Anastasia Goumenou 
  
Christophe Chendo 
  
Audrey Combès 
  
Thierry Fournier 
  
Valérie Pichon 
  
Nathalie Delaunay 
  
gonadotropin glycoforms before their analysis by nano liquid chromatography-high resolution mass spectrometry

Keywords: ammonium bicarbonate ACN: acetonitrile AEX: anion exchange chromatography bicinchoninic acid assay BPC: Base Peak Chromatogram BSA : bovine serum albumin capillary isoelectric focusing capillary zone electrophoresis DELFIA : dissociation-enhanced lanthanide fluorescence immunoassay Dulbecco′s Modified Eagle′s Medium Monosaccharides Abbreviations Symbols Monoisotopic Mass (Da) Fucose human chorionic gonadotropin, Jacalin, lectin, liquid chromatography, mass spectrometry, solid phase extraction

Concanavalin A-based lectin-sorbents for the extraction of the human chorionic

I would like to thank Professor Miriam Taverna and Doctor Valérie Agasse for accepting the invitation to evaluate my thesis as my rapporteurs. I sincerely appreciate the effort and time they have dedicated to assess my manuscript as well as their constructive comments. I would equally like to thank Doctor Thierry Fournier and Doctor Didier Thiébaut for accepting the invitation to be the members of the jury. I appreciate their input and the discussion we had during my thesis defense. In addition, I would like to also thank Doctor Thierry Fournier for the collaboration with our team throughout this challenging project.

Moreover, I would like to acknowledge and give my sincere thanks to my thesis director Doctor Nathalie Delaunay, who made this work possible. First, I would like to thank her for her trust during the selection process for the UPTOPARIS program. In addition, her guidance and advice throughout this project were extremely valuable, and I sincerely appreciate her input, suggestions, and our discussions. Finally, I highly appreciate her evaluation of my manuscript and all the time and effort she dedicated to help me produce a high quality work overall. I would like to equally express my gratitude towards Professor Valérie Pichon, which is the co-supervisor of my project and the director of the Analytical and Bioanalytical Sciences and Miniaturization lab (LSABM). First, I would like to thank her for welcoming me to the lab and to the team. In addition, I would like to thank her for her scientific advice and invaluable suggestions that many times helped me resolve some pending challenges of the project. Overall, I am very grateful for the fruitful and excellent collaboration with both Doctor Nathalie Delaunay and Professor Valérie Pichon; this experience in LSABM has deepen my knowledge on the field of Analytical Chemistry and I strongly believe it would greatly benefit my future career. I would also like to thank all the permanent staff of the laboratory for welcoming me and for offering me their help at any point during my thesis. I would like to especially thank Doctor Christophe Chendo for his very hard work regarding the interpretation of the MS data and his overall contribution to the project. I would like to thank him for introducing to the project the accurate mass measurements methodology and applying it for the identification of the glycoforms of the hCG hormone. I would like to equally acknowledge Doctor Audrey Combès for her overall implication and contribution to the project, especially regarding the LC-MS part, and for her advice during my thesis and the time she devoted to my training and to answering my questions.

I also thank all the PhD students, post-doctoral fellows and interns that I have met in the laboratory during those last three years. First, I would like to specially thank Doctor Amira al Matari for her great contribution to the project and for our excellent collaboration during my thesis. Her training and our discussions helped me a lot to understand this project and progress. I very much enjoyed the time we spent in the lab and during the lunch breaks. Amira, thank you so much for the support. A special thanks to Stan, Thomas, Florine and Pauline for their advice, for offering their help whenever I needed it and for giving me very comprehensive trainings. A big thank you also to Clement for all the fun times in the lab and for being a good friend. A special thank you to Khirreddine as well for our interesting conversations, his kind help, and his friendship.

Finally, I would like to thank the UPTOPARIS project and the people that worked for this program and the European Union's Horizon 2020 research and innovation program under the Marie Skłodowska-Curie grant agreement No 754387 for providing the funding of this project. I am honoured to be a fellow of this prestigious international doctoral program. This experience has greatly contributed to my career progress and my personal growth.

A very big thank you to my family, my mother Maria, my father Christos and my brother Thanasis.

There are no words to express my gratitude to you. Μαμά, σε αγαπώ αφάνταστα και σε ευχαριστώ, χωρίς την υποστήριξή σου δεν θα τα κατάφερνα. Σε ευχαριστώ που πίστεψες σε εμένα και μου έδινες πάντα ελπίδα και δύναμη. Και μόνο η φωνή σου με έκανε να ηρεμώ και να προχωράω. Τα λόγια σου και η παρουσία σου ήταν πάντα βάλσαμο για μένα. Μπαμπά, ελπίζω να σε έκανα υπερήφανο. Σε ευχαριστώ για όλη την αγάπη που μας πρόσφερες όσο ήσουν κοντά μας γιατί μου φτάνει για όλη μου την ζωή. Σε ευχαριστώ που με έμαθες να αγαπάω την γνώση και να θέλω να πάω ψηλά, να αγωνίζομαι, να πιστέυω στις δυνάμεις μου και να μην τα παρατάω. Σε αγαπώ πολύ, αυτό το πτυχίο είναι για σένα. Θανάση, σε αγαπώ πάρα πολύ και είμαι ευτυχισμένη που είσαι αδερφός μου και περίφανη για όλα τα υπέροχα επιτευγματα που έχεις καταφέρει στην ζωή σου. Σε ευχαριστώ για την υποστήριξη, για όλα τα αστεία που κάνουμε παρέα και για όλη την αγάπη που μου δίνεις. I would also like to thank my grandmother Tasia, my uncle Thodoros, my aunt Chrisitina and my cousin Panagiota. Σας αγαπώ όλους πάρα πολύ και σας ευχαριστώ.

Finally, I would like to thank all my friends that I met in Greece, in Italy, in the Netherlands and in Paris.

Θεόφιλε και Σοφία, thank you for being my best friends; we have always an amazing time together every time we meet. You make me happy and enjoy every moment. I am grateful for your support and for helping me during hard times. I am so proud of both of you. Mάνια, thank you for being my best friend as well. It's been almost 10 years since we met and still we have the same laughs every time.

Thank you for your support and for always listening to me. You are truly amazing. Σας αγαπώ και σας ευχαριστώ.

Finally, my time in Paris would have never been as special as it has been if I haven't met my party animals. Those amazing people with whom I have spent very precious and unforgettable moments. I am very proud of each one of you and I am so happy to be your friend. I am sure a bright future awaits all of you. Magda, Viktor, Henrique, Larissa, Pascal, Bruno, Anna, Charlie, Chiara, Diego and Olivia, my lovely partners in crime, Claudia, Elena, Valeria, Mathieu, Maria Laura, Federico, Estelle, Ibrahim, Darius and Gabriel, you are all part of my best memories in France. Cheers to all the fun we had and hopefully our future reunions to celebrate life. A special thanks to Larissa for hosting us to the open bar every Friday. And a special thanks to Magda and Viktor for listening to me and helping me any time I needed them.

"A scientist in his laboratory is not a mere technician: he is also a child confronting natural phenomena that impress him as though they were fairy tales." Marie Skłodowska-Curie 

General introduction

One of the most frequent and complex modifications that a protein can undergo after translation is glycosylation [START_REF] Schjoldager | Global view of human protein glycosylation pathways and functions[END_REF]. This process that occurs in the endoplasmic reticulum and the Golgi apparatus of the cell, concerns the addition of various types of glycans at the amino acid backbone of the protein, giving rise to the different glycosylated forms of the same protein, the glycoforms. Some proteins can contain multiple sites of glycosylation; eventually a large number of glycoforms of this kind of a given protein which differ in their macro heterogeneity (glycosylation site occupancy) and microheterogeneity (sitespecific glycan structure) can emerge [2].

The effect of glycosylation is substantial on each protein, as it can alter profoundly its structure and function. It can therefore impact the protein folding, the interaction with its receptors, the transport and the final metabolism and secretion, the immune response etc [3]. In fact, the effect on the physicochemical and functional properties of the protein after glycosylation is substantial and therefore it has been established as a critical quality attribute in the control assays designed for biopharmaceuticals in the recent years [4] . Another very important aspect of glycosylation is that it can be used as a biomarker for pathological conditions, since glycosylation patterns are altered significantly in certain diseases, notably in cancer. Altered glycosylation can therefore be a diagnostic tool and a means to estimate the progression of some pathological states [START_REF] Pinho | Glycosylation in cancer: mechanisms and clinical implications[END_REF][START_REF] Reily | Glycosylation in health and disease[END_REF].

The human chorionic gonadotropin (hCG), which is an important hormone for the preservation and progression of gestation, is an highly glycosylated protein [7]. The elevated secretion is initiated in the trophoblast cells of the placenta after implantation and reaches the peak levels around the 8 th week of pregnancy [8]. Structurally, hCG is a dimer composed of two subunits which are linked together with a non-covalent bond. The alpha subunit (hCGα) has two N-glycosylation sites, whereas the beta subunit (hCGβ) has two N-and four O-glycosylation sites [9]. The glycosylation of the hormone can be altered during the different trimesters of a healthy pregnancy, which can be related to the functional role of the hormone in each trimester. For example, the hyperglycosylated hCG (hCG-H) which is produced in the first trimester of pregnancy, is assisting in the process of invasion of the uterus when the implantation of the blastocyst occurs and promotes the growth of the trophoblast [START_REF] Cole | Hyperglycosylated hCG[END_REF][START_REF] Gridelet | Human Chorionic Gonadotrophin: New Pleiotropic Functions for an "Old" Hormone During Pregnancy[END_REF]. In addition, glycosylation can potentially serve as a biomarker for at risk pregnancies. For example, different glycosylation patterns of hCG have been found in cases of a foetus affected by the Down syndrome [12,13]. Finally, various studies indicate that in gestational and non-gestational malignancies, the glycosylation of the hormone can be very different from the detected one in normal pregnancy [START_REF] Kobata | Structure, pathology and function of the N-linked sugar chains of human chorionic gonadotropin[END_REF].

Since the glycosylation of this hormone is so important either in normal or pathological states, one of the goals of this study was to develop novel analytical methods for the delineation of the glycosylation of hCG. This project constitutes the continuation of the studies performed by the previous doctoral students in our lab, Dr Julien Camperi and Dr Amira al Matari. As before, this project was performed in collaboration with the laboratory of Pathophysiology & Pharmacotoxicology of the Human Placenta, pre and postnatal Microbiota lab (Université de Paris, INSERM, UMR-S1139). However, the development of reliable analytical methods for the detection, identification and quantification of the glycoforms of hCG is a challenging task. Indeed, a very high number of hCG glycoforms can exist since hCG has 8 glycosylation sites, which can differ by the monosaccharide composition and site occupancy.

In literature, three approaches can be followed for the study of a glycoprotein, the most popular one being the bottom-up approach for the analysis at the glycopeptide level after enzymatic digestion. The second approach concerns the glycan release methodology to analyse the glycans independently from the protein [START_REF] Tissot | Glycoproteomics: Past, present and future[END_REF][START_REF] Dong | Advances in mass spectrometry-based glycomics[END_REF]. Even if extremely informative, both methodologies require a tedious sample preparation, which can lead to sample and information loss, especially for low abundance glycovariants. In addition, the information of the combination of the glycans that constitute one glycoform, meaning the macro heterogeneity of glycosylation, is lost. This is why in our laboratory, substantial efforts have been made for the analysis of the hCG glycoforms at the intact level. In this third approach, the analysis of the protein at its intact form can allow the identification of the overall glycosylation [START_REF] Camperi | Separation methods hyphenated to mass spectrometry for the characterization of the protein glycosylation at the intact level[END_REF]. Since very few studies have been reported in the literature regarding intact protein analysis of hCG [18,[START_REF] Thakur | Profiling the Glycoforms of the Intact α Subunit of Recombinant Human Chorionic Gonadotropin by High-Resolution Capillary Electrophoresis-Mass Spectrometry[END_REF], the first attempts in our lab concerned the exploration of the potential of different separation methods combined with MS, such as hydrophilic interaction chromatography (HILIC) [20], capillary electrophoresis (CE) [20] or reversed-phase liquid chromatography (RPLC) [START_REF] Camperi | An attempt to characterize the human Chorionic Gonadotropin protein by reversed phase liquid chromatography coupled with high-resolution mass spectrometry at the intact level[END_REF]. They allowed the profiling of glycosylation of two hCG-based drugs, Ovitrelle containing recombinant hCG (rhCG) and Pregnyl, containing hCG with urinary origin, both administrated in fertility treatments. Importantly, the lastly developed LC-MS method that incorporated firstly a nano RPLC separation and an Orbitrap high resolution MS detection, allowed the detection and identification of a high number of hCGα glycoforms [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms by nano-LC-(Orbitrap)MS: application to the α-subunit of human chorionic gonadotropin and follicle-stimulating hormone[END_REF]. The increased sensitivity of the nano format and the good resolution between the previously overlapping isotopic patterns with the more potent MS instrument was crucial for the analysis of the hormone at the intact level. Still, the detection of the glycoforms of hCGβ was not possible. Therefore, one of the first goals of this project was the further optimization of this nanoLC-HRMS method that would allow the detection of the hCGβ forms.

Secondly, the development of off-line pre-treatment protocols for the fractionation of the sample prior to analysis could potentially assist in the detection of lower abundant forms, ''masked'' by the more predominant glycovariants. The development of lectin-based sorbents that can fractionate a sample according to its glycosylation was decided to meet this second aim. Indeed, Lectins are a group of different proteins that share a common characteristic, which concerns their ability to form chemical bonds with specific sugar moieties of other glycoproteins and therefore each lectin exhibits only a specific binding profile [START_REF] Hendrickson | Analytical Application of Lectins[END_REF]. The overall goal of this thesis was the combination of this pre-treatment technique with the optimized nanoLC-HRMS method. This manuscript starts with a bibliographic section introducing important information about the structure and glycosylation of hCG in chapter 1.

Then, in the next chapter, the latest developments in literature concerning the analysis of the glycosylation of hCG, using the bottom-up, glycan release and intact protein methodologies are presented. In the experimental part that follows in chapter 3, the optimization of the nanoLC-HRMS method for the analysis of the hCG at the intact level is firstly described. This chapter presents the common work performed by Dr Amira al Matari during the end of her PhD and the beginning of mine.

The detection of a higher number of hCGα glycoforms, along with the detection of hCGβ forms was achieved by optimizing the previously developed methods by incorporating a pre concentration step in the nanoLC setup and investigating the effect of the gradient of the mobile phase. Moreover, the impact of different mobile phase additives, either formic acid (FA) or trifluoroacetic acid (TFA) was examined. It was seen that the use of the TFA leads to a chromatographic separation of the glycoforms of the two subunits. In chapter 4, some further modifications of the LC system with the aim of protecting the analytical column and some more detailed information regarding the effect of the two different additives on the detection of the glycoforms is presented. Importantly, the identification of the totality of the glycoforms detected during analysis with TFA was achieved by the mass matching approach, for the rhCG drug (Ovitrelle) and for a purified hCG sample of urinary origin.

After the development of the nanoLC-HRMS method, the development of a sample handling step based on the use of lectins was contemplated. Therefore, chapter 5 is dedicated to the state-of-the art for the use of lectin-based sorbents for the study of the glycoproteome, to assist in the understanding of their utility in glycosylation studies overall. Then, a review of the use of lectin sorbents specifically for the study of hCG and of two gonadotropins follicle-stimulating hormone (FSH) and the luteinizing hormone (LH), which are structurally related to hCG, is described (chapter 6). The analytical techniques implemented in those studies were limited, since they concerned only the use of immunoassays and radio immunoassays that do not offer any structural information about the glycans and/or glycoforms.

