hex5P2 
[M + Na]+ 

[M + K]+ 

1115.3445 

1131.3161 

1115.3484 

1131.3224 

-3.5 

-5.6 

Hex5P3 
[M + Na]+ 

[M + K]+ 

1247.3845 

1263.3559 

1247.3907 

1263.3646 

-5.0 

-6.9 

Hex5P4 
[M + Na]+ 

[M + K]+ 

1379.4263 

1395.4101 

1379.4329 

1395.4069 

-4.8 

2.3 

Hex6P2 
[M + Na]+ 

[M + K]+ 

1277.3944 

1293.3742 

1277.4012 

1293.3752 

-5.3 

-0.8 

Hex6P3 
[M + Na]+ 

[M + K]+ 

1409.4381 

1425.4094 

1409.4435 

1425.4174 

-3.8 

-5.6 

Hex6P4 
[M + Na]+ 

[M + K]+ 

1541.4771 

1557.4478 

1541.4858 

1557.4597 

-5.6 

-7.6 

Hex6P5 
[M + Na]+ 

[M + K]+ 

1673.5381 

- 

1673.5280 

1689.5020 

6.0 

- 

Hex7P2 
[M + Na]+ 

[M + K]+ 

1439.4490 

- 

1439.4541 

1455.4280 

-3.5 

- 

Hex7P3 
[M + Na]+ 

[M + K]+ 

1571.4952 

1587.4754 

1571.4963 

1587.4703 

-0.7 

3.2 

Hex7P4 
[M + Na]+ 

[M + K]+ 

1703.5306 

1719.5114 

1703.5386 

1719.5125 

-4.7 

0.6 

Hex7P5 
[M + Na]+ 

[M + K]+ 

1835.5785 

1851.5603 

1835.5808 

1851.5548 

-1.2 

3.0 

Hex8P5 
[M + Na]+ 

[M + K]+ 

1997.6455 

- 

1997.6337 

2013.6076 

5.9 

- 

 

As observed in LC-MS results (Paragraph 2.3.2.), oligomers composed of the same 

number of hexoses and pentoses (Hex2P2, m/z 629.1880; Hex3P3, m/z 923.2789; Hex4P4, 

m/z 1217.3728) were detected (Table 3-8). Those fragments can be confidently attributed 

to glucose units all branched with xyloses. The enzyme was able to hydrolyze the bond 

between two glucoses, even when both were linked to a xylose, as the TSP sugar chain 

contained regions with more than three xyloses in close proximity. 

The MALDI-TOF spectra of hydrolyzed C-TSPs are reported in Figures 3-17, 3-18 and 

3-19. 
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Figure 3-17. MALDI-TOF spectrum of C-TSP_A hydrolyzed by xyloglucanase. 

Hex—hexose (glucose or galactose, 162 Da), P—pentose (xylose, 132 Da), BDDEmono—BDDE linked 

only on one side (220 Da); the numbers in subscript indicate the number of hexoses and pentoses with in 

the detected oligosaccharide. m/z values of the attributed peaks are also shown. 

 
Figure 3-18. MALDI-TOF spectrum of C-TSP_B hydrolyzed by xyloglucanase.  

Hex—hexose (glucose or galactose, 162 Da), P—pentose (xylose, 132 Da), BDDEmono—BDDE linked 

only on one side (220 Da) BDDE —BDDE crosslinked (202 Da); the numbers in subscript indicate the 

number of hexoses and pentoses with in the detected oligosaccharide. m/z values of the attributed peaks 

are also shown. 
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Figure 3-19. MALDI-TOF spectrum of C-TSP_C hydrolyzed by xyloglucanase. 

Hex—hexose (glucose or galactose, 162 Da), P—pentose (xylose, 132 Da), BDDEmono—BDDE linked 

only on one side (220 Da), BDDE —BDDE crosslinked (202 Da); the numbers in subscript indicate the 

number of hexoses and pentoses with in the detected oligosaccharide. m/z values of the attributed peaks 

are also shown. 

 

In all the spectra, the most intense peaks were attributed to the oligomers composing the 

repetitive unit (Hex5P3 and Hex6P3), as observed in the TSP spectrum (Figure 3-16), 

indicating that the xyloglucanase activity was not affected by the presence of BDDE in 

the samples. However, new peaks compared to the TSP spectrum (Figure 3-16) were 

observed in the C-TSPs spectra. In C-TSP_A spectrum (Figure 3-17), an oligomer 

composed by six hexoses and three pentoses linked with the BDDE at one side 

(Hex6P3+BDDEmono, m/z 1629.5718) was detected. This oligomeric structure was also 

detected in C-TSP_B and C-TSP_C spectra, at m/z values of 1629.5709 and 1629.5737, 

respectively, and with greater intensity compared to C-TSP_A due to the higher BDDE 

concentration used. Moreover, in C-TSP_B and C-TSP_C spectra (Figure 3-18 and 3-19), 

other oligomer structure with monolinked BDDE was detected, composed by five hexoses 

and three pentoses (Hex5P3+BDDEmono, m/z 1467.5160 for C-TSP_B and 1467.5183 for 

C-TSP_C). In the C-TSP_C spectrum (Figure 3-19) an oligomeric structure composed of 

six hexoses and three pentoses with two monolinked BDDE (Hex6P3+2BDDEmono, m/z 

1849.6995) was also observed. This result aligns with NMR data (Paragraph 3.7.1.), 

where the CrD value of C-TSP_C is higher than C-TSP_B. Additionally, in both C-

TSP_B and C-TSP_C an oligomeric structure with crosslinked BDDE, composed by six 

hexoses and three pentoses (Hex6P3+BDDE m/z 1611.5546 for C-TSP_B and 1611.5546 

for C-TSP_C) was observed. In this case, probably, the crosslinker was attached to the 

same oligomeric fragment, as it is improbable that xyloglucanase can hydrolyze two 

separate small fragments linked together by BDDE. Nonetheless, structures formed by 
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oligomers of four hexoses and two or three pentoses crosslinked with BDDE 

(Hex4P2+Hex4P2+BDDE, m/z theoretical 2085.7225; Hex4P3+Hex4P2+BDDE, m/z 

theoretical 2217.7647) were detected in all C-TSPs samples, as reported in Table 3-9. 