Therefore, more sophisticated methods that allow a more reliable evaluation of the results was necessary.

This is why it was decided to combine off-line the solid phase extraction (SPE) using lectin-based sorbents with the novel nanoLC-HRMS analytical method for the analysis of the hCG glycoforms at the intact level. Chapter 7 includes a brief preliminary investigation regarding the stability of the sample in the buffers used during lectin SPE and the effect the protein concentration filters that were used throughout the study is described. Then, in the next three chapters, the development and evaluation of four different lectin-based sorbents is presented, each aiming to the fractionation of hCG samples according to a specific glycosylation pattern before analysis with the optimized nanoLC-HRMS method.

Firstly, in chapter 8, the development of a Concanavalin A (Con A) lectin, which has affinity towards high mannose and complex bi-antennary glycans [24], is described. The lectin was immobilized on

Sepharose with an in-house protocol to be used in SPE. The standardized SPE process incorporates an initial conditioning step of the lectin sorbent followed by sample percolation, washing of the forms that do not have affinity for the immobilized lectins and finally elution of the retained forms by disrupting the lectin carbohydrate interactions. The conditions of extraction were optimized to minimize the SPE duration and increase the extraction recovery. Then the home-made sorbent was compared to a commercially available one. Both showed a potential of fractionation according to glycosylation and some glycoforms with higher complexity N-glycans were revealed in the SPE washing fraction, which could not be detected by nanoLC-HRMS analysis without this preliminary lectin-based SPE.

Then, the evaluation of a second lectin sorbent based on the Jacalin lectin was performed, which is described in chapter 9. This lectin has affinity towards the main O-glycosylation patterns [START_REF] Tachibana | Elucidation of binding specificity of Jacalin toward O-glycosylated peptides: quantitative analysis by frontal affinity chromatography[END_REF]. A commercial sorbent where Jacalin was immobilized on Sepharose was selected. The optimization of the extraction protocol was performed, and it was seen that a fractionation could be achieved between the washing and elution SPE fractions of the uhCG sample. Finally, two additional lectin sorbents were evaluated in chapter 10, the Wheat germ agglutinin (WGA) commercial sorbent and a home-made Phaseolus vulgaris leucoagglutinin (PHA-L) sorbent. These lectins have with affinity towards the sialic acid [26] and complex antennarity glycans [27] respectively. Even if improved extraction protocols with higher extraction recovery were developed, further optimization is still required, since a fractionation between the washing and elution SPE fractions was not achieved.

Chapter 1. Introduction to the human chorionic gonadotropin

The placental hormone human chorionic gonadotropin secreted in the early days of pregnancy and throughout the course of gestation and has multiple actions for the survival of the embryo. Indeed, one of the first determinants of pregnancy is the detection of elevated amounts of this hormone in the women's urine and/or blood. However, apart from the measurement of the levels of the hormone, the determination of the glycosylation state of hCG can be of great importance. It is traceable in the maternal blood in considerable levels even two days after implantation, which can also be used in pregnancy diagnosis [28]. Since the first observation in the 20's that progesterone production by the corpus luteal cells, the endocrine cyst in female ovaries, is associated with hCG production, numeral studies have highlighted its great importance for the initiation of pregnancy as well as throughout the course of gestation [START_REF] Gridelet | Human Chorionic Gonadotrophin: New Pleiotropic Functions for an "Old" Hormone During Pregnancy[END_REF]. In addition, hCG has been widely distributed in cases of assisted fertility treatments, since exogenous administration can lead to ovarian stimulation [29]. However, it is also a hormone that is produced by some cancerous tumours and high enough levels can signify certain paraneoplastic syndromes [30].

hCG is a protein that is a complex of two subunits, the subunit alpha (hCGα) and the subunit beta

(hCGβ).
Variations in the levels of the hormone or some metabolic products are associated with either pregnancy related pathologies or gestational and non-gestational malignancies [START_REF] Stenman | Determination of human chorionic gonadotropin[END_REF]. Importantly, the glycosylated variants of the hormone have also been associated with those complications mentioned above. Glycosylation regards the post translational modification of the hormone where sugar moieties are covalently added to specific amino acids of the backbone of the protein. This leads to the formation of the different glycosylated forms, which will be referred as glycoforms through this manuscript. Some research groups have suggested that a hyperglycosylated form of the hormone, the hCG-H, below certain levels can be a possible indication of early pregnancy failures [START_REF] Cole | Hyperglycosylated hCG[END_REF]. Considerable efforts have also been made to associate not only quantitatively but also qualitatively the variations of glycosylation with certain abnormalities [32]. Still, further investigation is required to broaden our knowledge to this matter.

Structure of hCG

Amino acid sequencing [33] and determination of the three-dimensional structure of the hormone [34] indicated that it is a dimeric protein with two distinct subunits, the subunit alpha (hCGα) and the subunit beta (hCGβ) that are liked non-covalently and stabilized by three disulphide bonds that constitute a cystic knot (Figure 1). The hCGα is composed of 92 amino acids with 5 internal disulphide bonds. This subunit that is encoded in the sixth chromosome is common to the rest of the members of the glycoprotein hormone family (GPHs), which are the gonadotropins luteinizing hormone (LH), follicle-stimulating hormone (FSH), along with the thyroid-stimulating hormone (TSH) [35]. The secretion of the gonadotropins LH and FSH occurs within the anterior pituitary by specialized cells of this gland, while their main functions are their complementary effect on the regulation of the follicular growth and the process of ovulation within the female ovaries [36].

On the other hand, the hCGβ has a different sequence in each individual GPH; hCGβ is a 145 amino acid-long structure with 6 disulphide bonds that is encoded on distinct genes located in the 19th chromosome [37]. The multiple disulphide bonds in both subunits can regulate their tertiary structure and result in several loops in the protein, which are assigned according to their N-terminal position.

The hCGβ between amino acids 114 and 145 contains a carboxy-terminal extension, which is an important cleavage point during the protein metabolism. This region plays a role in maintaining an extended half-life for the molecule, since it contains the 4 O-glycosylation sites of the protein. Overall, hCG is a highly glycosylated protein, as described in the following section. Yellow: the disulphide bonds within each subunit and of the dimer. Attached carbohydrates simulated using colour coding on atom type [34].

Glycosylation sites of hCG

In both hCGα and hCGβ, 8 sites of glycosylation are located. Glycosylation is a widely encountered post translational modification, since almost half of cell proteins are glycosylated. This process can affect multiple functions of the proteins like folding, half-life, protein-protein interaction or even their primary function [START_REF] Schjoldager | Global view of human protein glycosylation pathways and functions[END_REF]. There are two main types of glycosylation for secreted proteins, the Nglycosylation [3] and the O-glycosylation type [38]. In the process of N-glycosylation, the addition of the oligosaccharides to the glycoprotein is performed to amide nitrogen of the amino acid asparagine (Asn). In the case of O-glycosylation, the oxygen of the hydroxyl group in a serine or threonine participates in glycosylation. Those oligosaccharides are also called glycans and are constituted by the combination of different monosaccharides. In Table 1, the most common oligosaccharides are presented. The monosaccharides Mannose (Man) and Galactose (Gal) are both monomers of Hexose (Hex), while N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine (GalNAc) are both monomers of N-acetylhexosamine (HexNac). Finally, Fucose is classified as a deoxyhexose (dHex).

N-linked glycans can be further classified to three major categories, the oligo mannose, hybrid or complex type ones, which can bare various degrees of antennarity, sialylation or fucosylation (Figure 2A). N-glycans with bisected N-acetyl glucosamine GlcNAc (GlcNAcβ1-4Man) are also encountered.

The common structural feature of those different types of N-glycans in eukaryotic cells concerns the existence of the N-linked core oligosaccharide structure, where a GlcNAc is attached to asparagine, followed by a second GlcNAc and then a further extension of three Man sugars (Man3GlcNAc2Asn) (Figure 2A).

On the other hand, the most commonly encountered substitution in O-glycosylated secreted proteins in animal cells, concerns the addition of an N-acetylgalactosamine (GalNAc) saccharide, generating the O-GalNAcylated glycoproteins or else called the Mucin-type ones (Figure 2B). This simple substitution is called Tn antigen and it can be further extended with the addition of a Gal at a β-1,3 configuration, to generate the so-called Mucin type Core 1. When an N-GlcNAc is added with a β-1,3 configuration at the initial N-GalNac sugar moiety of core 1, mucin type core 2 is obtained. Both cores can bare various substitutions, with a high degree of sialylation being associated with malignancies or other pathologies [START_REF] Dobie | Insights into the role of sialylation in cancer progression and metastasis[END_REF].

Table 1 : Most common monosaccharides, their abbreviation, symbol, and monoisotopic mass [40]. 30 and four O-linked glycosylation sites on Ser 121, 127, 132 and 138 [33]. This high glycosylation rate contributes to the stability of the protein and affects its bioactivity as further discussed in the following sections of the manuscript. Finally, the glycosylation leads to an increment of the molecular weight of the dimer overall; even though the deglycosylated subunits have a molecular weight of 10,188 Da and 15,509 Da for α and β, respectively, with the addition of the oligosaccharides in each site, the molecular weight can reach up to 40,000 Da in the case of hyper glycosylated forms. Therefore, more than 30% of the mass of the molecule is attributed to the added carbohydrates. 

Secretion and metabolism of hCG

The synthesis and secretion of hCG is performed mainly in the trophoblastic cells of the placenta during the first trimester of the gestation [7]. The placenta serves as a temporary organ that bridges the maternal and foetal circulation to eventually facilitate the passage of nutrients from the mother to the growing foetus. Moreover, it has an endocrine function important both for the physiology of the foetus and the mother [41]. An essential functional unit of the placenta is the chorionic villi that contain the rich foeto-placental vascular system, which is separated from the maternal circulation by the placental membrane. It is known that implantation is followed by a proliferation and differentiation of the trophoblast towards either the villous or extravillous structures. The outer epithelial layer of the chorionic villi is syncytiotrophoblast, which stems from proliferation and differentiation of the trophoblast cells to villous cytotrophoblast cells [42]. The later fuse to generate the multinuclear structure of the syncytiotrophoblast. hCG is abundantly secreted by the syncytiotrophoblast (Figure 3) but it can also be generated by the invasive extravillous cytotrophoblasts. Those are located to the outermost layer of the placenta located close to the villous stroma and originate from the differentiation of the trophoblast towards the extravillous pathway. It is known that the hCG secreted from the different subtypes of the trophoblast can differ in its glycosylation and therefore has different functionalities. It is suggested the extravillous cytotrophoblast secrete the hyperglycosylated forms of hCG (hCG-H) [7,43]. It is worthwhile to note that hCG is produced also in cases of trophoblastic and non-trophoblastic tumours, which will be further discussed in chapter 2 and chapter 6 of this manuscript. In addition, in each healthy individual regardless of the gender, a small amount of the hormone is produced by the hypophysis [8]. Therefore the concentration of the hormone in the blood of each individual is approximately 5 IU L -1 , while this concentration in case of a pregnancy can be within a range of 25-60,000 IU L -1 depending on the trimester [START_REF] Gridelet | Human Chorionic Gonadotrophin: New Pleiotropic Functions for an "Old" Hormone During Pregnancy[END_REF]. Given the fact that 1 IU is converted to approximately 0.1 µg of hCG, those numbers translate to 0.025 to 60 µg ml -1 [44]. It should be noted that apart from the dimer of hCG, the free α subunit and free β subunit of hCG have been found in serum and urinary samples in pregnancy and in cancer. Production of the free α subunit is performed by the syncytiotrophoblast [8]. The subunit is produced excessively and that is not combined to generate the dimer is released as the free molecule in the circulation. The free α-subunit contains also larger oligosaccharides, which are further extended to more hyperglycosylated forms in pathologies like choriocarcinoma. It is also worthwhile noting an O-glycosylated free α-subunit has been reported in this later neoplasia and some other malignancies [START_REF] Sakai | Sugar Chain Heterogeneity of Human Urinary Chorionic Gonadotropin Determined by Serial Lectin Affinity Chromatography: Difference between Benign and Malignant Disease[END_REF]. Similarly, hyperglycosylated free β-subunit is most abundant in cases of non-gestational malignancies and in the Down syndrome [8] .

The metabolic processing of hCG is performed in the kidneys and liver. In the latter, where hCG is mainly metabolized, the removal of sialic acids aids to the quicker clearance from the circulation. In the kidneys, the hormone is further broken down by the action of proteases and glycosidases [46].

Overall, this leads to various metabolic products, like the dissociated subunits, the nicked forms and the C-terminal peptides. An important degradation product is the β-subunit core fragment that is produced by a characteristic terminal cleavage of the intact molecule and itis detected in urine. This fragment has been used as a biomarker in non-gestational malignancies [9].

Overall, hCG is a hormone interwoven with the preservation of normal pregnancy. It is no surprise that any differences in circulating levels can potentially be an alerting sign for the occurrence of abnormalities [8]. Apart for the circulating levels of the hormone, its glycosylation state should be better understood to utilize differentiation in glycosylation as a biomarker. Moreover, since gonadotropins are administrated in fertility treatments, it is important to perform quality controls concerning the glycosylation of the molecule, to assure batch-to-batch consistency to guarantee the clinical efficiency. Therefore, analytical methods able to characterize the hCG glycosylation state are required.

Chapter 2. Analytical methods for the characterization of the glycosylation of hCG

In recent years, the use of efficient separation methods combined with MS has revolutionized the knowledge of the glycosylation of the hCG protein and the other gonadotropins. In this chapter, a summary of the studies concerning the analysis of the glycosylation of the hormone with these methodologies is presented.

One of the approach used is the bottom-up one, with the analysis performed at the peptide level [47].

With this technique, peptides and glycopeptides are generated by the endoproteolytic digestion of the protein, which are then separated usually with LC and detected by MS. In this way, the glycosylation sites can be identified on specific amino acids of the protein and eventually an annotation of the glycans can be performed by sequencing using MS/MS fragmentation. This process allows to have a better understanding of the micro-heterogeneity of glycosylation [START_REF] Tissot | Glycoproteomics: Past, present and future[END_REF]. The enzyme that is mostly used for the digestion of (glyco)proteins is trypsin. Trypsin is known to cleave the peptide bonds formed between the carboxyl group of an arginine or lysine with the amino acid right next to them. The typical digestion process requires overnight incubation with increased presence of the substrate to avoid autoproteolysis of the enzyme [START_REF] Olsen | Trypsin Cleaves Exclusively C-terminal to Arginine and Lysine Residues[END_REF].

A second approach is based on the release of the glycans attached on the protein with a chemical or an enzymatic digestion. For N-glycans, the chemical release with hydrazinolysis or the enzymatic release with peptide-N-glycosidase F (PNGase F) or A (PNGase A) is mostly utilized. For O-glycosylation studies, an enzymatic digestion with O-glycanase or chemical liberation with hydrazinolysis can be selected. The analysis of the free glycans then is either performed without any further modification or by derivatization to increase the sensitivity in the following (tandem)MS analysis and sometimes also their separation ability. Standardized protocols include the labelling of the N-glycans through reductive amination to add a chromophore or fluorophore tag. In this way, an in-depth structural characterization of the glycans can be achieved independently of the protein. This approach however, does not provide information on which site of the protein those glycans are attached [START_REF] Tissot | Glycoproteomics: Past, present and future[END_REF][START_REF] Dong | Advances in mass spectrometry-based glycomics[END_REF]49].

Analysis of the glycoforms at the intact level can also be performed and generates information regarding the macro-heterogeneity of the glycosylation [START_REF] Camperi | Separation methods hyphenated to mass spectrometry for the characterization of the protein glycosylation at the intact level[END_REF]. Unlike the other two methodologies, the analysis at the intact level does not require any enzymatic digestion or deglycosylation step. This method usually benefits from the separation of the various glycoforms before their detection by implementing techniques like RPLC, Hydrophilic interaction liquid chromatography (HILIC), size exclusion chromatography (SEC) and capillary electrophoresis (CE). In some cases, those separation techniques have the potential to be coupled on-line with MS. Certainly the breakthrough for the application of this methodology was the advent of electrospray ionization (ESI), which is a ''soft'' ionization process that is beneficial for the preservation of proteins ''in-solution'' for their analysis with MS. The use of high-resolution mass spectrometers in this case, like time-of-flight (TOF), Orbitrap and Fourier Transform Ion Cyclotron Resonance (FT-ICR) instruments is preferable for more accurate measurements [50]. Additionally, native MS presupposes as much as possible the preservation of the native-like folded structure of the proteins and can provide information about their folded state and their non-covalent complexes [51]. In Table 2, which is a non-exhaustive summary of the recent studies on the glycosylation of hCG, it can be seen that the bottom-up, the glycan release or the intact protein analysis even with native MS approaches have been utilized so far. Those techniques have been implemented alone or in combination in the same study to identify the most and least abundant glycans, glycans on their glycosylation sites, and/or glycoforms in the sample and are discussed below.

Bottom-up approach

As seen in Table 2, the bottom-up approach has been implemented in many studies, since it can reveal information about the glycosylation site occupancy. Standardized procedures have been established

for this technique, which include protein denaturation, followed by reduction, alkylation and digestion with trypsin in solution. For most of the studies, the separation of the tryptic peptides is performed with RPLC coupled with MS with an ESI source. Interestingly, in one of the studies conducted in our lab, the use of immobilized enzyme reactors (IMERs) is suggested for hCG, which results in a much faster digestion procedure that can last only 30 min [START_REF] Perchepied | Development of Immobilized Enzyme Reactors for the characterization of the glycosylation heterogeneity of a protein[END_REF]. Moreover, in this study, not only a trypsin IMER but also a pepsin IMER was utilized, which were proven to be complementary in the identification of the N-glycans.

It is worthwhile noticing that the investigation of glycosylation with the bottom-up approach has been performed by using purified preparations, i.e. the pharmaceutical drugs for fertility treatments like the Ovitrelle (rhCG) or Pregnyl (uhCG) or purified standards [18,[START_REF] Perchepied | Development of Immobilized Enzyme Reactors for the characterization of the glycosylation heterogeneity of a protein[END_REF][START_REF] Liu | Mass Spectrometric Characterization of the β-Subunit of Human Chorionic Gonadotropin[END_REF][54]. However, biological samples originating from normal pregnancies or cancer patients have also been tested, to identify differences between those samples and normal controls [START_REF] Valmu | Site-specific glycan analysis of human chorionic gonadotropin β-subunit from malignancies and pregnancy by liquid chromatography--electrospray mass spectrometry[END_REF]56].

It should be clarified that in Table 2, the most abundant glycosylation patterns are mentioned, usually as revealed by relative quantification within a sample. The overall glycans identified in those studies are presented in Table 3 and in Table 4. In the purified pharmaceutical preparations, differences are noted between the sites of glycosylation within the same preparation. For example, Perchepied et al.

suggest that a high degree of fucosylation of up to 100% for rhCG is detected in the Asn-30 of the hCGβ, while the other sites in the hCGα do not contain any fucosylated structure [START_REF] Perchepied | Development of Immobilized Enzyme Reactors for the characterization of the glycosylation heterogeneity of a protein[END_REF]. Liu and Bowers also indicate that the predominant structure in the Asn-30 of the hCGβ in uhCG preparations is a fucosylated one [START_REF] Liu | Mass Spectrometric Characterization of the β-Subunit of Human Chorionic Gonadotropin[END_REF]. Overall, it is seen that in the N-glycosylation sites, mostly bi-antennary structures that can vary in their state of sialylation and/or fucosylation are mainly detected. In addition, monoantennary or hybrid types are sometimes noted as abundant forms, as for example in the glycosylation sites of hCGα of the world health organisation reference reagents (WHO RRs) in a study by Toll et al. [18]. Regarding O-glycosylation, mono and di-sialylated Core 1 structures and Core 2 structures are found in the glycosylation sites of hCG. It should be noted that regarding the 127-Ser and 132-Ser sites, it could not be revealed which glycan was in which of the two amino acids, since in the tryptically cleaved glycopeptide those two glycosylation sites are both present [18,[START_REF] Liu | Mass Spectrometric Characterization of the β-Subunit of Human Chorionic Gonadotropin[END_REF].

Interestingly, analysis of biological samples from pathological states indicated different glycosylation patterns as compared to the ones described for the pharmaceutical preparations or purified hCG. One of the most interesting studies was performed by Valmu et al. [START_REF] Valmu | Site-specific glycan analysis of human chorionic gonadotropin β-subunit from malignancies and pregnancy by liquid chromatography--electrospray mass spectrometry[END_REF]. In this paper, the glycosylation of hCGβ from urine from patients with various types of cancer, serum from a patient with choriocarcinoma and urine from normal pregnancy were compared. As seen in Figure 4, which represents the N-glycan structures in Asn-30 of the hCGβ purified from urine of pregnancy, invasive mole or testicular cancer, the relative abundancy varies significantly between the different samples.

The higher complexity structures of tri-antennary forms are particularly elevated in testicular cancer.

Interestingly, it was seen that all structures are fucosylated in this glycosylation site. Differences were detected regarding the O-glycosylation sites, with sialylated Core-2 structures in Ser-127 or Ser-132 more abundant in samples from cancer. Overall, distinct glycosylation profiles could be constituted depending on the sample origin. 

Glycan release

In the glycan release approach, either enzymatic digestion or chemical release protocols have been followed (Table 2). The glycans are then derivatised to be labelled for further analysis with LC-ESI-MS or MALDI-TOF MS.

The study of both N-and O-released glycans has been performed either on purified pharmaceutical preparations [START_REF] Thennati | Analytical characterization of recombinant hCG and comparative studies with reference product[END_REF][START_REF] Gervais | Glycosylation of human recombinant gonadotrophins: characterization and batch-to-batch consistency[END_REF] or on biological samples [56,[START_REF] Ibeto | Insights into the hyperglycosylation of human chorionic gonadotropin revealed by glycomics analysis[END_REF]. Gervais et al. performed an interesting study regarding the differences in glycosylation of the recombinant, symbolized with r, gonadotropins [START_REF] Gervais | Glycosylation of human recombinant gonadotrophins: characterization and batch-to-batch consistency[END_REF].

As with the bottom-up approach, complex bi-antennary structures were the most abundant ones in rhCG and the other two gonadotropins. On the other hand, rFSH and rLH contained relatively more triantennary structures, while a small relative percentage of tetra and even penta-antennary structures.

Another unusual finding was the identification of the fucosylated O-glycans (Table 4), which has not been reported in any other study.

Biological samples have also been analysed using the glycan release methodology. In a study that combined both the glycan release and the bottom-up approach, the N-glycosylation of the hCG from urine of normal pregnancy or of choriocarcinoma was compared [56]. Higher complexity tetraantennary structures with various degrees of sialylation were identified with higher relative abundance in the cancer sample. Site specific analysis also showed that the Asn-52 of hCGα had lower complexity glycans compared to the Asn-13 and Asn-30 of the hCGβ. Finally, in another study comparing the Nglycans from urine in early and late pregnancy with urine from hydatidiform mole, it was seen that in early pregnancy, the high mannose structures had the higher relative abundance [START_REF] Ibeto | Insights into the hyperglycosylation of human chorionic gonadotropin revealed by glycomics analysis[END_REF]. Interestingly, late pregnancy was differentiated by the existence of bisected bi-to tetra-antennary structures.

Moreover, terminal fucosylation (Table 3) which constitutes the Lewis X antigen, was also reported.

Those two observations were novel findings that have not been made in any other study so far. Finally, the mole sample was characterized by mono-or bi-antennary structures; however, a higher relative abundance of the complex glycans was not reported. 1) rhCG (Ovitrelle)

Origin

2) uhCG(pregnyl)

hCGα glycoforms RPLC-ESI-MS (Q-TOF) N.A N.A [21]
1) rhCG (Ovitrelle)

2) uhCG(pregnyl)

hCGα glycoforms CGE/CIEF/CZE-UV or CZE-ESI-MS (Q- TOF) N.A N.A [20]
1) rhCG (Ovitrelle)

2) uhCG(pregnyl)

hCGα glycoforms HILIC-ESI-MS (Q-TOF) N.A N.A [17]
1) rhCG (Ovitrelle) 

Intact protein analysis

Both techniques mentioned above can provide extensive information regarding the exact composition of the glycans or site occupancy. However, they have the disadvantage of extensive sample pretreatment procedures to achieve the digestion of the protein or the release and derivatization of the glycans. Moreover, information on the macro heterogeneity is lost.

The analysis of the glycosylation at the intact level can potentially reveal the combination of glycans present in one subunit and give an indication about the number of glycoforms. As seen in Table 2, the characterisation of the glycosylation of hCG at the intact level has been performed with RPLC-MS [18,20,[START_REF] Lebede | Exploring the Chemical Space of Protein Glycosylation in Noncovalent Protein Complexes: An Expedition along Different Structural Levels of Human Chorionic Gonadotropin by Employing Mass Spectrometry[END_REF][START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF], HILIC-MS [62] and CZE-MS [20]. So far, the analysis of purified pharmaceutical preparations was attempted in these studies. The first study regarding intact protein analysis was performed by Toll et al [18]. By combining the bottom-up and intact protein analysis data and by using bioinformatics, they concluded that 14 hCGα and 10 hCGβ glycoforms are found in the purified pharmaceutical preparation of urinary origin (uhCG) pregnyl. However, in this early study the use of the ion trap quadrupole does not offer the expected resolution and accuracy, and the high complexity of the spectra especially for hCGβ that appears with multiple isobaric variants led to a nonunambiguous annotation.

Several investigations for the development of methods for the analysis of hCG glycoforms at the intact level have been performed in our lab. The first characterization was attempted with RPLC-MS coupled to a QTOF analyser [START_REF] Camperi | An attempt to characterize the human Chorionic Gonadotropin protein by reversed phase liquid chromatography coupled with high-resolution mass spectrometry at the intact level[END_REF]. This approach led to the detection of more than 30 glycoforms of hCGα, with the identification of some of them achieved by the mass matching approach. Still, in this study, the use of a QTOF did not offer enough resolution to differentiate all the isotopes detected in the MS spectrum, which were occasionally overlapped. For this reason, this method was firstly adapted to a nano-LC format to increase the sensitivity and in addition it was coupled to a very high resolution Orbitrap mass analyser [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms by nano-LC-(Orbitrap)MS: application to the α-subunit of human chorionic gonadotropin and follicle-stimulating hormone[END_REF]. In Figure 5, the total ion chromatogram (TIC) when analysing the rhCG preparation Ovitrelle, the average mass spectrum in the overall range of the peak and the deconvoluted mass spectrum are depicted. It can be observed in the TIC that since many glycoforms are present in the sample, they cannot be baseline separated and appear as a massif of peaks. Still, the high potency of the MS instrument provided highly resolved isotopic patterns and 12 hCGα glycoforms could be detected after deconvolution in the entire spectrum. The most abundant one was the hCGα occupied by two bi-antennary structures, which is on par with what was described with the other studies of the Table 2. Moreover, when the deconvolution was performed with 0.3 min time cuts, the number of the detected hCGα glycoforms increased and a total of 34 forms could be detected. Still, the detection of hCGβ was not possible. Identification for the majority of them was achieved again by the mass matching approach. and (C) deconvoluted average mass spectrum, determined over the entire chromatographic peak massif of the TIC. Adapted from [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms by nano-LC-(Orbitrap)MS: application to the α-subunit of human chorionic gonadotropin and follicle-stimulating hormone[END_REF].

A very recent study performed by Lebede et al. examined the glycosylation of rhCG using all the available methodologies mentioned before plus native MS [START_REF] Lebede | Exploring the Chemical Space of Protein Glycosylation in Noncovalent Protein Complexes: An Expedition along Different Structural Levels of Human Chorionic Gonadotropin by Employing Mass Spectrometry[END_REF]. This holistic investigation generated very detailed results regarding the N-and O-glycans in the hormone, the site occupancy, the glycosylation of the individual subunits as well as of the dimer (Table 2). The use of a very highresolution MS (Orbitrap) also in this study assisted to the generation of high-quality spectra. However, in this case, the use of a computational annotation tool allowed the generation of databases with identifications for all the possible glycoforms of the dimeric hCG. In the end, by also considering the isobaric variants, the 48 signals revealed in the native MS experiment (Figure 6) could correspond to 1031 different hCG glycoforms of the dimer. 

Collective list of the identified N-and O-glycans on gonadotropins

As mentioned in the previous section, the identification of the glycoforms was performed by the mass matching approach for the studies conducted in our lab for intact protein analysis. For this reason, it is beneficial to have a list with all the identified glycans in hCG in the literature. In 

Structure Monoisotopic mass

Da * Composition Ref.

748.24

Hex2 HexNAc2 [START_REF] Valmu | Site-specific glycan analysis of human chorionic gonadotropin β-subunit from malignancies and pregnancy by liquid chromatography--electrospray mass spectrometry[END_REF] 894.29 Hex2 HexNAc2 dHex1 [START_REF] Valmu | Site-specific glycan analysis of human chorionic gonadotropin β-subunit from malignancies and pregnancy by liquid chromatography--electrospray mass spectrometry[END_REF] 951.31 Hex3 HexNAc2 [START_REF] Valmu | Site-specific glycan analysis of human chorionic gonadotropin β-subunit from malignancies and pregnancy by liquid chromatography--electrospray mass spectrometry[END_REF] Notes: Hex: Hexose (Mannose or Galactose); HexNAc: N-acetylhexosamine (N-acetylgalactosamine or N-acetylglucosamine); dHex: Deoxyhexose (Fucose); NeuAc: N-Acetylneuraminic (neuramic) acid; NeuGc: N-Glycolylneuraminic acid; *Monoisotopic mass is calculated after the removal of the mass of water, which is lost during the formation of the glycosidic bonds. hCGα glycoforms but didn't allow the detection of hCGβ glycoforms. This method was thus significantly modified by adding a pre-concentration step of the sample. Therefore, the injected sample volume was increased by a factor 14 (from 70 nl to 1 µl). Moreover, the gradient slope and the nature and content of the acidic additive in the mobile phase were optimized. The best conditions were obtained with a slope of 1.02%/min of acetonitrile and replacing 2% of formic acid by 0.05% of trifluoroacetic acid. These conditions led to an improvement of the separation of hCGα and hCGβ glycoforms, which allowed for the first time the detection of 33 hCGβ glycoforms at intact level. In addition, a higher number of hCGα glycoforms (42 in total, i.e. a 40% increase) was detected. The figures of merit of this new method were next assessed. The relative standard deviations (RSDs) of the retention time ranged between 0.02 and 0.95% (n=3), with an average value of 0.36% for the alpha glycoforms and between 0.01 and 1.08% (n=3) with an average value of 0.23% for the beta glycoforms. The RSDs of the relative peak area measured on the extracted ion chromatogram of each glycoform were below 20% (n=3), with an average value of 9.8%, thus allowing semi-relative quantification. Therefore, this method has a high potential for rapid quality control aiming for the detection and comparison of glycoforms present in glycoprotein-based pharmaceutical preparations.