Therefore, even in C-TSP_A some crosslinked structures were presented, but at such low 

concentration that they could not be detected in NMR. Moreover, in C-TSP_B and C-

TSP_C, which were analyzed up to m/z value of 6000 due to NMR evidence, of 

crosslinked BDDE, longer oligomers formed by different combinations of Hex5P3, 

Hex6P3, and Hex7P4 linked with the crosslinker were observed, as shown in Table 3-9. 

Interestingly, these fragments were also observed linked each other with two BDDE 

crosslinks or with one crosslinked BDDE and one monolinked BDDE.  

In conclusion, different structures of hydrolyzed C-TSPs were observed including 

oligomers with monolinked BDDE and crosslinked BDDE on the same oligosaccharide. 

Additionally, oligomers linked to each other with the crosslinker were also detected, 

especially in C-TSP_B and C-TSP_C samples, where the BDDE concentration was 

higher compared to C-TSP_A. 

Table 3-9. MS data of oligosaccharides identified in C-TSPs samples digested with xyloglucanase. 

Oligosaccharide 

Monoisotopic ions observed in MALDI-TOF-MS 

Ion form 
m/z 

theoretical 

C-TSP_A C-TSP_B C-TSP_C 

m/z 

experimental 

Error, 

ppm 

m/z 

experimental 

Error, 

ppm 

m/z 

experimental 

Error, 

ppm 

Hex1P1 [M + Na]+ 

[M + K]+ 

335.0949 

351.0688 

335.0951 

- 

0.6 

- 

335.0948 

351.1226 

-0.3 

- 

335.0951 

- 

0.6 

- 

Hex2P1 [M + Na]+ 

[M + K]+ 

497.1477 

513.1216 

497.1474 

- 

-0.6 

- 

497.1466 

513.1209 

-2.2 

-1.4 

497.1472 

- 

-1.0 

- 

Hex2P2 [M + Na]+ 

[M + K]+ 

629.1899 

645.1639 

629.1874 

645.1621 

-4.0 

-2.8 

629.1876 

- 

-3.6 

- 

629.1883 

645.1627 

-2.5 

-1.8 

Hex3P1 [M + Na]+ 
[M + K]+ 

659.2005 

675.1745 

659.2007 

675.1758 

0.3 

1.9 

659.1962 

675.1709 

-6.5 

-5.3 

659.1970 

675.1800 

-5.3 

8.1 

Hex3P2 [M + Na]+ 
[M + K]+ 

791.2428 

807.2167 

791.2406 

807.2195 

-2.8 

3.5 

791.2373 

807.2023 

-6.9 

-17.3 

791.2383 

807.2078 

-5.7 

-11.0 

Hex3P3 [M + Na]+ 

[M + K]+ 

923.2850 

939.2590 

923.2799 

939.2598 

-5.5 

0.8 

923.2832 

939.2531 

-1.9 

-6.3 

923.2796 

939.2543 

-5.8 

-5.0 

Hex4P1 [M + Na]+ 

[M + K]+ 

821.2533 

837.2273 

821.2550 

837.2307 

2.1 

4.1 

821.2510 

837.2264 

-2.8 

-1.1 

821.2520 

837.2274 

-1.6 

0.1 

Hex4P2 [M + Na]+ 

[M + K]+ 

953.2956 

969.2695 

953.2918 

969.2723 

-4.0 

2.9 

953.2896 

969.2649 

-6.3 

-4.7 

953.2908 

969.2654 

-5.0 

-4.2 

Hex4P2+ 

BDDEmono 

[M + Na]+ 

[M + K]+ 

1173.4267 

1189.4006 

1085.3395 

1101.3109 

1.5 

-0.8 

1173.4216 

- 

-4.3 

- 

1173.4233 

1189.4005 

-2.9 

-0.1 

Hex4P3 [M + Na]+ 
[M + K]+ 

1085.3379 

1101.3118 

1217.3862 

- 

5.0 

- 

1085.3342 

1101.3053 

-3.4 

-5.9 

1085.3357 

1101.3120 

-2.0 

0.2 

Hex4P4 [M + Na]+ 
[M + K]+ 

1217.3801 

1233.3541 

983.3079 

- 

1.7 

- 

1305.4636 

- 

-4.1 

- 

1217.3629 

1233.3580 

-14.1 

3.2 
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Hex5P1 [M + Na]+ 

[M + K]+ 

983.3062 

999.2801 

1115.3499 

1131.3218 

1.3 

-0.5 

1217.3777 

- 

-2.0 

- 

983.3013 

- 

-5.0 

- 

Hex5P2 [M + Na]+ 

[M + K]+ 

1115.3484 

1131.3224 

1335.4900 

- 

7.9 

- 

983.3000 

- 

-6.3 

- 

1115.3455 

1131.3170 

-2.6 

-4.8 

Hex5P2+ 

BDDE 

[M + Na]+ 

[M + K]+ 

1317.4686 

1333.4429 

1247.3931 

1263.3649 

1.9 

0.2 

1115.3439 

1131.3155 

-4.0 

-6.1 

1317.4569 

1333.4538 

-8.9 

8.2 

Hex5P2+ 

BDDEmono 

[M + Na]+ 

[M + K]+ 

1335.4795 

1351.4334 

1449.5128 

- 

1.1 

- 

1317.4550 

1333.4633 

-10.3 

15.3 

1335.4746 

1351.4349 

-3.7 

1.1 

Hex5P2+ 

2BDDEmono 

[M + Na]+ 

[M + K]+ 

1555.6106 

1571.5845 

1467.5192 

1483.4869 

-1.8 

-5.9 

1335.4784 

- 

-0.8 

- 

1555.5289 

1571.4969 

-52.5 

-55.7 

Hex5P3 [M + Na]+ 
[M + K]+ 

1247.3907 

1263.3646 

1379.4325 

- 

-0.3 

- 

1247.3839 

1263.3608 

-5.4 

-3.0 

1247.3856 

1263.3627 

-4.1 

-1.5 

Hex5P3+ 

BDDE 

[M + Na]+ 
[M + K]+ 

1449.5112 

1465.4851 

1145.3523 

- 

-5.8 

- 

1449.5041 

- 

-4.9 

- 

1449.5064 

1465.5028 

-3.3 

12.1 

Hex5P3+ 

BDDEmono 

[M + Na]+ 

[M + K]+ 

1467.5218 

1483.4957 

1277.4038 

1293.3840 

2.0 

6.8 

1467.5160 

1483.4955 

-3.9 

-0.1 

1467.5183 

1483.4918 

-2.4 

-2.6 

Hex5P3+ 

2BDDEmono 

[M + Na]+ 

[M + K]+ 

1687.6528 

1703.6268 

1409.4450 

1425.4167 

1.1 

-0.5 

1687.6493 

- 

-2.1 

- 

1687.6458 

- 

-4.1 

- 

Hex5P3+BDDE+ 

BDDEmono 

[M + Na]+ 

[M + K]+ 

1669.6423 

1685.6162 

1611.5650 

- 

0.6 

- 

1379.4314 

1395.4153 

-1.1 

6.0 

1669.6369 

1685.6076 

-3.2 

-5.1 

Hex5P4 [M + Na]+ 

[M + K]+ 

1379.4329 

1395.4069 

1629.5718 

1645.5429 

-1.7 

-3.4 

1145.3510 

- 

-7.0 

- 

1379.4276 

1395.4174 

-3.8 

7.5 

Hex5P5 [M + Na]+ 
[M + K]+ 

1511.4752 

1527.4491 

1541.4937 

1557.4586 

5.1 

-0.7 

1277.3937↓ 

1293.3736 

-5.9 

-1.2 

1511.3815 

- 

-62.0 

- 

Hex6P2 [M + Na]+ 
[M + K]+ 

1277.4012 

1293.3752 

1673.5261 

- 

-1.1 

- 

1497.5180 

- 

-9.5 

- 

1277.4012 

1293.3698 

0 

-4.2 

Hex6P2+ 

BDDEmono 

[M + Na]+ 

[M + K]+ 

1497.5323 

1513.5063 

1439.4507 

1455.4222 

-2.4 

-4.0 

1409.4373 

1425.4086 

-4.4 

-6.2 

1497.5265 

1513.5021 

-3.9 

-2.8 

Hex6P3 [M + Na]+ 

[M + K]+ 

1409.4435 

1425.4174 

1571.4938 

- 

-1.6 

- 

1611.5582 

1627.5554 

-3.6 

10.7 

1409.4395 

1425.4108 

-2.8 

-4.6 

Hex6P3+ 

BDDE 

[M + Na]+ 

[M + K]+ 

1611.5640 

1627.5379 

1703.5388 

1719.5135 

0.1 

0.6 

1629.5709 

1645.5352 

-2.3 

-8.1 

1611.5546 

1627.5390 

-5.8 

0.7 

Hex6P3+ 

BDDEmono 

[M + Na]+ 

[M + K]+ 

1629.5746 

1645.5485 

1923.6743 

- 

2.4 

- 

1849.6960 

- 

-5.2 

- 

1629.5737 

1645.5444 

-0.5 

-2.5 

Hex6P3+ 

2BDDEmono 

[M + Na]+ 
[M + K]+ 

1849.7056 

1865.6796 

1835.5767 

- 

-2.2 

- 

2069.8385 

- 

0.9 

- 

1849.6995 

1865.6812 

-3.3 

-0.8 

Hex6P3+ 

3BDDEmono 

[M + Na]+ 
[M + K]+ 

2069.8367 

2085.8107 

1733.5484 

- 

-0.4 

- 

1831.7059 

- 

5.9 

- 

2069.8213 

- 

-7.4 

- 

Hex6P3+BDDE+ 

BDDEmono 

[M + Na]+ 

[M + K]+ 

1831.6951 

1847.6690 

1865.5892 

- 

-1.2 

- 

2051.8076 

- 

-9.1 

- 

1831.6890 

1847.6812 

-3.3 

6.6 

Hex6P3+BDDE+ 

2BDDEmono 

[M + Na]+ 

[M + K]+ 

2051.8262 

2067.8001 

1997.6407 

- 

3.5 

- 

1541.4825 

- 

-2.1 

- 

2051.8405 

- 

7.0 

- 

Hex6P4 [M + Na]+ 

[M + K]+ 

1541.4858 

1557.4597 

2085.7236 

- 

0.5 

- 

1673.5241 

- 

-2.3 

- 

1541.4788 

1557.4557 

-4.5 

-2.6 

Hex6P5 [M + Na]+ 

[M + K]+ 

1673.5280 

1689.5020 

2217.7696 

- 

2.2 

- 

1439.4483 

1455.4193 

-4.0 

-6.0 

1673.5270 

- 

-0.6 

- 

Hex7P2 [M + Na]+ 
[M + K]+ 

1439.4541 

1455.4280 
- - 

1571.4943 

1587.4807 

-1.3 

6.5 

1439.4505 

1455.4397 

-2.5 

8.0 

Hex7P3 [M + Na]+ 
[M + K]+ 

1571.4963 

1587.4703 
- - 

1773.6070 

1789.5848 

-5.5 

-3.3 

1571.4969 

1587.4645 

0.4 

-3.6 

Hex7P3+ 

BDDE 

[M + Na]+ 

[M + K]+ 

1773.6168 

1789.5908 
- - 

1791.6180 

1807.5892 

-5.2 

-6.7 

1773.6236 

- 

3.8 

- 
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Hex7P3+ 

BDDEmono 

[M + Na]+ 

[M + K]+ 

1791.6274 

1807.6013 
- - 

1703.5361 

1719.5104 

-1.5 

-1.2 

1791.6280 

1807.5858 

0.3 

-8.6 

Hex7P3+ 

2BDDEmono 

[M + Na]+ 

[M + K]+ 

2011.7585 

2027.7324 
- - 

1905.6496 

- 

-5.0 

- 

2011.7590 

- 

0.2 

- 

Hex7P4 [M + Na]+ 

[M + K]+ 

1703.5386 

1719.5125 
- - 

1923.6656 

- 

-2.1 

- 

1703.5326 

1719.5134 

-3.5 

0.5 

Hex7P4+ 

BDDE 

[M + Na]+ 

[M + K]+ 

1905.6591 

1921.6330 
- - 

2125.8036 

- 

6.3 

- 

1905.6602 

1921.6249 

0.6 

-4.2 

Hex7P4+ 

BDDEmono 

[M + Na]+ 

[M + K]+ 