Introduction

Human chorionic gonadotropin (hCG) hormone is a highly glycosylated protein produced by the placenta during pregnancy and also expressed by certain cancer cells [START_REF] Valmu | Site-specific glycan analysis of human chorionic gonadotropin β-subunit from malignancies and pregnancy by liquid chromatography--electrospray mass spectrometry[END_REF]. hCG consists of two noncovalently linked subunits, hCGα and hCGβ. hCGα contains 2 N-glycosylation sites while hCGβ contains 2 N-and 4 O-glycosylation sites. Glycosylation is the process by which a carbohydrate is covalently attached to a protein by a series of complex enzymatic reactions. It is one of the most important posttranslational modifications (PTMs) of proteins, as approximately 70% of the human proteins are glycosylated. Glycosylation regulates numerous biological functions such as cell-cell signaling, protein localization, protein stability, and immune response [START_REF] Mechref | Recent advances in glycomics, glycoproteomics and allied topics[END_REF].

The state of glycosylation of hCG depends on the term of pregnancy, its source of production and pathologies. It is well established that hCG is mainly secreted by the syncytiotrophoblast, which represents the exchange and endocrine tissue of the human placenta. The invasive extravillous trophoblast also secretes hCG, and in particular hyperglycosylated forms of hCG (hCG-H) also produced by choriocarcinoma cells. In maternal blood, hCG reaches a peak at 8-10 weeks of gestation whereas hCG-H is elevated during early first trimester corresponding to the trophoblastic cell invasion process and then decreases [START_REF] Guibourdenche | Hyperglycosylated hCG is a marker of early human trophoblast invasion[END_REF]. We have demonstrated that in contrast to hCG, hCG-H stimulates trophoblast invasion and angiogenesis by interacting with the transforming growth factor ß receptor in a luteinizing hormone/human chorionic gonadotropin receptor independent signaling pathway [START_REF] Berndt | Hyperglycosylated human chorionic gonadotropin stimulates angiogenesis through TGF-β receptor activation[END_REF]. Therefore, glycoforms of hCG display different biological activities and functions that are essential for pregnancy outcome [7].

hCG is largely used in antenatal screening and is also integrated in gonadotropin therapy used for certain infertility treatments for ovarian stimulation. Its administration started in 1960s and it is still applied. Nevertheless, the supply of hCG differed remarkably since then. The initial source of hCG was human pituitary extracts and blood from pregnant mares, whose use was later banned and replaced by gonadotropins extracted from human urine of postmenopausal women. Following that, advances in DNA technology enabled the development of recombinant gonadotropins readily available for the use as therapeutic solutions [START_REF] Leao | Gonadotropin therapy in assisted reproduction: an evolutionary perspective from biologics to biotech[END_REF]. Therefore, precise characterization of the glycan structure of gonadotropins is significant for drug production and quality control as well as specific analysis of gonadotropins present in biological fluids.

Several methods have been developed for the analysis of glycosylated proteins in different samples.

These methods are globally divided into three categories. The first, and most commonly applied approach is called bottom-up approach. It is based on the enzymatic digestion of the protein and next the analysis of the resulting glycopeptides [START_REF] Kolli | Engaging challenges in glycoproteomics: recent advances in MS-based glycopeptide analysis[END_REF][START_REF] Zhu | Glycoprotein Enrichment Analytical Techniques[END_REF][START_REF] Largy | Orthogonal liquid chromatographymass spectrometry methods for the comprehensive characterization of therapeutic glycoproteins, from released glycans to intact protein level[END_REF]. The second category consists of the analysis of released glycans [START_REF] Largy | Orthogonal liquid chromatographymass spectrometry methods for the comprehensive characterization of therapeutic glycoproteins, from released glycans to intact protein level[END_REF][START_REF] Sanchez-De Melo | Nglycosylation profile analysis of Trastuzumab biosimilar candidates by Normal Phase Liquid Chromatography and MALDI-TOF MS approaches[END_REF]. Both approaches provide accurate information on micro-heterogeneity but required laborious experimental steps and lack the ability of global overviewing of the macroheterogeneity of the studied proteins. The last category consists of the analysis of glycoproteins at the intact level [START_REF] Camperi | Separation methods hyphenated to mass spectrometry for the characterization of the protein glycosylation at the intact level[END_REF][START_REF] Largy | Orthogonal liquid chromatographymass spectrometry methods for the comprehensive characterization of therapeutic glycoproteins, from released glycans to intact protein level[END_REF][START_REF] Dotz | Mass spectrometry for glycosylation analysis of biopharmaceuticals[END_REF]. It provides specific and complementary information compared to the two approaches described above and is the only way to know the composition of a given glycoform.

With regards to hCG, the three approaches were already reported. For instance, hCG was analyzed based on a released glycan level for glycan mapping [START_REF] Gervais | Glycosylation of human recombinant gonadotrophins: characterization and batch-to-batch consistency[END_REF][START_REF] Damm | The β -Subunit of Human Chorionic Gonadotropin Contains N-Glycosidic Trisialo Tri-and Tri'-antennary Carbohydrate Chains[END_REF], but the bottom-up approach was by far the most commonly used method for the analysis of hCG [START_REF] Butch | Urinary human chorionic gonadotropin isoform concentrations in doping control samples: Urinary human chorionic gonadotropin isoform concencentrations in doping control samples[END_REF][START_REF] Egeland | The pros and cons of increased trypsin-to-protein ratio in targeted protein analysis[END_REF][START_REF] Levernaes | To elute or not to elute in immunocapture bottom-up LC-MS[END_REF][START_REF] Butch | Urine reference intervals for human chorionic gonadotropin (hCG) isoforms by immunoextraction-tandem mass spectrometry to detect hCG use[END_REF][START_REF] Rosting | Determination of the low-abundant protein biomarker hCG from dried matrix spots using immunocapture and nano liquid chromatography mass spectrometry[END_REF]. Different enzymes such as pepsin and trypsin were used to get the glycopeptides that were further analyzed by liquid chromatography (LC) coupled to tandem mass spectrometry (MS), allowing the localization of the glycans on the peptides. Recently increased attention has been made towards the analysis of hCG at the intact level to preserve the integrity of the analyzed glycoforms and to assess the combinations of their potential glycosylation sites. For this, high performance separation modes were implemented, capillary zone electrophoresis [START_REF] Thakur | Profiling the Glycoforms of the Intact α Subunit of Recombinant Human Chorionic Gonadotropin by High-Resolution Capillary Electrophoresis-Mass Spectrometry[END_REF]20] and especially LC [START_REF] Camperi | Separation methods hyphenated to mass spectrometry for the characterization of the protein glycosylation at the intact level[END_REF][START_REF] Camperi | An attempt to characterize the human Chorionic Gonadotropin protein by reversed phase liquid chromatography coupled with high-resolution mass spectrometry at the intact level[END_REF][START_REF] Thennati | Analytical characterization of recombinant hCG and comparative studies with reference product[END_REF][START_REF] Almeida | Analysis of human luteinizing hormone and human chorionic gonadotropin preparations of different origins by reversed-phase high-performance liquid chromatography[END_REF][START_REF] Bassett | Comparative characterisation of a commercial human chorionic gonadotrophin extracted from human urine with a commercial recombinant human chorionic gonadotrophin[END_REF][START_REF] Camperi | First profiling in hydrophilic interaction liquid chromatography of intact human chorionic gonadotropin isoforms[END_REF][START_REF] Almeida | A pilot study on potency determination of human follicle-stimulating hormone: A comparison between reversed-phase high-performance liquid chromatography method and the in vivo bioassay[END_REF][START_REF] Albertolle | Mass spectrometry-based analyses showing the effects of secretor and blood group status on salivary N-glycosylation[END_REF]. For instance, reversed-phase LC (RPLC) was hyphenated with an MS detection to get more information on the nature and the number of glycoforms with the analysis of hCG at the intact level [18]. The identification of 14 glycoforms of hCGα was reported and some mass spectra were provided for the β-subunit, but the ion trap quadrupole analyzer used in this study lacked mass accuracy and resolution, which could lead to misidentifications and prevent unambiguous assignment. Our group also proposed the hyphenation of RPLC with highresolution MS (HRMS) using a quadrupole-time-of-flight (Q-TOF) analyzer [START_REF] Camperi | An attempt to characterize the human Chorionic Gonadotropin protein by reversed phase liquid chromatography coupled with high-resolution mass spectrometry at the intact level[END_REF].It led to the detection of several hCGα glycoforms of two hCG-based drugs, Ovitrelle® and Pregnyl®, and the identification of the five main glycoforms by mass matching. We also optimized a hydrophilic interaction liquid chromatography (HILIC) separation hyphenated with UV for the analysis of two hCG-based drugs [START_REF] Camperi | First profiling in hydrophilic interaction liquid chromatography of intact human chorionic gonadotropin isoforms[END_REF].

HILIC was then hyphenated with HRMS (Q-TOF analyzer) and was compared to the RPLC-MS (Q-TOF) method concluding that both methods were complementary for the identification of a high number of hCGα glycoforms [62]. However, the Q-TOF analyzer was still insufficient due to the overlapping of some isotopic patterns corresponding to different glycoforms. This is why, we recently proposed to transfer the RPLC separation to the nano format to improve sensitivity (x40) and to couple it to a higher mass resolution and mass accuracy MS analyzer (Orbitrap) [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms by nano-LC-(Orbitrap)MS: application to the α-subunit of human chorionic gonadotropin and follicle-stimulating hormone[END_REF]. This nano-RPLC-HRMS method associated with a non-automated and extensive data treatment was applied to the analysis at the intact level of a recombinant hCG-based drug (rhCG, Ovitrelle®) and also of a follicle stimulating hormone (FSH)-based drug, which lead to the identification of about 30 hCGα and FSH alpha subunit glycoforms for each drug, respectively. The ability of this method to achieve the semi-quantification of various batches of glycoprotein-based drugs was provided as well. However, it did not allow the detection of any hCGβ glycoforms. This is why, in this current study, the nano-LC-HRMS method was modified by adding and optimizing a preconcentration step to significantly increase the injected sample volume. The effect of the slope gradient and the nature and content of the acidic additive in the mobile phase was also studied to favor the separation of the hCG glycoforms, and consequently their ionization. Altogether, it allowed for the first time the detection of numerous hCGβ glycoforms by nano-RPLC-(Orbitrap) MS analysis of rhCG. Once the new method optimized, some figures of merit of the developed method were determined such as repeatability, linearity, and limit of quantification (LOQ).

Experimental Part

Materials and Reagents

HPLC-grade acetonitrile (ACN), formic acid (FA), trifluoroacetic acid (TFA) and LC-MS-grade water were supplied by Carlo Erba (Val de Reuil, France). Ovitrelle (Organon, Oss, The Netherlands) is a drug made of recombinant hCG from a Chinese hamster ovary cell line; it will be written as rhCG in the rest of the manuscript. rhCG contains 250 μg of hCG suspended in 500 µL of suspension liquid containing mannitol, methionine, Poloxamer 188, phosphoric acid, sodium hydroxide, and water.

Sample preparation

The rhCG drug stock solution was desalted and filtered for 6 min at 4°C with ultra-centrifugal units (Microcon) (Merck, Darmstadt, Germany) with a molecular weight (MW) cut-off of 10 kDa. After this step that aims to remove additives and excipients from the formulation, the residues were washed with water and finally the samples were recovered from the inverted membrane by centrifugation for 4 min at 14,000 g (≈ 11,000 rpm) and the volumes were adjusted with water to obtain a final concentration of 500 µg ml -1 of hCG.

NanoLC-MS system

The analyses were carried out using a nano-LC system (NC 3500 RS, ThermoFisher Scientific, Courtaboeuf, France) coupled to an Orbitrap mass analyzer (Exactive plus, ThermoFisher Scientific).

The precolumn was a C18 PepMap (0.3 x 5 mm internal diameter, 300 Å) packed with 5 μm particles (ThermoFisher Scientific) while the column was an EASY-Spray PepMap RSLC C18 (150 x 0.075 mm internal diameter, 300 Å) packed with 5 μm particles (ThermoFisher Scientific). The mobile phase was composed of (A) H2O/ACN (98/2; v/v) and (B) H2O/ACN (1/9; v/v) acidified with FA 2% or TFA at 0.05 or 0.1% v/v. The column temperature was set at 60°C. Different injection volumes (1, 1.5, and 2 µl) and injection modes (full loop, partial loop, and µl pick-up) were tested. The optimum injection volume and injection mode were 1 µL and partial loop mode, respectively. The flow-rate was set at 300 nl min -1 .

Five gradients were tested before the selection of the optimal one which starts from 10 to 65% of ACN in 54 min (1.02%/min), followed by a rapid increase to 90% of ACN within 5 min, then a 5 min plateau, and finally a return to the initial 10% of ACN concentration and kept for 15 min for equilibration. The other tested gradients are gathered in Table S1 (see supplementary data). The EASY-spray source parameters were kept the same as follows: capillary voltage, 1.7 kV; drying temperature, 280°C; and sheath, auxiliary, and sweep gas flows were set at 0. The focusing voltages were tuned on weekly bases by the transmission of positive and negative ion calibration solutions (ThermoFisher Scientific). The mass spectrometer was operated in the positive full MS mode and using a scan range from 1000 to 2500 mass-to-charge (m/z) with a scan rate of 1 spectrum/s. The mass resolution was similarly set to 140,000 at 200 m/z, the AGC target was 3e6, and the maximum injection time was 200 ms. The deconvolution analyses were processed using Freestyle 1.3 SP2 (ThermoFisher Scientific) with the same deconvolution parameters as the previous method [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms by nano-LC-(Orbitrap)MS: application to the α-subunit of human chorionic gonadotropin and follicle-stimulating hormone[END_REF] that uses a mass tolerance for m/z of 30 mDa, and a minimal charge state of 5, with at least 3 different charge states to identify a compound, accuracy mass tolerance for deconvoluted MW was set at 300 mDa.

Nano-LC-HRMS data treatment for the identification of glycoforms

In all the experiments electrospray ionization was used, which led to multiple charged values for each glycoform and an isotopic cluster for each nominal mass-to-charge (m/z) value ratio, thus leading to highly complex mass spectra. In the current study the spectral deconvolution and data treatment method used was the same as the one previously optimized [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms by nano-LC-(Orbitrap)MS: application to the α-subunit of human chorionic gonadotropin and follicle-stimulating hormone[END_REF]. Briefly each chromatogram was cut in successive time slices of 30 s and next 50 s. The average deconvoluted mass spectrum for each slice was obtained resulting in the achievement of a list of MWs corresponding to the detected glycoforms present in the rhCG sample. Next, the results of both types of division were combined to reduce the risk of data loss at the boundaries of the performed cuts. The resulted list of MWs are compared to the theoretical mass of the amino acid sequence of hCGα or hCGβ added to their potential glycans.

Results and discussion

We previously optimized a nano-RPLC separation coupled with high resolution MS using an Orbitrap analyzer for the detection, without overlapping of the isotopic patterns, which led to the detection of 28 high and low intensity hCGα glycoforms when analyzing rhCG [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms by nano-LC-(Orbitrap)MS: application to the α-subunit of human chorionic gonadotropin and follicle-stimulating hormone[END_REF]. However, it didn't allow the detection of hCGβ glycoforms that may be less efficiently ionized due to the presence of 2 N-and 4 Oglycosylation sites. This is why, this study aimed to improve this method in order to detect hCGβ glycoforms, starting from our previous conditions [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms by nano-LC-(Orbitrap)MS: application to the α-subunit of human chorionic gonadotropin and follicle-stimulating hormone[END_REF]. The same EASY-Spray PepMap RSLC C18 column was used because it has an electrospray emitter directly connected to the column, thus minimizing post-column dead volumes and its integrated column heating device enables a great stability of the temperature during the analysis. The column temperature was set at 60°C, since it was previously observed that a high temperature favors the separation of glycoforms and is the maximal recommended temperature given by the column manufacturer. The mobile phase consisted of a water-ACN mixture acidified with 2% of FA to favor the multiple ionization of the hCG glycoforms. The Orbitrap MS parameters previously optimized were kept the same here. Finally, the rhCG-based drug Ovitrelle® was kept as a "standard" solution of hCG, which allows to compare the separation and sensitivity performances obtained here with the ones previously reported.