1923.6697 

1939.6436 
- - 

1835.5772 

- 

-2.0 

- 

1923.6694 

1939.640 

-0.2 

-1.8 

Hex7P3+ 

2BDDEmono 

[M + Na]+ 
[M + K]+ 

2143.8007 

2159.7747 
- - 

2055.7113 

- 

-0.3 

- 

2143.8022 

- 

0.7 

- 

Hex7P4+BDDE+ 

BDDEmono 

[M + Na]+ 
[M + K]+ 

2125.7902 

2141.7641 
- - 

2037.7278 

- 

12.9 

- 

2125.7937 

- 

1.6 

- 

Hex7P5 [M + Na]+ 

[M + K]+ 

1835.5808 

1851.5548 
- - 

1601.4981 

- 

-5.5 

- 

1835.5874 

- 

3.6 

- 

Hex7P5+ 

BDDEmono 

[M + Na]+ 

[M + K]+ 

2055.7119 

2071.6859 
- - 

1733.5383 

1749.5267 

-6.2 

2.0 

2055.7084 

- 

-1.7 

- 

Hex7P5+ 

BDDE 

[M + Na]+ 

[M + K]+ 

2037.7014 

2053.6753 
- - 

1865.5889 

- 

-1.3 

- 

2037.6964 

- 

-2.4 

- 

Hex8P3 [M + Na]+ 

[M + K]+ 

1733.5491 

1749.5231 
- - 

1997.6510 

- 

8.7 

- 

1733.5480 

1749.5101 

-0.6 

-7.4 

Hex8P4 [M + Na]+ 
[M + K]+ 

1865.5914 

1881.5653 
- - 

2217.782 

- 

7.8 

- 

1865.5788 

1882.5545 

-6.7 

- 

Hex8P4+ 

BDDEmono 

[M + Na]+ 
[M + K]+ 

2085.7225 

2101.6964 
- - 

2159.6778 

- 

-4.0 

- 

2085.7218 

2101.7193 

-0.3 

10.9 

Hex9P4 [M + Na]+ 

[M + K]+ 

2027.6442 

2043.6182 
- - 

2453.7822 

- 

0.2 

- 

2027.6346 

2043.6225 

-4.7 

2.1 

Hex9P5 [M + Na]+ 

[M + K]+ 

2159.6865 

2175.6604 
- - 

2085.7173 

- 

-2.5 

- 

2159.6753 

2175.6732 

-5.2 

5.9 

Hex9P5+ 

BDDEmono 

[M + Na]+ 

[M + K]+ 

2379.8176 

2395.7915 
- - 

2217.7676 

- 

1.3 

- 

2379.8188 

- 

0.5 

 

Hex4P2+ 

Hex4P2+BDDE 
[M + Na]+ 

[M + K]+ 

2085.7225 

2101.6964 
- - 

2379.8116 

- 

-2.5 

- 

2085.7218 

- 

-0.3 

- 

Hex4P2+ 

Hex4P3+BDDE 
[M + Na]+ 
[M + K]+ 

2217.7647 

2233.7387 
- - 

2542.8720 

- 

-0.7 

- 

2217.7675 

- 

1.3 

- 

Hex4P2+ 

Hex5P3+BDDE 
[M + Na]+ 
[M + K]+ 

2379.8176 

2395.7915 
- - 

2674.9077 

- 

-3.1 

- 

2379.8188 

- 

0.5 

- 

Hex4P2+ 

Hex6P3+BDDE 
[M + Na]+ 

[M + K]+ 

2542.8737 

2557.8443 
- - 

2895.0407 

- 

-2.1 

- 

2542.8718 

- 

-0.7 

- 

Hex5P3+ 

Hex5P3+BDDE 
[M + Na]+ 

[M + K]+ 

2674.9160 

2690.8899 
- - 

2877.0477 

- 

3.9 

 

2674.9076 

- 

-3.1 

- 

Hex5P3+ 

Hex5P3+BDDE 

+BDDEmono 

[M + Na]+ 

[M + K]+ 

2895.0471 

2690.8899 
- - 

2836.9685 

- 

-0.1 

- 

2895.0405 

- 

-2.1 

- 

Hex5P3+ 

Hex5P3+2BDDE 
[M + Na]+ 
[M + K]+ 

2877.0365 

2893.0104 
- - 

3057.0977 

- 

-0.7 

- 

2877.0391 

- 

0.9 

 

Hex5P3+ 

Hex6P3+BDDE 
[M + Na]+ 
[M + K]+ 

2836.9688 

2852.9428 
- - 

3039.0864 

- 

-0.9 

- 

2836.9684 

- 

-0.1 

- 

Hex5P3+ 

Hex6P3+BDDE+ 

BDDEmono 

[M + Na]+ 

[M + K]+ 

3057.0999 

3073.0738 
- - 

3131.0634 

- 

-0.2 

- 

3057.0976 

- 

-0.7 

- 
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Hex5P3+ 

Hex6P3+2BDDE 
[M + Na]+ 

[M + K]+ 

3039.0893 

3055.0633 
- - 

2999.0240 

- 

0.8 

- 

3039.0950 

- 

1.9 

- 

Hex5P3+ 

Hex7P4+BDDE 
[M + Na]+ 

[M + K]+ 

3131.0639 

3147.0378 
- - 

3219.1541 

- 

0.4 

- 

3131.0632 

- 

-0.2 

- 

Hex6P3+ 

Hex6P3+BDDE 
[M + Na]+ 

[M + K]+ 

2999.0216 

3014.9956 
- - 

3201.1359 

- 

-2.0 

- 

2999.0065 

- 

-5.0 

- 

Hex6P3+ 

Hex6P3+BDDE+ 

BDDEmono 

[M + Na]+ 

[M + K]+ 

3219.1527 

3235.1267 
- - 

3293.1201 

- 

1.0 

- 

3219.1539 

- 

0.4 

- 

Hex6P3+ 

Hex6P3+2BDDE 
[M + Na]+ 
[M + K]+ 

3201.1422 

3217.1161 
- - 

3201.1359 

- 

-2.0 

- 

3201.1358 

- 

-2.0 

- 

Hex6P3+ 

Hex7P4+BDDE 
[M + Na]+ 
[M + K]+ 

3293.1167 

3309.0907 
- - 

3293.1201 

- 

1.0 

- 

3293.1200 

- 

1.0 

- 

 

 

3.8. Pharmacological tests 

3.8.1. Cell viability 

Cell viability was assessed after 24 hours of treatment with lipopolysaccharide (LPS) 

(10 µg/ml) alone or in combination with 1% C-TSP_A, C-TSP_B, or C-TSP_C. The 

results are reported in the following Figure 3-20. 

 
Figure 3-20. Effect of LPS and C-TSP compounds on cell viability after 24-hour treatment. 

Cell viability was assessed and expressed as a percentage relative to the vehicle-treated control. Data are 

presented as mean ± SEM (n = 6). Statistical analysis was performed using One way ANOVA followed by 

post-test Bonferroni. 
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As shown in Figure 3-20, exposure to LPS alone resulted in a slight, non-significant 

reduction in cell viability compared to the vehicle control, indicating limited cytotoxicity 

under these conditions. Co-treatment with C-TSP_A and C-TSP_B appeared to restore 

cell viability to levels similar to the vehicle, while C-TSP_C gave similar relative to pure 

LPS. However, none of these effects reached statistical significance. 

3.8.2. Permeability assessment  

3.8.2.1. TEER measurement  

The effect of LPS 10 g/mL and LPS in combination of the C-TSPs on transendothelial 

electrical resistance (TEER), a measure of intestinal barrier integrity, is showed in Figure 

3-21. 

 
Figure 3-21. Effect of LPS and C-TSP compounds on intestinal barrier integrity. 

TEER values (Ohm·cm²) were measured to assess the integrity of the endothelial monolayer. Data are 

expressed as mean ± SEM (n = 6). Statistical analysis was performed using One way ANOVA followed 

by Bonferroni post-test. *statistical significance vs vehicle (* p < 0.05); ^ statistical significance vs LPS 

(^ p < 0.05; ^^ p < 0.01). 

The graph in Figure 3-21 showed that the exposure to LPS (10 µg/ml) for 24 hours led to 

a significant reduction in TEER compared to the Caco-2 cells vehicle, indicating a 

compromise in intestinal barrier function. Co-treatment with C-TSP_A (1%) significantly 

restored TEER, suggesting a protective effect against LPS-induced barrier disruption. 

Notably, C-TSP_B (1%) not only reversed the LPS-induced decrease but also increased 
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TEER above the baseline level observed in the vehicle group, indicating a strong barrier-

enhancing activity. In contrast, C-TSP_C (1%) did not significantly improve TEER 

compared to LPS alone, showing limited efficacy in maintaining or restoring barrier 

integrity under inflammatory conditions. 

 

3.8.2.2. FITC 4kDa-dextran permeability test 

To assess the impact of LPS and C-TSP compounds on intestinal permeability, a FITC-

dextran (4 kDa) flux assay was performed over a 4-hour period. The results are reported 

in Figure 3-22. 

 
Figure 3-22. Effect of LPS and C-TSP derivatives on intestinal permeability assessed by FITC-dextran 

flux. 

Effect of LPS and C-TSP derivatives on intestinal permeability assessed by FITC-dextran flux. 

As shown in Figure 3-22, LPS treatment 10 µg/ml markedly increased paracellular 

permeability compared to the untreated control, as indicated by a progressive rise in 

basolateral fluorescence intensity over time. This increase reflects a significant disruption 

of intestinal barrier function. In contrast, co-treatment with 1% C-TSP_A, C-TSP_B, or 

C-TSP_C effectively attenuated the LPS-induced permeability, with all three compounds 

substantially reducing FITC-dextran passage across the monolayer. These findings 

suggest that C-TSP derivatives, can mitigate LPS-induced barrier dysfunction and 

preserve intestinal integrity. The protective effects of C-TSP derivatives observed in 

Caco-2 monolayers under inflammatory conditions suggest potential therapeutic 

relevance in the context of IBD. IBD is characterized by chronic intestinal inflammation 
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and impaired epithelial barrier function, leading to increased intestinal permeability and 

sustained immune activation. In this study, LPS exposure disrupted barrier integrity, as 

evidenced by a reduction in TEER and an increase in FITC-dextran flux, mimicking the 

epithelial dysfunction observed in IBD. Co-treatment with C-TSPs, effectively restored 

barrier properties, reducing paracellular permeability and enhancing monolayer 

resistance. Given the central role of epithelial barrier dysfunction in IBD pathogenesis, 

the ability of C-TSP derivatives to preserve or restore barrier integrity under pro-

inflammatory conditions positions them as promising candidates for further investigation 

in preclinical models of colitis.  
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3.9. Conclusions 

This work presents a comprehensive physiochemical and pharmacological 

characterization of novel hydrogels obtained by functionalizing tamarind seed 

polysaccharide (TSP) with 1,4-Butanediol diglycidyl ether. Chemical modification 

enabled the formation of crosslinked networks with BDDE, ranging from viscous-like (C-

TSP_A) to fully gel-like (C-TSP_C) behavior. The degree of crosslinking, confirmed by 

NMR spectroscopy following enzymatic depolymerization, correlated with significant 

changes in rheological behavior, microstructure, and hydrogel stability. Importantly, 

pharmacological assays in an in vitro model of intestinal inflammation revealed that the 

C-TSP derivatives were able to mitigate LPS-induced epithelial damage. Specifically, C-

TSP_B emerged as the most balanced formulation, showing enhanced transepithelial 

electrical resistance (TEER), reduced paracellular permeability, and preservation of cell 

viability—likely due to its optimal viscoelastic properties and ability to interact with the 

mucosal interface. 

These results suggest that BDDE-crosslinked TSP hydrogels possess promising 

biofunctional properties for use in barrier-protective therapies, such as in the treatment of 

IBD. Their intrinsic mucoadhesivity, combined with improved mechanical resilience and 

biocompatibility, positions them as viable candidates for localized drug delivery or 

mucosal protection. However, some limitations must be acknowledged. Native TSP was 

not included in the pharmacological assays due to its known properties and distinct 

physical behavior. C-TSP samples were tested at 1% (w/v), forming semi-solid or gel-

like matrices suitable for direct contact with cellular monolayers. In contrast, TSP at 1% 

remains a low-viscosity solution, which may not remain stable in place on the monolayer, 

potentially leading to inconsistent exposure. 
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3.10. Materials and methods 

3.10.1. Materials 

TSP was provided by FARMIGEA (Pisa, Italy). Sodium azide, Sodium nitrate, sodium 

hydroxide, acetone, 1,4-Butanediol diglycidyl ether (BDDE), Sodium deuteroxide 

solution NaOD from Sigma Aldrich (Milan, Italy); Xyloglucanase (GH5) (Paenibacillus 

sp.) was purchased from Megazyme International (Ireland); deuterium oxide (99.9%) 

from Euriso-top (Saint-Aubin, France). Deionized water (conductivity less than 0.1 μS) 

was prepared with an osmosis inverse system (Culligan, Milan, Italy). PolyCAL-Pullulan 

Std-102K and PolyCAL-DextranStd-T67K (Malvern Panalytical, UK). When not 

specified, the reagents are ≥98%.   