Optimization of the injection conditions

The first main change in the nano-LC-HRMS method lies in the introduction of a trapping precolumn to increase the injected sample volume, and consequently the sensitivity. Nevertheless, it was necessary to determine optimal conditions allowing the trapping of all the hCG glycoforms on the precolumn and next their efficient back-flush desorption and transfer to the separation column with the mobile phase having a low content of ACN (10%) at the beginning of the elution gradient. A trapping precolumn based on C18-silica beads with the same particle (5 µm) and pore (300 Å) sizes than the separation column was selected, but with a higher internal diameter (300 vs 75 µm) to favor retention for large sample volume but with the risk of increasing band-broadening effects. The corresponding experimental set-up is presented in Figure S1 (see supplementary data).

After the introduction of the trapping column, the first step was to test the quality of the coupling and the sensitivity enhancement by comparing the obtained results with those previously obtained with a simple 70 nl loop. Therefore, the same rhCG sample was used and the same amount of rhCG was injected (35 ng) but this time testing out 3 injection volumes of 1, 1.5, and 2 µl (microliter pick-up mode, see Figure S2 in supplementary data) instead of the former 70 nl. It is worth mentioning that all the other parameters were kept the same. The preconcentration of the sample lasted for 3 min, which is the time required for the sample to be transferred from the loop to the precolumn, knowing the flow-rate and the tubing volumes. The glycoforms preconcentrated on the trapping precolumn were then back-flush transferred to the nano-LC separation column by the mobile phase and detected in MS. The average peak areas of the higher intensity hCGα glycoforms (i.e. the glycoforms with a relative area higher than 15% of that of the glycoform giving the highest peak) that were measured on their corresponding extracted ion chromatogram (XIC) were compared (n=3). Figure 7 shows the results for the 6 glycoforms of higher intensity. First, as expected, a significant enhancement of the signal was obtained with the introduction of the trapping precolumn compared with the direct injection of the same rhCG amount without preconcentration. Second, it is clearly demonstrated that even if the same quantity of rhCG was injected, better sensitivity was achieved for these glycoforms by preconcentrating 1 µl of the sample rather 1.5 or 2 µl. These higher volumes may have induced a loss of the glycoforms by exceeding their breakthrough volume. These conclusions made with the glycoforms giving rise to the highest intensity signals were the same for all the detected hCGα glycoforms. It is worthwhile to notice that the same number of hCGα glycoforms were detected when injecting the same amount of rhCG using the 70 nl loop or by percolating 1 µl on the trapping column.

An improvement in sensitivity ranging from 1.5 and 20 was obtained for all glycoforms with an average factor of 9. This means that not all glycoforms behaved the same on the trapping precolumn, some being more retained than others, and that 1 µl seems to be the best compromise injection volume for all. Three modes of injection can be next implemented to inject 1 µl of sample: full-loop, partial-loop, and microliter pick-up injection modes that are schematically presented Figure S3. Based on the information given by ThermoFischer Scientific, the full loop injection mode provides maximum reproducibility but less accuracy, while the partial loop injection mode provides maximum accuracy and very good reproducibility, and finally the microliter pick-up injection mode offers zero sample loss and maximum accuracy but slightly diminished reproducibility. Therefore, all three injection modes were tested with the nano-LC-HRMS conditions previously developed [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms by nano-LC-(Orbitrap)MS: application to the α-subunit of human chorionic gonadotropin and follicle-stimulating hormone[END_REF] with the exception of the addition of the trapping precolumn. For each injection mode, the replacement of the sample loop was required. 25 μl, 5 μl, and 1 µl sample loops were used for the microliter pick-up, partial loop, and full loop injection modes, respectively. The peak areas of the 9 hCGα glycoforms giving rise to the highest intensity signals were measured on their corresponding XIC and the average values with their standard deviations are represented in Figure 8 (n=3). It clearly appears that the highest and most repeatable average areas are obtained by performing the analysis with the partial loop injection mode. This is why this injection mode was selected for the rest of the study. The sensitivity enhancement when comparing the peak area of these 9 glycoforms obtained using the optimized preconcentration method

(1 µl, partial loop mode) and the initial injection of the same amount with the 70 nl loop without any preconcentration step averages 19 with a value range of 5-30, which is greater than the theoretical gain [START_REF] Kobata | Structure, pathology and function of the N-linked sugar chains of human chorionic gonadotropin[END_REF]. This may be due to a global decrease in the band broadening effect because a volume of 70 nl directly injected on the nanoLC column of low dimension was already too high and induced some significant band broadening, but this value resulted from a compromise between sensitivity and efficiency. The 29 hCGα glycoforms detected here were also observed in the method without any preconcentration step, for which between 28 and 30 hCGα glycoforms were detected depending on the rhCG batch. This confirmed that the preconcentration on the trapping precolumn did not induce the loss of some glycoforms. 

Mobile phase gradient optimization

Despite the better sensitivity achieved with the trapping precolumn and optimized injection conditions (volume and mode), it was still impossible to detect any hCGβ glycoforms, even when analyzing a higher quantity of rhCG (100 ng vs 35 ng). Another optimization was next investigated on the basis of an improvement of the separation to try to favor the ESI ionization process and thus perhaps allow the detection of hCGβ glycoforms not yet detected. For this, different gradient slopes were tested (see Table S1 for their description), keeping constant the initial ACN content at 10% and using the same batch of rhCG. It is important to note that the end of each gradient was different, in order to keep an acceptable analysis time and to finish with mobile phase of a high elution strength (high content of ACN) to ensure the elution of all the compounds present in the rhCG-based drug. Nevertheless, the retention times of the hCGα and hCGβ glycoforms were always inferior to the times of the end changes of the gradients. This is why only the slope of the tested gradient was here relevant on the hCG glycoform separation. The corresponding Base Peak Chromatograms (BPCs) are presented in Figure S3 in the supplementary data. As expected, when the gradient slope decreased the retention time and thus the apparent retention factor, of hCG glycoforms increased. The resolution between two successive glycoforms may be affected by the residence time of the glycoforms in a media at high temperature, 60°C here. Moreover, in addition to the quality of the separation, i.e. the co-elution of glycoforms, the ESI ionization process efficiency may also be affected by the composition of the mobile phase solubilizing a given glycoform. The previous results have shown that improving the glycoform separations was a good approach to increase the number of hCGα and hCGβ glycoforms detected, certainly favoring their ionization. This is why, the nature and content of the mobile phase additive was also varied. The mobile phase additive FA (2%, v/v) has proven previously its ability to favor the multiple ionization of hCG glycoforms better than other percentages [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms by nano-LC-(Orbitrap)MS: application to the α-subunit of human chorionic gonadotropin and follicle-stimulating hormone[END_REF]. It was here replaced by TFA, everything else being unchanged. TFA was selected because we previously observed that it has a strong positive effect on the separation of the hCG glycoforms in HILIC due to its ion pairing properties [START_REF] Camperi | First profiling in hydrophilic interaction liquid chromatography of intact human chorionic gonadotropin isoforms[END_REF]. Very low contents (0.05 or 0.1 %v/v) were first tested as TFA has unfortunately also a strong ion suppression effect during electrospray process, as observed also for hCG [62]. The typical BPCs obtained using 2% FA and 0.05% or 0.1% TFA for the analysis of rhCG at 100 µg ml -1 are presented in Figure 9. A dramatic change in the separation was observed as the co-elution of hCGα and hCGβ glycoforms observed with FA disappeared with TFA, thus demonstrating that the ion pairing properties of TFA also had a positive effect on the separation of hCG glycoforms in RPLC. However, TFA induced also a huge decrease in the intensity even with a very low content (for instance a decrease of about a factor 50 with 0.1% TFA in comparison with 0.05% TFA was observed). Figure 10 shows a comparison of the number of identified hCGα and hCGβ glycoforms identified when applying the conditions of Figure 9. In total, 42 hCGα and 33 hCGβ glycoforms were detected after the addition of 0.05% TFA in the mobile phase, whereas it was only 37 and 19 with 2% FA, respectively. An increase in the TFA content from 0.05 to 0.1% induced a strong drop in the number of glycoforms detected (22 and 5, respectively). In the latter case, the gain in separation power is no longer as interesting because of the strong decrease of the signal intensities.

Thus, the addition of 0.05% TFA in the mobile phase was the best compromise, promoting significantly the separation with only a reduced loss in sensitivity and allowing thus the detection of a high number of hCGα and hCGβ glycoforms. 

Figures of merit of the nanoLC-HRMS method

The repeatability of this method that consists in injecting 1 µl of rhCG using partial loop injection mode, a trapping precolumn and a gradient slope of 1.02% ACN/min with 0.05% of TFA in the mobile phase was investigated. For this, 8 rhCG samples were prepared at various concentrations and analyzed, each in triplicate, starting from 500 µg ml -1 and ending with 6 µg ml -1 . For each analysis, a list of all detected hCGα and hCGβ glycoforms was obtained and for each glycoform the XIC was studied to determine its corresponding retention time (tR) and peak area. The peak area of each hCGα glycoform was next normalized by the area of the hCGα glycoform leading to the highest area value measured on its own XIC (hCGα having a MW of 14,307.1 Da). Similarly, for each hCGβ glycoform, its area was normalized by the one having the highest area, i.e. a MW of 21,723.8 Da. The obtained relative area was then used for the relative semi-quantification calculation. As an example, Figure 11 presents the XICs obtained for 4 high intensity signal hCGα glycoforms (i.e. having a relative area fixed arbitrarily above 15%), 4 low intensity signal hCGα glycoforms (i.e. having a relative area fixed arbitrarily below 15%) and 4 hCGβ glycoforms. It is important to mention that a ratio of 84 was obtained between the highest and the lowest intensities of all the detected glycoforms at a given rhCG concentration with the optimized analytical conditions. All detected hCGα and hCGβ glycoforms and their corresponding average retention time and average relative area and their RDS values at 100 µg ml -1 are compiled in Tables S2 and S3 in the supplementary data. The resulting RSD values of the retention times are compiled in The linearity of this method was next studied for the hCGα glycoforms giving the highest peak areas for 8 concentrations of rhCG ranging from 6 to 500 µg ml -1 . All the correlation coefficient (R 2 ) values and the equations of regression of each glycoform are gathered in Table S4 in the supplementary data.

The linearity of the method was better achieved between 6 and 250 µg ml -1 of rhCG with R 2 values between 0.93 and 0.98, than between 6 and 500 µg ml -1 as illustrated in Figure S4 (supplementary data). It means that a concentration of 500 µg ml -1 was definitely too high and induced ion suppression phenomena during ionization. Finally, the limit of quantification (LOQ) of the method could be estimated, even if the LOQ value was determined as a function of a global concentration of rhCG because the exact concentration of each glycoform present in the sample is unknown. The 7 high intensity signal hCGα glycoforms (fixed arbitrarily above 15% for their relative areas) are all detected down to 6 µg ml -1 of the global hCG content with a signal to noise ratio measured on the XIC of each glycoform above 10. The low intensity hCGα glycoforms are all detected injecting 12.5 µg ml -1 of rhCG, while injecting less led to the total loss of the signals indicating that the LOQ of the low intensity glycoforms was 12.5 µg ml -1 . Following the same reasoning the LOQ for hCGβ glycoforms is 25 µg ml -1 .

Identification of the hCGα and hCGβ glycoforms

For the identification of hCGα glycoforms, the MWs of the detected glycoforms were compared to those of the primary amino acid sequence of hCGα plus the MW of all the possible combinations of two potential N-glycans already described in the literature for hCGα [18,[START_REF] Camperi | An attempt to characterize the human Chorionic Gonadotropin protein by reversed phase liquid chromatography coupled with high-resolution mass spectrometry at the intact level[END_REF][START_REF] Liu | Mass Spectrometric Characterization of the β-Subunit of Human Chorionic Gonadotropin[END_REF] and to the ones that we recently identified with a bottom-up approach [START_REF] Perchepied | Development of Immobilized Enzyme Reactors for the characterization of the glycosylation heterogeneity of a protein[END_REF]. The identifications that were possible are reported in Table 7. It was sometimes not possible to elucidate the glycoform structure that may be a result of a combination of glycosylation and other PTMs. In addition, for several identified glycoforms a difference of 16 or 32 Da was detected, which could be the indication of an oxidation that leads to the addition of one or two oxygen atoms to a susceptible amino acid sidechain.

For hCGβ glycoforms, the identification of the exact structures is much more complicated due to the presence of the additional 4 O-glycosylation sites that lack the common core glycan structure of the N-glycans. This multiplies the number of possible combinations making the exact identification very difficult. Nevertheless, an important observation was achieved when selecting the whole retention time range corresponding to hCGβ glycoforms (retention time between 25 and 27 min) at once. The resulting average mass spectrum with the determined charge states is presented in Figure S5 where we can notice the presence of two m/z values 2116. [START_REF] Dobie | Insights into the role of sialylation in cancer progression and metastasis[END_REF] Therefore, the newly developed nano-LC-HRMS method allows the rapid and reproducible evaluation of a qualitative and semi-quantitative mapping of not only the hCGα but also of the hCGβ glycoforms that are present in a sample, which could be helpful to compare more accurately hCG-based samples. 

Conclusion

In this study a new nano-LC-HRMS method implementing an Orbitrap analyzer was developed and applied to the detection of rhCG glycoforms. After optimizing various key parameters such as injection volume, injection mode, the gradient slope and mobile phase additive, this method allowed the detection of numerous hCGα but also for the first time hCGβ glycoforms with this approach. The good figures of merit of the method enable its use for the semi-quantification of these glycoforms. This is why this method could be implemented in the future for fast mapping of hCG samples and should be evaluated also with other gonadotropins.

Chapter 4. Further exploration of the effect of mobile phase additives and setup modifications on the nanoLC-HRMS method

In the previous chapter, it was demonstrated that the additives in the mobile phase impact the chromatographic separation and the number of detected glycoforms of hCG, with TFA leading to increased potency of the chromatographic separation but reduced sensitivity during MS detection [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF]. Those effects are well established in literature [START_REF] García | The effect of the mobile phase additives on sensitivity in the analysis of peptides and proteins by high-performance liquid chromatography-electrospray mass spectrometry[END_REF][START_REF] Åsberg | The importance of ion-pairing in peptide purification by reversedphase liquid chromatography[END_REF], with a better chromatographic performance with TFA as a mobile phase additive documented in other studies as well [62,[START_REF] Garcı ́a | Effect of the mobile phase composition on the separation and detection of intact proteins by reversed-phase liquid chromatographyelectrospray mass spectrometry[END_REF][START_REF] Domínguez-Vega | High-resolution glycoform profiling of intact therapeutic proteins by hydrophilic interaction chromatography-mass spectrometry[END_REF]. As discussed in the previous chapter, TFA is an effective ion-pair reagent. It is a strong acid, which when added in the mobile phase results in a full protonation of the acidic amino acid residues of the protein, that are then neutral. Negatively charged TFA creates ion pairs with the protonated basic amino acids, which results overall to the protein being less hydrophilic and more neutral, favouring interactions with an RP stationary phase. On the other hand, the MS signal suppression is hypothesized to be rated to the formation of ion-pairs between protein and TFA, which are extremely difficult to be dissociated during ionization [START_REF] Yamamoto | Application of partially fluorinated carboxylic acids as ion-pairing reagents in LC/ESI-MS[END_REF].