3.10.2. Methods 

3.10.2.1. Synthesis of crosslinked TSP 

Tamarind seed polysaccharide (TSP- 400 mg) was suspended in a solution (8 mL) of 

sodium hydroxide (NaOH) 1M at the concentration of 50 mg/mL and stirred until 

complete solubilization at room temperature. Then, the solution was heated to 50°C and 

BDDE at different mole/residue ratios of polysaccharide/BDDE (5-120 µL) were added. 

After 2 hours, the resulting products were dialyzed in water (c.o.=6-8 kDa) to remove 

NaOH and residual BDDE. The samples were then dried using acetone and lyophilization. 

In Table 3-1, the product obtained are reported. The molar ratio was calculated using for 

the TSP the molecular weight of the repetitive unit, 1207 g/mol, and for the BDDE the 

molecular weight of 202.25 g/mol and density of 1.1 g/mL. 

3.10.2.2. SEM 

SEM analyses were performed with a Zeiss FEG Gemini 500 electronic microscope. The 

microscope can operate with accelerating voltages of 0.5–30 kV, beam currents of 3 pA-

20 nA, with a nominal resolution of 0.6 nm at 15 kV. For the analysis reported in this 

study, the system was operating at 5 kV. Prior to SEM analysis, samples are gold- 

sputtered. TSP and C-TSPs samples were analyzed after freeze-drying process. 
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3.10.2.3. FTIR 

The infrared spectra of TSP and C-TSP were recorded using an Alpha spectrometer 

(Bruker, Bremen, Germany), in the range of 4,000-400 cm−1 at room temperature. An 

ATR (attenuated total reflection) (Bruker, Bremen, Germany), platinum diamond was 

used for the measurement. A resolution of 4 cm-1 and a phase resolution of 32 were 

employed. The sample scan time was 100 and the background scan time was 50. The data 

were analysed using OPUS software version 7.0 (Bruker, Bremen, Germany). TSP and 

C-TSPs samples were analyzed after freeze-drying process. C-TSP-B and C-TSP_C were 

also grinded to obtain powder. 

3.10.2.4. Rheological properties 

The rheological properties of soluble resulting products were studied using a Modular 

Compact Rheometer MCR 92 (Anton Paar GmbH, Graz, Austria), with measure system 

DG26.7 (double gap geometry) at of 37°C.  

Viscosity measurements were performed in rotation mode, they were investigated in the 

range of 1-1000 s-1, with a logarithmic ramp, and ten points per decade were acquired. 

Samples were solubilized in deionized water to a concentration of 10 mg/mL, about 100 

mg were solubilized in 10 mL of deionized water. 

The sample viscoelastic behaviour was investigated in the oscillation mode, to determine 

the storage modulus G’(ω) and the loss modulus G” (ω) at 37°C at 10 mg/mL. First, 

preliminary tests were conducted to determine the upper amplitude limit of the linear 

viscoelastic region (LVE), testing the samples over an extended strain field (0.1-100%), 

at constant angular frequency (10 rad/s). 

Second, after the determination of the LVE (1%) the samples were tested by performing 

a frequency sweep test over the 100 rad/s-0,1 rad/s frequencies, at a constant strain. 

 
3.10.2.5. HP-SEC-TDA 

Chromatographic acquisitions were performed on OmniSEC Multi-detector System 

(Malvern Panalytical, UK) equipped both systems with a triple detector array exploiting 

simultaneous action of refraction index detector (RI), Right and Low Angle Light 

Scattering (RALS and LALS) and Viscometer (DP).  
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Measurements were performed at 40°C using 2 x TSKGMPWXL colums,13 μm, 7.8 mm 

ID x 30 cm L, in series (Tosoh Bioscience, Tokyo, Japan). NaNO3 0.1M+NaN3 0.05%, 

prefiltered (0.22 µm Mixed cellulose Ester filter), was used as mobile phase at a flow rate 

of 0.6 mL/min. Chromatographic profiles were elaborated using OMNISEC software 

version 11.40 for OmniSEC Multi-detector System.  

RI increments, referred to as dn/dc, equal to 0.164 cm3/g was used.  

The detectors were calibrated with Pullulan standard, with certified molecular weight, 

polydispersion index and intrinsic viscosity (PolyCAL-PullulanStd-102K Malvern 

Panalytical, UK). 

Samples were solubilized at about 1 mg/mL in 0.1M NaNO3 +NaN3 0.05%. 

3.10.2.6. 1D and 2D NMR analysis 

TSP and C-TSPs’ 13C cross polarization with magic angle spinning (CP-MAS) spectra 

and the measurement of the spin lattice relaxation time, T1, were performed on 

AVANCE IIIHD 500MHz spectrometer (Bruker, Karlsruhe, Germany), equipped with 4 

mm for solid state probe, at room temperature. About 50 mg of the powder samples were 

placed directly in the rotor. 

13C CP-MAS spectra were acquired using the Bruker cp pulse program, with the 

following parameters: contact time (P15) 1.4 ms, Irradiation frequency (O1) 78.258 ppm, 

spectral width of 301.2410 ppm, time domain (TD) 3026, relaxation delay (D1) 8s, 2048 

number of scans (NS). 

1H T1 were acquired using Bruker cpht1rho pulse program, with the following 

parameters: contact time (P15) 1.4 ms, Irradiation frequency (O1) 78.258 ppm (F2) and 

6.2 (F1), spectral width of 301.2410 ppm (F2) and 10 ppm (F1), time domain (TD) 3026 

(F2) and 12 (F1), relaxation delay (D1) 8s, 512 number of scans (NS). 

TSP’s 1H and 1H-13C HSQC spectra were obtained with a Bruker AVANCE 600 III 

(Bruker, Karlsruhe, Germany) at 313 K. About 8 mg of sample were dissolved in 0.6 mL 

of deuterium oxide (D2O). TSP sample was stirred overnight to ensure a complete 

solubilization before transfer in a 5 mm NMR tube for the analysis.  

1H‐NMR were acquired with pre-saturation of residual HOD, using the Bruker zgcppr 

pulse program, with the following parameters: number of scans 16, relaxation delay 12 s 

D1, time domain 32 k points and a spectral width of 18 ppm with transmitter offset 4.7 

ppm. 
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1H-13C HSQC experiments were acquired using the Bruker hsqcetgpsisp2.2 pulse 

program, with GARP4 decoupling. The following acquisition parameters were set: 24 

number of scans, 16 dummy scans, relaxation delay 2 s, time domain 2048 (F2) and 256 

(F1), spectral width 8 ppm (F2) and 160 ppm (F1), transmitter offset 4.7 ppm (F2) and 80 

ppm (F1), and number of t1 increments equal to 320. The 1 JC–H tune value was set to 

150 Hz. 

C-TSP_A 1H-13C HSQC spectra were obtained with a Bruker AVANCE NEO 500MHz 

spectrometer (Bruker, Karlsruhe, Germany) equipped with 5 mm TCI cryoprobe, at 303 

K. About 8 mg of sample were dissolved in 0.6 mL of deuterium oxide (D2O). C-TSP 

samples was stirred overnight to ensure a complete solubilization before transfer in a 5 

mm NMR tube for the analysis.  

1H NMR were acquired with pre-saturation of residual HOD, using the Bruker zgcppr 

pulse program, with the following parameters: number of scans 16, relaxation delay 12 s 

D1, time domain 32 k points and a spectral width of 18 ppm with transmitter offset 4.7 

ppm. 

1H-13C HSQC were acquired using Bruker hsqcedetgpsisp2.2 pulse program, with the 

following parameters: number of scans 32, dummy scan 16, relaxation delay 2 s, time 

domain 2048 (F2) and 256 (F1), spectral width 9.9 ppm (F2) and 160 ppm (F1), 

transmitter offset 4.7 ppm (F2) and 80 ppm (F1). 

Hydrolyzed with xyloglucanase C-TSPs samples 1H and 1H-13C HSQC spectra were 

obtained with a Bruker AVANCE NEO 500MHz spectrometer (Bruker, Karlsruhe, 

Germany) equipped with 5 mm TCI cryoprobe, at 298 K. About 20 mg of sample were 

dissolved in 0.6 mL of deuterium oxide (D2O) and transferred in a 5 mm NMR tube for 

the analysis. 

1H NMR was acquired with presaturation of residual HOD, using the Bruker noesypr1d 

pulse program, with the following parameters: number of scans 16-32, relaxation delay 

20 s D1, time domain 32-65 k points and a spectral width of 16-23 ppm with transmitter 

offset 4.7 ppm. 

1H-13C HSQC were acquired using Bruker hsqcedetgpsisp2.2 pulse program, with the 

following parameters: number of scans 24, dummy scan 16, relaxation delay 2 s, time 

domain 1024 (F2) and 320 (F1), spectral width 7.9 ppm (F2) and 120 ppm (F1), 

transmitter offset 4.7 ppm (F2) and 75 ppm (F1). 

1H-13C HSQC-DEPT of hydrolyzed C-TSP_C were acquired using Bruker 

hsqcedetgpsisp2.2 pulse program, with the following parameters: number of scans 16, 
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dummy scan 16, relaxation delay 2 s, time domain 1024 (F2) and 1024 (F1), spectral 

width 7.9 ppm (F2) and 140 ppm (F1), transmitter offset 4.7 ppm (F2) and 70 ppm (F1). 

BDDE and BDPE 13C and 1H-13C HSQC spectra were obtained with a AVANCE IIIHD 

500MHz spectrometer (Bruker, Karlsruhe, Germany) equipped with a 5 mm BBO probe, 

at 303 K. About 15 L of BDDE were dissolved in 0.6 mL of deuterium oxide (D2O) and 

transferred in a 5 mm NMR tube for the analysis. To obtain BDPE 50 L of NaOD were 

added to the tube contained the BDDE and left for 30’ under agitation before the 

measurement.  

13C NMR was acquired using the Bruker zgig pulse program, with the following 

parameters: number of scans 32-512, relaxation delay 3 s D1, time domain 32 k points 

and a spectral width of 301 ppm with transmitter offset 90 ppm. 

1H-13C HSQC were acquired using Bruker hsqcedetgpsisp2.2 pulse program, with the 

following parameters: number of scans 4, dummy scan 16, relaxation delay 3 s, time 

domain 1024 (F2) and 128 (F1), spectral width 7.9 ppm (F2) and 160 ppm (F1), 

transmitter offset 4.7 ppm (F2) and 70 ppm (F1). 

All the spectra were processed with BrukerTopspin software version 4.1.1.  

 

3.10.2.7. Swelling rate 

The powdered samples (50-100 mg) are placed into a metallic filter, with fine meshes, 

with a known weight, and the filter is dipped in about 450 mL of deionized water for a 

prescribed period of 24 hours. Then the filter is dripped for two minutes to remove 

excessive fluid and weighted. The swelling ratio (SR) at time t is calculated using the 

following equation (12): 

SR (g/g)= 
Ws

Wd

 (12) 

where Ws is the weight of the swollen sample, Wd is the weight of the dry sample. The 

measurements were made in triplicate. 

3.10.2.8. Enzymatic depolymerization 

Enzymatic depolymerizations were carried out using Xyloglucanase (GH5) form 

Paenibacillus sp. The depolymerization of TSP and C-TSP was performed adapting the 

method used by Zhang and Ai (Zhang, et al., 2020). C-TSPs were solubilized at the 
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concentration of 10 mg/mL in deionized water at 40°C, dissolving 50 mg of C-TSP in 5 

mL of deionized water overnight. Then, 25 μL of xyloglucanase (Paenibacillus sp., 20 

U) were added to the solution for TSP and 50 μL. After 24 h, the reaction mixture was 

heated at 100°C for 10 min to inactivate the enzyme, centrifugated at 8000 rpm for 15’ to 

precipitate the enzyme, and then the supernatant collected was lyophilized. 

3.10.2.9. MALDI-TOF analysis 

The MALDI-MS analysis of polysaccharides was performed on a timsTOF MALDI-2 

fleX mass spectrometer (Bruker Daltonik, Bremen, Germany). Polysaccharide fractions 

were dissolved in methanol:water (1:1, v/v), premixed 1:1 (v/v) with a 10 mg/ml solution 

of dihydroxybenzoic acid (DHB) in methanol:water (1:1, v/v), and spotted on the MALDI 

target plate. Ionization was achieved using a Bruker SmartBeam 3D laser system, 

applying a 26 × 26 µm beam scan range and operated at 10 kHz with 200 shots, and 55% 

laser power. The analysis of the samples was conducted using the following parameters 

reported in Table 3-10: 

Table 3-10. Parameters for the analysis MALDI-TOF of TSP, C-TSP_A, C-TSP_B and C-TSP_C. 