The formation of the TFA adducts, which are detectable in the MS spectrum, is therefore a considerable parameter that can affect the MS signal [START_REF] Yamamoto | Application of partially fluorinated carboxylic acids as ion-pairing reagents in LC/ESI-MS[END_REF]. To mitigate this issue, several alternative additives have been proposed. Among them, FA that is a weaker acid has been utilized. The compatibility of this acid with MS analysis is greater; nevertheless, the chromatographic separation potency is minimized, as the ion-pairing phenomenon is not that profound [START_REF] Bobály | Systematic evaluation of mobile phase additives for the LC-MS characterization of therapeutic proteins[END_REF][START_REF] Hamada | Evaluation of an embedded polar C4 phase for hydrophobic protein analysis by reversed-phase liquid chromatography[END_REF], as we confirmed in the previous chapter for the chromatographic separation of hCG glycoforms. Compromising solutions to achieve adequate chromatographic separation and good MS signal may include a combination of small amounts of TFA and FA in the same mobile phase [START_REF] D'atri | Protocols for the analytical characterization of therapeutic monoclonal antibodies. III -Denaturing chromatographic techniques hyphenated to mass spectrometry[END_REF]. Recent studies also demonstrated the potency of difluoroacetic acid, which can also act as an ion paring agent while retaining a satisfactory chromatographic separation with a less extensive signal suppression compared to TFA [START_REF] Bobály | Systematic evaluation of mobile phase additives for the LC-MS characterization of therapeutic proteins[END_REF][START_REF] Nguyen | High sensitivity LC-MS profiling of antibody-drug conjugates with difluoroacetic acid ion pairing[END_REF][START_REF] Maráková | Effect of difluoroacetic acid and biological matrices on the development of a liquid chromatography-triple quadrupole mass spectrometry method for determination of intact growth factor proteins[END_REF][START_REF] Lardeux | Alternative mobile phase additives for the characterization of protein biopharmaceuticals in liquid chromatography -Mass spectrometry[END_REF].

It is therefore evident that each mobile phase additive exhibits certain advantages and disadvantages.

Since the initial development of the nanoLC-HRMS method for the analysis of the intact glycoforms was performed with FA and optimization of chromatographic separation with TFA, the effect of those two additives was more globally examined in this chapter. Hence, the impact of TFA, the combination of FA with TFA and lastly FA alone on the chromatographic profile and on the detectable glycoforms of hCG is presented. Apart from Ovitrelle, which is the recombinant form of hCG (rhCG), a second preparation based on urinary hCG (uhCG) was also used. It is established, as discussed in chapters 1 and 2 of this manuscript, that the glycosylation of the urinary origin hCG can differ from the one of the recombinant preparations. It was therefore informative to analyse hCG from a different origin to explore the potential of the method in glycosylation profiling.

Additionally, two modifications in the setup of the LC instrumentation were made to protect mostly the nanoLC column. This concerned the use of a forward flush rather than a back flush mode. The terms forward flush and back flush are used to distinguish whether the mobile phase from the LC pump is arriving from the same or from the opposite direction as compared to the flow while forwarding the sample towards the trapping column with the aid of the loading pump. Moreover, a bio-compatible nano-filter that can protect instrumentation from clogging was tested. Results of both these modifications are also presented below.

Materials and methods

Reagents and analytes

Al reagents and analytes used in this study have been previously described [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF]. Preparation of the rhCG sample was also performed as stated in the same reference.

hCG from human pregnancy urine (uhCG) was obtained as a lyophilized powder (10,000 International Units (IU)) from Sigma Aldrich. It was reconstituted with 10 ml of LC-MS grade water to a concentration of 1,000 IU ml -1 . As stated by the provider, the diluted formulation also contained 0.1 M sodium phosphate buffer (pH approx. 7.2) and 10 mg ml -1 of mannitol. Taking into consideration that 1 IU equals to 0.092 μg [START_REF] Berger | The molecular relationship between antigenic domains and epitopes on hCG[END_REF], the solubilized drug has a concentration of 92 μg ml -1 . The 10 ml stock was aliquoted accordingly and stored at -20 °C for further use.

NanoLC-MS analysis

The analysis of the model drugs was performed with the nanoLC-HRMS method previously optimized [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF]. Briefly a nanoLC system (NC 3500 RS, ThermoFisher Scientific, Courtaboeuf, France) with a trapping C18 pre-column (Acclaim PepMap300, 0.3 mm i.d. x 5 mm, 5 μm, 300 ˚A, ThermoFisher Scientific, Le Pecq, France) was connected to an EASY-Spray PepMap RSLC C18 column (Acclaim PepMap300, 150 mm i.d. x 0.075 mm, 5 μm, 300 ˚A, ThermoFisher Scientific). The injected sample was either forward flush or back flush transferred to the EASY-Spray column for separation before analysis with the coupled Orbitrap mass analyser (Exactive plus, ThermoFisher Scientific). Additionally, an Opti Solv biocompatible nano filter (0.5 μm, ThermoFisher Scientific) was placed after the trapping column at the 10-port valve of the LC system. LC parameters were as following: mobile phase (A), H2O/ACN (98/2; v/v) + i) 0.05% TFA or ii) 0.5% FA + 0.05% TFA or iii) 2.0% FA + 0.05% TFA or iv) 2.0% FA ; mobile phase (B), H2O /ACN (1/9; v/v) + i) 0.05% TFA or ii) 0.5% FA + 0.05% TFA or iii) 2.0% FA + 0.05% TFA or iv) 2.0% FA; linear gradient, 10-65% (B) in 54 min (1.02%/min); column temperature, 60 °C; injection volume; 1 μl; flow rate, 300 nl min -1 . To avoid carry-over, a blank injection was performed between each run.

The ionization parameters were not modified as compared to the original method [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF]. Calibration of the orbitrap mass analyser was performed by using clusters of a salt of ammonium hexafluorophosphate in the mass range of the analysis (m/z 1000 to 4000). This salt was also used as external calibrant to determine the elemental composition of the detected species thanks to accurate mass measurements performed on the maximum isotopic of protonated glycoforms peaks. All the measurements were associated with an error expressed in ppm reflecting the accuracy of the experimental value compared to the theoretical value. The software Excalibur 4.1 (ThermoFisher Scientific) was used to for the data acquisition and instrument control. Treatment of the data was carried out by using the Freestyle 1.3 SP2 (ThermoFisher Scientific) software. The XIC of each glycoform that indicated their chromatographic behaviour was defined with an m/z mass tolerance 30 mDa which corresponds to molecular weight mass tolerance of 300 mDa [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF]. The identification of each glycoform was performed by accurate mass measurement.

Results and discussion

4.2.1. NanoLC setup modifications

Back flush vs forward flush mode

As stated by the manufacturer (ThermoFisher Scientific), even though back flush can offer increased sensitivity and minimized band broadening while pre-concentrating the sample, there is a greater risk of contamination of the analytical column. On the other hand, using the forward flush mode ensures that the trapping column also serves as a guard column. However, peak width and peak height can be affected in a negative manner. In Figure S6, the representative setup of the back flush and forward flush mode is depicted. It can be seen that the fluidics of the LC pump in forward flush mode were switched accordingly, so that the direction of the flow towards the trap column is the same from the LC and the loading pump.

With the scope of increasing the life-time of the analytical column, which is an expensive consumable, it was investigated whether switching from the back flush mode followed initially to a forward flush mode would affect the analysis. The evaluation was performed using the rhCG-based drug injected in triplicate and it was based on both qualitative and quantitative criteria. For this reason, the detected glycoforms mentioned in Chapter 3 were the ones used for the evaluation described in this section. It should be highlighted that for this analysis, only TFA as additive at 0.05% was used.

The representative TICs when implementing the forward flush and the back flush modes for the analysis of rhCG are represented in Figure 12A. It can already be observed that there are no great differences of intensity in the TICs. Moreover, no difference in the number of the detected hCGα and hCGβ isoforms was observed, as seen by the overlap in the Venn diagrams of each setup in Figure 12B.

The comparison of the XIC intensities of the individual glycoforms detected between the elution ranges of 21.7-23.6 min showed that the values when dividing the intensity measured in forward flush by the intensity in the back flush were ranging between 76-140% with a mean of 112% (n=3). However, the intensities for the forms with RTs between 21.0-21.7 min in the forward flush were almost double compared to the back flush. Given the fact that those forms are identified as the oxidation species eluting early chromatographically, which will be further explained in section 4. visible that the peak in the chromatogram corresponding to these forms is better resolved in the forward flush mode. Therefore, one hypothesis is that those forms could be better ionized as they were not impeded by the ionization of other co-eluting forms. A second hypothesis is that since those forms are of low MW, their glycan composition corresponds most likely to mono-antennary glycans, which can be a product of an undesirable hydrolysis of some higher antennarity forms happening prior to LC-MS analysis. Therefore, similarly as with the oxidation hypothesis, the increase in the intensity may be attributed to the events unrelated to the LC setup. For the hCGβ glycoforms, all were detected in both setups and intensity ratios were ranging between 84-127% with a mean of 103%. Overall, the forward flush modification generated similar results and did not affect negatively the detectability of glycoforms; hence, it was used for the rest of the analyses. Venn diagrams comparing the number of hCGα and hCGβ glycoforms detected after the analysis with each setup.

LC-MS conditions: see section 4.1.2.

Nano biocompatible filter

To further protect the nanoLC column from any particles coming from the sample, a nano biocompatible filter was placed in the 10-port valve of the LC system at position 4, just before the final capillary leading to the separation column (Figure S6B). The corresponding TIC is displayed in comparison with the analysis performed without the filter (Figure 12A). It is again visible that the intensities of the TICs were almost the same. The experiments were performed in triplicate. Results

showed that the data were not affected qualitatively, neither for hCGα nor for hCGβ (Figure 12B). The mean intensity of each glycoform was compared to the mean intensity of the same experiment but without the nano filter. For hCGα glycoforms, a mean intensity ratio of 88% was recorded, with a range of 64-125%, excluding again the oxidised glycoforms. For hCGβ, a mean of 98% with a range of 82-109% was calculated. The setup with the forward flush and the nano filter in the LC 10-port valve was chosen for the continuation of the research, since it appeared that the analysis was not affected.

Effect of mobile phase additives

Analysis of rhCG and uhCG with 0.05% TFA as mobile phase additive: glycoform identification

As mentioned in the previous chapter, 42 glycoforms of hCGα and 33 glycoforms of hCGβ were detected in the rhCG sample. However, the overall identification was not completed and the glycan composition of only 20 hCGα glycoforms was initially achieved. The annotation of the hCGβ glycoforms was on the other hand even more complicated, since this subunit has multiple glycosylation sites and therefore multiple combinations are possible. Additionally, baseline separation of the isotopes of each form was not successful, reducing the accuracy of the measurements for the hCGβ.

A further investigation of the entire MS spectrum revealed that the numbers above were largely underestimated, especially for the hCGα forms. The identification of the forms was then attempted anew, considering that the formation of TFA-adducted forms was likely, which differ from the nonadducted ones by 113.99286 Da. Also, the observation that oxidised forms with multiple oxidation points can be present was more thoroughly investigated. This time, the identifications were not based on deconvolution but on accurate mass measurements considering the maximum isotopic of protonated glycoforms peaks in 0.5 min cuts of the average mass spectrum. All the measurements were associated with an error expressed in ppm reflecting the accuracy of the experimental value compared to the theoretical value. This was specifically important for the validation of the results to increase the confidence for annotations described below. The high resolution Orbitrap MS allows such a strict limit of error in the case of isotopic profiles with high intensity, while a loss in accuracy is expected for the isotopes with lower intensity. Eventually the overall glycan composition of a glycoform and the overall elemental composition was defined. The error of an assignment when comparing a theoretical m/z and an experimentally observed m/z was set at 5 ppm, unlike the chromatographic error that was set at 30 mDa.

This re-evaluation of the data revealed that for rhCG, 170 forms of hCGα were detectable, as presented in Table S5. In this table, the elemental composition, the proposed glycan structure, the theoretical mass at the maximum of the isotopic profile, the theoretical monoisotopic mass, the proposed overall monosaccharide composition, the theoretical maximum m/z at charge state 8 + and 7 + (if present also experimentally), and the retention time ranges at which the isotopes were detected are presented. It should be clarified that in the column of the monosaccharide composition, it is also stated if the identified form is oxidised and/or if it is a TFA adduct.

It can be observed that the identified forms corresponded to glycoforms of hCGα without any other modification, TFA (CF3COOH) adducts of the forms with one to four TFA compounds, oxidised glycoforms with one to four points of oxidation at methionine amino acids and adducts of the oxidised forms with one to three TFA compounds. It is worthwhile noticing that only 35 out of the 170 forms were unmodified glycoforms of the hCGα. The identified oxidised glycoforms were 37 and 98 were adducts of the glycoforms or the oxidised forms. A scheme of the possible forms by which the glycoform leading to the highest area value measured on its own XIC can be found while analysing the rhCG preparation is presented in Figure 13.

Among the TFA adducts, 10 of them correspond to glycoforms that could not be detected without the formation of the adduct and are therefore not a part of the 35 forms mentioned before. Those adducted forms are highlighted in red in Table S5 and can also be found in Table 8. Moreover, one form was only detected due to oxidation (highlighted in purple in Table S5 and Table 8). Another important observation is that some of the oxidised forms and adducts of the oxidised forms appear with more than one retention time range (Table S5). This is because chromatographically, distinct peaks were observed. To better demonstrate this, a characteristic example is depicted in Figure 14A. This figure represents the XIC of the glycoform leading to the highest area value overlaid with the XICs of the same form with one, two and three oxidised methionine amino acids. It can be observed that each oxidation state was appearing as one to three peaks with different RTs. It can be hypothesized that the peaks of oxidation with an early RT could correspond to the oxidation induced during sample preparation and/or manufacturing, which could be chromatographically separated due to the difference in polarity. On the other hand, the peaks of oxidation with similar RT as of the nonmodified glycoform could correspond to the oxidation occurring during the LC separation and/or insource during ionization. However, it is difficult to distinguish which peak corresponds to in-column or in-source oxidation and which originates from the sample. The peak shape is also not optimal, making peak integration difficult. Therefore, the variation in the abundance of oxidised forms that was briefly mentioned in section 4.3.1.1, could be attributed in the non-controlled manner by which oxidation occurs in the sample and/or during the nanoLC-MS analysis. Nevertheless, it is evident that the relative abundance of the oxidised forms is less than 10% compared to the non-modified glycoform. In Figure 14B and Figure 14C the TFA adducts of the non-modified glycoform and the adducts of the same glycoform with one oxidised methionine amino acids are respectively represented. It is evident that the TFA adducts appear right next to the glycoform or oxidised form, since they are generated during the analysis and were not present in the initial sample. 
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It is also worthwhile noticing that the retention times at which the isotopic patterns of the nonmodified glycoforms were detected was between 22.2 and 24.2 min, as seen in Table S5.

Chromatographically, each of these forms are detected as unique peak, unlike oxidised forms. In Figure 15, the overlay of the XICs of the hCGα glycoforms having a glycan composition equivalent to HexNAc(8)Hex(10) (next just written hCGα HexNAc(8)Hex [START_REF] Cole | Hyperglycosylated hCG[END_REF] for simplification) with one to four NeuAc is depicted. It is already visible that the peak shape of these glycoforms was overall better than the oxidised forms and their TFA adducts (Figure 14A and Figure 14C) and the integration was more easily and reliably performed. This was the case for all unmodified glycoforms. Moreover, the RT of the forms was increasing as more sialic acids were added. This observation is on par with the previously developed RPLC/ESI-TOF-MS method [START_REF] Camperi | An attempt to characterize the human Chorionic Gonadotropin protein by reversed phase liquid chromatography coupled with high-resolution mass spectrometry at the intact level[END_REF]. Finally, even if the most intense peak was the hCGα HexNAc( 8)Hex( 10)NeuAc( 2), the glycoform leading to the highest area value measured on its own XIC was the hCGα HexNAc( 8)Hex( 10)NeuAc(3). Concerning the hCGβ glycoforms, the same processing revealed that 44 of them were discerned in the MS spectrum after the re-evaluation of data (Table S6). Among those, 22 were identified as glycoforms and 3 as oxidised forms. The TFA adducts were therefore 19. It is worthwhile mentioning that the MS spectrum was quite difficult to be interpreted, firstly due to the presence of the TFA adducts that were overlapping with unmodified or oxidised glycoforms. Secondly, the isotopes corresponding to the different hCGβ glycoforms were not base line separated, probably due to co-eluting isobaric species.

Therefore, the identifications presented in Table S6 are only suggestions and results can be validated when a baseline separation between the isotopes of each glycoform is achieved, which was not the case in this analysis. Finally, no glycoform was uniquely identified due to adduct formation or oxidation.

Concerning the uhCG preparation, a representative chromatogram obtained analysing this sample at a concentration of 92 µg ml -1 is represented in Figure S7A. It can be observed that the hCGα glycoforms were eluting between 19 and 23.5 min and the hCGβ within the 25-27 min range. A smaller elution area of the oxidised forms of hCGβ was identified within the RT range of 22-23 min. Similarly, accurate mass measurements revealed that 181 hCGα glycoforms could be detected and identified. Among them, 29 were non-modified glycoforms, 61 were oxidation products, 85 were TFA adducts, and 6 were phosphorylated or sulphated forms. The full list is found in Table S7. Two forms were only detectable due to adduct formation and oxidation (highlighted in red) and two were only detectable as oxidised forms (highlighted in purple) in the Table S7.

As seen in Figure S7B and Table S7, similar observations can be made for this sample regarding the existence of multiple retention times of oxidised forms and their TFA adducts. It is also visible that the forms with more oxidation points were the earliest eluting ones. For the hCGβ glycoforms, 44 were detected and among them 12 are suggested as non-modified glycoforms, 2 were oxidised forms and 31 were TFA adducts in the main elution area. In the RT range of 22-23 min, 19 forms were detected; out of them, 6 were oxidised forms and 13 were the TFA adducts of them (Table S8). Finally, only one glycoform could be detected only due to adduct formation and is therefore not part of the 22 glycoforms mentioned before. This was the: hCGβ + HexNAc( 17)Hex( 23)NeuAc(3) + CF3COOH and highlighted with red in Table S7.

Comparison between the analysis with TFA only and TFA mixed with FA

It can be deducted that many TFA adducts were identified for both rhCG and uhCG. An investigation of the effect on the analysis when mixing the two mobile phase additives was performed, as a first attempt to find a good analogy to achieve chromatographic separation while minimizing the effect of adduct formation. In the current study, the two following conditions were tested: i) mix of 0.05% of TFA with 0.5% FA and ii) mix of 0.05% of TFA with 2% FA, which were compared with the nominal one.

After analysis of the rhCG, the representative TICs of the different conditions are depicted in Figure 16.

It can already be seen that chromatographically, not many differences can be seen, especially regarding the intensity of the MS signals. The retention times appear a bit delayed concerning the analyses with the mixture of additives. By inspecting the spectrum, no great differences were also visible. Since the analyses did not appear to have main differences between them, a selective data processing was then performed rather than using the full dataset of the 170 forms described above; therefore, the 42 hCGα glycoforms reported in chapter 3 plus 34 TFA adducts were selected.

Qualitatively, only 4 were unique in the sample analysed with a mobile phase containing only TFA, but they were all TFA adducts. It was also observed that the isotopic patterns of the TFA adducts in the FA analysed samples were deteriorating with the increment of the percentage of FA. Even so, the effect of TFA was strong enough for almost all the adducts to be formed. Additionally, no new form was detected in the sample analysed with a LC mobile phase containing TFA plus FA after performing deconvolution of the spectra. The results were similar regarding the hCGβ glycoforms with no qualitative difference between conditions, when performing data treatment with the 33 forms reported in chapter 3. It appears that the effect of TFA was strong and the addition of up to 2.0% of FA did not alter the chromatographic profile or the obtained spectrum and did not improve the MS signal. It is suggested that future trials should include a decrease in the content of TFA rather than investigating higher amounts of FA. This would probably lead to different chromatographic profiles and/or MS spectra and signals.

Re-evaluation of the analysis with 2.0% FA as mobile phase additive: preliminary results

Since mixing the additives in the preliminary investigation mentioned in the previous section did not seem to influence the analysis, the effect of FA alone was put again into perspective. As mentioned in chapter 3, the rationale behind the selection of TFA as mobile phase additive was the increase in the number of detected forms of both subunits. However, the re-valuation of the data revealed that a great number of TFA adducts of the already existing glycoforms was generated, making data treatment extremely tedious. In the case of hCGβ, the TFA analysis was more misleading; even if the reported FA FA number of forms was high, the MS spectrum could not be reliably interpreted due to the bad shape of the isotopic profiles of co-eluting isobaric species in combination with the co-eluting TFA adducts.

The re-evaluation of the data obtained after analysis of rhCG with 2.0% of FA in the mobile phase was performed. Results indicated that concerning hCGα, in total 91 glycoforms were detected. Out of them, 48 were identified as non-modified glycoforms and 43 as their oxidised forms as presented in supporting information (Table S9). As expected, TFA adduct formation was not recorded. Similarly, the oxidised forms were eluting earlier and were appearing as more than one chromatographic peak.

This preliminary re-evaluation of the data obtained with 2.0% of FA as additive in the LC mobile phase on the qualitative data of hCGα indicated that an equally high number of hCGα glycoforms could be detected and identified compared with 0.05% of TFA. For this reason, the experiment was repeated, but using the modified LC setup (forward flush mode and nano filter). More importantly, the cleaning of the S-lens and Exit lens of the MS instrument had preceded this analysis. The obtained chromatograms of rhCG analysed at a concentration of 25, 50, and 100 µg ml -1 are represented in Figure 17A. A remarkable increase in the intensity was noted, firstly due to the use of FA and secondly due to the cleaning of the MS instrument. The hypothesis that the increase of the signal is also related to the cleaning of the instrument is supported by the fact that when performing the analysis of rhCG at 100 µg ml -1 using the nominal analytical method, i.e. having 0.05% TFA as the mobile phase additive (Figure 17B), the signal of the TIC after the cleaning is about double compared to the last analysis of the same sample concentration just before the cleaning.

In the FA experiment (Figure 17A), the signal is most likely saturated at the concentration of 100 µg ml -1 , while at the concentration of 25 µg ml -1 , three peaks begin to be distinguishable, even if base line resolution was not achieved. The first peak with a RT of 19.8 min corresponds mainly to the oxidised hCGα glycoforms, while the second and most intense peak with an RT of 21.4 min included the nonmodified hCGα glycoforms. However, unlike analysis with TFA, elution of the hCGβ glycoforms was observed throughout the chromatogram, i.e. there is a co elution with the hCGα glycoforms which were the predominant forms until a RT of 22.3 min. However, in the RT range of 22.3-22.7 min, the hCGβ glycoforms were predominantly ionised, as seen in the average MS spectrum in Figure S7. The isotopic profiles corresponding to the hCGβ glycoforms are still not baseline separated, meaning again a possible co-elution of isobaric species. However, when comparing Figures S7 andFigureS4B, the noise in the spectrum is less in the FA experiment as compared to the TFA experiment, mainly due to the lack of TFA adducts; this could potentially lead to an easier data treatment. A preliminary list of the suggested composition of the hCGβ glycoforms is represented in Table S10. Already, 18 non-oxidised glycoforms have been identified. However, more glycoforms could be detected, which have not yet been identified. 

Preliminary comparison between analysis using either TFA or FA as mobile phase additive

From the preceding sections it is evident that LC-MS analysis of hCG with a mobile phase containing FA offers the advantages of i) a higher MS signal due to minimized suppression and ii) a high number of detected forms without the impediment of the TFA adducts. However, analysis using TFA benefits from a chromatographic separation between the hCGα and hCGβ glycoforms. In Table 8 the identified non-modified glycoforms of hCGα after the re-evaluation of data of the rhCG analyses with either 2.0% FA or 0.05% TFA are compiled. It can be observed that 3 forms were uniquely detected with the TFA A B 

Conclusions

The results presented in this chapter are a proof of the versatility of the developed nanoLC-MS method and the large number of data that can be generated by a single analysis. The preliminary re-evaluation of the effect of the additives on the number of detected glycoforms and most importantly the identification of each form allowed a more global overview of the obtained data. However, the reevaluation of the effect of FA was performed at the end of this thesis and the analysis of the generated datasets was not finalized. Nevertheless, it seems interesting in the future to investigate again the choice of the additive(s) to be introduced in the mobile phase (nature and content), now that the processing of the numerous and complex data obtained by the very high resolution MS is more rationalized and efficient. However, in the next chapters, the use of the nominal nanoLC-MS method with the 0.05% TFA as the additive of the mobile phase was the selected one for the evaluation of the potential of affinity solid phase extraction of hCG glycoforms involving lectin-based sorbents.

Chapter 5. Recent Advances in Lectin-Based Affinity Sorbents for Protein Glycosylation Studies

To meet the goal of the characterization of the glycosylation, lectins have been widely used in the field of glycobiology. Lectins are a group of proteins that share a common characteristic, which concerns 

Introduction

The increasing interest towards the characterisation of glycosylation is evident by the existence of numerous reports oriented towards the elucidation of the quantitative and qualitative characteristics of the glycoproteome [2,[START_REF] Xiao | Global and site-specific analysis of protein glycosylation in complex biological systems with Mass Spectrometry[END_REF]. Indeed, glycosylation is considered as one of the most common and important post-translational modifications (PTM) of proteins and is associated with many essential intrinsic and extrinsic functions of proteins, including signalling, protein folding, interaction between proteins, cell migration and even alternation of the primary function of a given protein [START_REF] Schjoldager | Global view of human protein glycosylation pathways and functions[END_REF][START_REF] Lis | Protein glycosylation[END_REF]. Most importantly, the study of the glycoproteome can lead to the discovery of biomarkers related to a plethora of pathologies, since determination of protein glycosylation in biological fluids, tissues or cell culture extracts can serve as means of diagnosis and estimation of the progression of a disease [START_REF] Pinho | Glycosylation in cancer: mechanisms and clinical implications[END_REF][START_REF] Reily | Glycosylation in health and disease[END_REF].

The use of lectins has been highly beneficial for the elucidation of the glycosylation state of a given sample. Lectins are proteins found in living organisms that can interact with specific sugar moieties of oligosaccharides attached to other biomolecules [START_REF] Weis | Structural basis of lectin-carbohydrate recognition[END_REF][START_REF] Hirabayashi | The Lectin Frontier Database (LfDB), and Data Generation Based on Frontal Affinity Chromatography[END_REF]. Different analytical techniques that take advantage of the affinity of lectins towards oligosaccharides have been developed in the past. For example techniques like enzyme-linked lectin assay, lectin histochemistry, lectin blotting or lectin microarrays are based on the principles of other classical analytical methods, which are then adapted by the incorporation of lectin proteins and they can provide a quantitative and/or a qualitative glycan profiling of a sample [START_REF] Dan | Development and Applications of Lectins as Biological Tools in Biomedical Research[END_REF][START_REF] Hashim | Lectins: an effective tool for screening of potential cancer biomarkers[END_REF][START_REF] Hendrickson | Analytical Application of Lectins[END_REF]. Albeit the aforementioned techniques being extremely useful for the elucidation of the predominant glycosylation patterns in biological samples, other approaches such as mass spectrometry (MS) can provide an in-depth knowledge of the structural characteristics of glycoproteins [START_REF] Morelle | The use of mass spectrometry for the proteomic analysis of glycosylation[END_REF] and MS has thus become the most commonly used technique for the study of protein glycosylation. However, it is well established that especially in biological samples, the glycoproteins that can serve as disease biomarkers as an example, are usually of low abundance and are masked by other highly abundant proteins. Therefore, in order to "unmask" those glycoproteins of high importance but present at low concentration levels, an initial enrichment step is required. This process of enrichment can be performed at the glycoprotein level, or at the glycopeptide or glycan level after an enzymatic digestion, by implementing different techniques. For example, certain solid phase extraction (SPE) processes have been developed with solid supports functionalized with hydrazide or boronic acid derivatives, which are able to form covalent bonds with the glycan moieties [START_REF] Chen | Interaction modes and approaches to glycopeptide and glycoprotein enrichment[END_REF], or functionalized with anti-glycan antibodies specific to various glycan determinants [START_REF] Cho | Use of Glycan Targeting Antibodies To Identify Cancer-Associated Glycoproteins in Plasma of Breast Cancer Patients[END_REF].