Parameter TSP C_TSP_A C_TSP_B C_TSP_C 

Spot location A6 A3 A5 A2 

Ion mode POS POS POS POS 

m/z range 100-2500 100-2500 100-6000 100-6000 

MALDI plate offset (V) 50 50 50 50 

Deflection 1 Delta (V) 70 70 70 70 

Funnel 1 RF (Vpp) 300 300 300 300 

Funnel 2 RF (Vpp) 350 350 350 350 

Multipole RF (Vpp) 400 350 400 400 

Collision cell energy (eV) 10 10 10 10 

Collision cell RF (Vpp) 2000 1500 2000 2000 

Quad energy (eV) 5 5 5 5 

Lowest quad mass 100 
100 

100 100 

Transfer time (µs) 80 80 80 100 

Pre-pulse storage (µs) 10 10 10 10 
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All the spectra were processed with mzmine software version 4.7.8. (Heuckeroth et al., 

2024). 

3.10.2.10. Cell culture 

Caco-2 cells (ATCC HTB-37) were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino 

acids, 2 mM L-glutamine, and 1% penicillin-streptomycin. Cells were maintained at 37°C 

in a humidified atmosphere containing 5% CO₂. The culture medium was renewed every 

2–3 days. 

3.10.2.11. Monolayer formation 

For permeability assays, Caco-2 cells were seeded onto Transwell® inserts 

(polycarbonate membrane, pore size 0.4 µm, 24-well format) at a density of 1 × 10⁵ cells 

per insert. Cells were cultured for 21 days to allow differentiation and the formation of 

tight junctions. Monolayer integrity was monitored by measuring transepithelial electrical 

resistance (TEER) using an epithelial voltohmmeter. Only monolayers with TEER values 

≥500 Ω·cm² were used for experiments. 

3.10.2.12. Treatment Protocol 

After the differentiation period, monolayers were treated for 24 hours with 

lipopolysaccharide (LPS, 10 µg/mL; Sigma-Aldrich), either alone or in combination with 

test substances C-TSP_A, C-TSP_B, and C-TSP_C, each applied at a final concentration 

of 1% (v/v). The TSP compounds were previously solubilized overnight in complete 

culture medium under constant agitation at room temperature to ensure complete 

dissolution. Control wells received vehicle treatment. 

3.10.2.13. Measurement of Transepithelial Electrical Resistance (TEER) 

At the end of the 24-hour treatment, TEER was measured again to assess the impact on 

epithelial barrier integrity. Values were corrected for blank insert resistance and 

expressed as Ω·cm². 
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3.10.2.14. FITC-Dextran Permeability Assay 

Paracellular permeability was evaluated using fluorescein isothiocyanate-labeled dextran 

(FITC-dextran, 4 kDa; Sigma-Aldrich). Monolayers were washed twice with pre-warmed 

Hank’s Balanced Salt Solution (HBSS) and equilibrated for 30 minutes at 37°C. FITC-

dextran was added to the apical compartment at a final concentration of 1 mg/mL in 

HBSS, while the basolateral compartment received fresh HBSS. After incubation (30, 60, 

120, 180, 240 minutes), 100 µL samples were collected from the basolateral side and 

replaced with fresh buffer. Fluorescence intensity was measured using a microplate reader 

(excitation 485 nm, emission 530 nm). 

3.10.2.15. Cell Viability Assay (MTT) 

Cell viability was assessed using the MTT assay. After the 24-hour treatment, Caco-2 

cells in Transwell inserts were incubated with MTT solution (0.5 mg/mL in serum-free 

DMEM) for 3 hours at 37°C. Subsequently, the medium was removed, and the formazan 

crystals formed were dissolved by adding 600 µL of DMSO to each insert. The solution 

was transferred to a 96-well plate, and absorbance was measured at 570 nm using a 

microplate reader. Results were expressed as a percentage of viable cells compared to the 

untreated control. 

3.10.2.16. Data analysis 

Statistical analyses were performed using one-way ANOVA, followed by Bonferroni 

post-test. Data are presented as mean ± standard error of the mean (SEM), and statistical 

significance was defined as p < 0.05. 
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CHAPTER 4 – CONCLUSION AND FUTURE 

PERSPECTIVE 

During this PhD project, chemical modifications of TSP were performed to enhance 

physical, chemical and biological properties of this polysaccharide and expand its 

potential applications. Sulfation was carried out to improve the solubility of TSP by 

introducing negatively charged groups, and to increase its antibacterial, antiviral and anti-

inflammatory properties, which are typical characteristics of sulfated polysaccharides.  

Sulfated samples with different degrees of sulfation were obtained. These samples 

exhibited higher solubility compared to native TSP, with a higher molecular weight 

proportional to the degree of sulfation, a decrease in dynamic viscosity with increasing 

sulfation of the repetitive unit, and no ocular irritation. The sulfated samples also 

maintained the mucoadhesive properties of TSP, due to electrostatic interactions between 

the charged domains of the glycoprotein mucin and the sulfated groups. 

Furthermore, TSP was crosslinked using BDDE, a biodegradable and safe crosslinker, to 

improve the rheological properties and the residence time in biological systems. Both 

viscous-like and gel-like samples were synthetized. The viscous-like samples displayed 

similar physical properties similar to TSP, while gel-like samples exhibited higher 

viscosity, greater swelling capability and a potential barrier-like role in intestinal under 

inflammatory conditions.  

In conclusion, the main goal of this PhD project, to synthetize and characterize TSP 

modified samples with properties different from the native polysaccharide, was 

successfully achieved. 

In the future, these products will be tested in different eye drops formulations to 

investigate whether they offer improved effects for treatment of Dry Eye Disease 

compared to native TSP.  

Moreover, the combination of the two chemical modifications, sulfation and crosslinking, 

will be investigated. Specifically, soluble, viscous-like crosslinked samples will be 

sulfated with the same method applied to TSP and sulfated samples will be further 

crosslinked with the BDDE. Their physico-chemical properties and biological activity 

will be studied to determine whether the combined modifications result in enhanced 

properties and synergistic improvements compared to individual modification. 
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Finally, an industrial scale up of the production of the modified samples will be 

investigated to evaluate process stability, scalability and cost-effectiveness for potential 

industrial production.  
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