Additionally, chromatographic separations based on reversed phase (RP), size exclusion (SEC), ion exchange (IEC) or hydrophilic interaction liquid chromatography (HILIC), have been successfully used for glycosylation enrichment. All these techniques can be easily coupled with MS either off-or on-line [START_REF] Ongay | Glycopeptide enrichment and separation for protein glycosylation analysis[END_REF][START_REF] Huang | Stationary phases for the enrichment of glycoproteins and glycopeptides: Liquid Phase Separations[END_REF][START_REF] Riley | A Pragmatic Guide to Enrichment Strategies for Mass Spectrometry-Based Glycoproteomics[END_REF]. Apart from the aforementioned techniques, enrichment can be performed with the aid of lectin-based affinity sorbents. This approach relies on the ability of the lectin protein to interact with specific glycosylation patterns present in glycoproteins. Immobilized lectins can be found in various formats, like on particles, magnetic beads or on monoliths to be used in capillary, cartridge or column setups and are applicable in SPE or in dispersive solid-phase extraction mode (dSPE). Another approach concerns the filter-assisted enrichment, where lectins sorbents or free lectins are used in combination with a membrane of an appropriate molecular weight cut-off to separate the glycosylated forms from the non-glycosylated ones. Lectin affinity enrichment can be advantageous compared to other techniques, as by choosing the appropriate lectin, only certain patterns of glycosylation can be enriched, i.e. only sialylation or fucosylation. This can lead to a reduction of the large heterogeneity of glycosylation for a more targeted enrichment. On the other hand, when a wider coverage of the glycoproteome is desirable, lectins with a broader selectivity can be used alone or in combination [START_REF] Yang | Approach to the comprehensive analysis of glycoproteins isolated from human serum using a multi-lectin affinity column[END_REF][START_REF] Madera | Combining Lectin Microcolumns with High-Resolution Separation Techniques for Enrichment of Glycoproteins and Glycopeptides[END_REF][START_REF] Kullolli | An Automated Platform for Fractionation of Human Plasma Glycoproteome in Clinical Proteomics[END_REF]. Lectin affinity extraction has been widely used for N-glycosylation enrichment and to a lesser extent for O-glycosylation studies [START_REF] Durham | Targeted glycoproteomics: Serial lectin affinity chromatography in the selection of O-glycosylation sites on proteins from the human blood proteome[END_REF][START_REF] Chalkley | Identification of protein O-GlcNAcylation sites using electron transfer dissociation mass spectrometry on native peptides[END_REF][114][START_REF] Trinidad | N-and O-Glycosylation in the Murine Synaptosome[END_REF][START_REF] Nagel | Identification of O-Linked N-Acetylglucosamine (O-GlcNAc)-modified Osteoblast Proteins by Electron Transfer Dissociation Tandem Mass Spectrometry Reveals Proteins Critical for Bone Formation[END_REF][START_REF] Vakhrushev | Enhanced Mass Spectrometric Mapping of the Human GalNAc-type O-Glycoproteome with SimpleCells[END_REF][START_REF] Darula | Analysis of Mammalian O-Glycopeptides-We Have Made a Good Start, but There is a Long Way to Go[END_REF]. In this regard, a broader enrichment of both Nand O-glycosylation modifications can be achieved by using techniques like boronic acid chemistry or HILIC. Certain comparative studies have also shown that lectin affinity enrichment can lack in accuracy and sensitivity compared to other techniques [START_REF] Zhang | Evaluation of Different N-Glycopeptide Enrichment Methods for N-Glycosylation Sites Mapping in Mouse Brain[END_REF]. However, it has been seen that the combination of the different techniques with lectin affinity enrichment can provide wider information for the glycosylation state of a sample [START_REF] Mcdonald | Combining Results from Lectin Affinity Chromatography and Glycocapture Approaches Substantially Improves the Coverage of the Glycoproteome[END_REF][START_REF] Chen | Comprehensive Analysis of Protein N-Glycosylation Sites by Combining Chemical Deglycosylation with LC-MS[END_REF][START_REF] Li | Identification of Glycoproteins Containing Specific Glycans Using a Lectin-Chemical Method[END_REF][START_REF] Zhou | Site-Specific Fucosylation Analysis Identifying Glycoproteins Associated with Aggressive Prostate Cancer Cell Lines Using Tandem Affinity Enrichments of Intact Glycopeptides Followed by Mass Spectrometry[END_REF]. Overall, lectin affinity enrichment has been one of the most popular front-end approaches for the study of the glycosylation over the past decades. Given their very widespread use, the applicability of lectins in the study of the glycosylation has been extensively reviewed in the past [START_REF] Dan | Development and Applications of Lectins as Biological Tools in Biomedical Research[END_REF][START_REF] Hendrickson | Analytical Application of Lectins[END_REF][START_REF] Ongay | Glycopeptide enrichment and separation for protein glycosylation analysis[END_REF][START_REF] Huang | Stationary phases for the enrichment of glycoproteins and glycopeptides: Liquid Phase Separations[END_REF][START_REF] Monzo | Lectin-immobilization strategies for affinity purification and separation of glycoconjugates[END_REF][START_REF] Hirabayashi | Lectin-based structural glycomics: A practical approach to complex glycans[END_REF][START_REF] Fanayan | Using lectins to harvest the plasma/serum glycoproteome[END_REF][START_REF] Hage | Pharmaceutical and biomedical applications of affinity chromatography: recent trends and developments[END_REF][START_REF] Alley | High-sensitivity Analytical Approaches for the Structural Characterization of Glycoproteins[END_REF][START_REF] Ahn | Quantitative mass spectrometric analysis of glycoproteins combined with enrichment methods[END_REF][START_REF] Yamamoto | Current landscape of protein glycosylation analysis and recent progress toward a novel paradigm of glycoscience research[END_REF][START_REF] Lastovickova | Use of Lectin-based Affinity Techniques in Breast Cancer Glycoproteomics: A Review[END_REF][START_REF] Wen | Progress in Monolithic Column-based Separation and Enrichment of Glycoproteins[END_REF]. Those reviews are sometimes partially dedicated to lectin enrichment strategies and cover several aspects of the existing techniques. This review presents here an up-dated state-of-the-art of the use of commercial or home-made lectin-based affinity sorbents for extraction and enrichment of glycoproteins or glycopeptides. It presents also the progress that has been made in this field.

Commercialized affinity sorbents

The high abundance of lectins in plant organisms, along with the existence of several techniques for their isolation and purification [START_REF] Nascimento | An overview of lectins purification strategies[END_REF], renders them a relatively lower-cost solution for the development of lectin affinity sorbents, especially in comparison with sorbents functionalized with antibodies. For this reason, many companies, like Vector laboratories, EY laboratories, Sigma Aldrich, GE Healthcare etc., provide isolated purified lectins or lectins already immobilized on solid sorbents.

In most of the cases, lectins in the commercialized affinity sorbents are immobilized on polymers, which are usually agarose based materials, such as Sepharose. Those materials are usually macroporous polymers, which is advantageous for lectin immobilization and trapping of large macromolecules. Additionally, they are generally stable over a wide range of pH [START_REF] Zucca | Agarose and Its Derivatives as Supports for Enzyme Immobilization[END_REF] . Of course, the first criterion of choice of this kind of lectin-based sorbent is the nature of the lectin. Indeed, each lectin has its own specificity, as it is presented in Table 9, which includes the most commonly used lectins for the enrichment of glycoproteins and glycopeptides. Additionally, affinity-promoting metal ions as well as appropriate competitive saccharides or other conditions that may disrupt the lectinglycan moiety bonds are depicted in this table. It should also be noted that one additional characteristic of lectins concerns the ability of certain classes of them to induce agglutination of blood cells and they can be therefore referred as agglutinins [START_REF] Sharon | History of lectins: from hemagglutinins to biological recognition molecules[END_REF]. In eukaryotes, proteins can be both N-or O-glycosylated [START_REF] Schjoldager | Global view of human protein glycosylation pathways and functions[END_REF][START_REF] You | Recent advances in methods for the analysis of protein o-glycosylation at proteome level[END_REF] and different lectins can have affinity towards the dominant motifs present in both of these types. For example, Concanavalin A (Con A), which is one of the most commonly used lectins, has affinity towards the trimanosyl core of N-glycans. However, Con A can only bind glycans with accessible mannose residues, meaning it can selectively capture oligomannose or hybrid type structures and to a lesser extend complex-type bi-antennary N-glycans, while it does not exhibit affinity for highly branched complex-type N-glycans [24]. Another commonly used lectin is the Lens culinaris lectin (LCA or LCA) [START_REF] Chandrasekaran | Novel interactions of complex carbohydrates with peanut (PNA), Ricinus communis (RCA-I), Sambucus nigra (SNA-I) and wheat germ (WGA) agglutinins as revealed by the binding specificities of these lectins towards mucin core-2 O-linked and N-linked glycans and related structures[END_REF]. This lectin is useful for the recognition of N-glycans that are core-fucosylated. Aleuria aurantia lectin (AAL) is also a lectin that is specific for core fucose [START_REF] Matsumura | Carbohydrate binding specificity of a fucose-specific lectin from Aspergillus oryzae: a novel probe for core fucose[END_REF]. Wheat germ agglutinin (WGA) has been used for its ability to recognise N-acetyl glucosamine (N-GlcNac) oligomers and sialic acid (Sia) [START_REF] Chandrasekaran | Novel interactions of complex carbohydrates with peanut (PNA), Ricinus communis (RCA-I), Sambucus nigra (SNA-I) and wheat germ (WGA) agglutinins as revealed by the binding specificities of these lectins towards mucin core-2 O-linked and N-linked glycans and related structures[END_REF][START_REF] Gallagher | Identification of two binding sites for wheat-germ agglutinin on polylactosamine-type oligosaccharides[END_REF]. Sambucus nigra agglutinin (SNA) is also a sialic acid specific lectin [26], while Thornapple agglutinin from Datura stramonium (DSA) is a lectin that has a higher affinity for tri-and tetraantennary complex type N-glycans [140] PHA-E Phaseolus vulgaris Erythroagglutinin Bisecting GlcNAc in galactosylated complex tetra/triantennary N-type acidic conditions / Ca 2+ , Mn 2+ [START_REF] Kaneda | The High Specificities of Phaseolus vulgaris Erythro-and Leukoagglutinating Lectins for Bisecting GlcNAc or β1-6-Linked Branch Structures, Respectively, Are Attributable to Loop B[END_REF] PHA-L Phaseolus vulgaris Leucoagglutinin Gal: 2,6-branched complex tetra/tri-antennary> complex biantennary acidic conditions, GlcNac/ Ca 2+ , Mn 2+ [START_REF] Kaneda | The High Specificities of Phaseolus vulgaris Erythro-and Leukoagglutinating Lectins for Bisecting GlcNAc or β1-6-Linked Branch Structures, Respectively, Are Attributable to Loop B[END_REF] 88

Notes: α-MM: methyl alpha-D-mannopyranoside; α-MG: methyl α-D-glucopyranoside; Ca: calcium; Chitin: GlcNAc(β1-4)n; Core 2: GlcNAcβ1-6(Galβ1-3)GalNAc; Core 3: GlcNAc β1-3GalNAc-

Ser/Thr; disialyl-T: [Sia α 2-3Galβ 1-3(Siaα2-6
)GalNAc]-Ser/Thr; Fuc: fucose; Gal: galactose; GalNAc: N-acetylgalactosamine; Glc: glucose; GlcNAc: N-acetylglucosamine; Lac: lactose (Gal β1-4Glc) Man: mannose; Mel: melibiose; Mg: magnesium; Mn: manganese; Sia: Sialic acid; sialyl T: Sia α2-3Galβ1-3GalNAc-Ser/Thr; T: Galβ 1-3GalNAc-Serine(Ser)/Threonine(Thr); Tn: GalNAc-Ser/Thr; Zn: zinc.

PNA

Arachis hypogaea (peanut agglutinin)

T, disialyl-T antigen>core 2 Gal,/Ca 2+ , Mg 2+ [START_REF] Chandrasekaran | Novel interactions of complex carbohydrates with peanut (PNA), Ricinus communis (RCA-I), Sambucus nigra (SNA-I) and wheat germ (WGA) agglutinins as revealed by the binding specificities of these lectins towards mucin core-2 O-linked and N-linked glycans and related structures[END_REF] PSA Pisum sativum mono/bi-antennary N-type with Core Fuc [Fucα1-6] α-MM, α-MG/ Ca 2+ , Mn 2+ [START_REF] Tateno | Comparative analysis of core-fucose-binding lectins from Lens culinaris and Pisum sativum using frontal affinity chromatography[END_REF] RCA I, RCA120 Ricinus communis I Gal β1-4GlcNAc > Gal β1-3GlcNAc > core 2 Gal or Lac [START_REF] Chandrasekaran | Novel interactions of complex carbohydrates with peanut (PNA), Ricinus communis (RCA-I), Sambucus nigra (SNA-I) and wheat germ (WGA) agglutinins as revealed by the binding specificities of these lectins towards mucin core-2 O-linked and N-linked glycans and related structures[END_REF] SNA Sambucus nigra Siaα2-6Gal(NAc)-R Lac, acidic conditions [26].

UEA-I Ulex europaeus Fuc α1-2 [terminal] >Fucα1-4 [subterminal] Fuc/ Ca 2+ , Mn 2+ , Zn 2+ [149] VVL, VVA Vicia villosa Tn GalNAc/ Ca 2+ , Mn 2+ [150] WFA, WFL Wisteria floribunda GalNAc, GalNAc β1-4GlcNAc, Gal β1-3/-6Gal(NAc) GalNAc, Lac / - [143]
WGA

Triticum vulgaris (weat germ agglutinin)

Chitin; GlcNAcβ1-4GlcNAc; Sia(multivalent) GlcNAc / Ca 2+ [START_REF] Gallagher | Identification of two binding sites for wheat-germ agglutinin on polylactosamine-type oligosaccharides[END_REF], [START_REF] Chandrasekaran | Novel interactions of complex carbohydrates with peanut (PNA), Ricinus communis (RCA-I), Sambucus nigra (SNA-I) and wheat germ (WGA) agglutinins as revealed by the binding specificities of these lectins towards mucin core-2 O-linked and N-linked glycans and related structures[END_REF] The Jacalin lectin from Artocarpus integrifolia can be useful in the recognition of the Gal β1-3GalNAc epitope in O-glycans (Mucin type core 1) [START_REF] Tachibana | Elucidation of binding specificity of Jacalin toward O-glycosylated peptides: quantitative analysis by frontal affinity chromatography[END_REF], while Arachis hypogaea agglutinin (PNA) also exhibits affinity towards the mucin type core 1, disialyl core 1 and the complex core 2 type [START_REF] Chandrasekaran | Novel interactions of complex carbohydrates with peanut (PNA), Ricinus communis (RCA-I), Sambucus nigra (SNA-I) and wheat germ (WGA) agglutinins as revealed by the binding specificities of these lectins towards mucin core-2 O-linked and N-linked glycans and related structures[END_REF]. Therefore, there are lectins that can be specific for both N-and O-glycosylation, and their affinity is dependent on the degree of antennarity, fucosylation, sialylation, and galactosylation etc of the glycans. Overall, the main advantages of commercially available lectin sorbents include that they are relatively low-cost and ready-to-use options, they offer a wide range of different glyco-epitope specificities and the used solid phases and are compatible with macromolecule extraction.

Solid Phase Extraction with Commercial Lectin-Based Sorbents

As seen in Table 10, numerous authors have taken advantage of commercialized lectin sorbents for the study of the glycoproteome or for the purification of targeted glycoproteins. This table offers a summary of the studies conducted after 2012. Regarding preceding studies, the reader is invited to read the review of Ongay et al. [START_REF] Ongay | Glycopeptide enrichment and separation for protein glycosylation analysis[END_REF]. The technique used in these studies is mainly referred as lectin affinity chromatography [START_REF] Kobata | Immobilized lectin columns: useful tools for the fractionation and structural analysis of oligosaccharides[END_REF] or lectin affinity enrichment where the lectin-based sorbent is packed in a cartridge or a column and it adopts the principles of a SPE process. A general workflow of lectin SPE is depicted in Figure 18A. The usual experimental protocol of lectin SPE includes an initial conditioning step of the lectin sorbent followed by percolation of the sample, washing of the nonbound part and finally elution of the target glycoproteins or glycopeptides by disrupting the lectin carbohydrate bonds. The percolation, washing and sample dilution buffers have in the majority of the cases the same composition and are in general physiological pH solutions with medium ionic strength.

Additionally, as seen in Tables 9 and10, some lectins, like Con A, necessitate the presence of metal ions like manganese, magnesium or calcium (Mg 2+ ,Mn 2+ or Ca 2+ ) in concentrations of 0.5-1 mM to exhibit their affinity [START_REF] Brewer | Metal ion binding and conformational transitions in concanavalin A: a structure-function study[END_REF]. The dissociation of the trapped forms seems to be achieved always rapidly by applying a buffer that usually has again the same composition as the washing buffer but with the addition of the competitive sugar having a strong affinity towards the lectin. However, in some cases acidic solutions with or without the presence of the competitive sugar were implemented.

Interestingly, in one study it was seen that the efficiency of the elution of the core fucosylated LCAcaptured glycopeptides from sera was increased when the metal ions and NaCl, which contributes to the ionic strength of the buffer, were eliminated from the saccharide solution for elution [START_REF] Tan | Large-Scale Identification of Core-Fucosylated Glycopeptide Sites in Pancreatic Cancer Serum Using Mass Spectrometry[END_REF]. Almost in the totality of the studies mentioned in Table 10, lectin-based SPE was combined with an MS glycoproteomic analysis of biological samples of various origins. In this table it is also seen that 2/3 of those studies concerned an enrichment process performed at the glycoprotein level, meaning that the intact proteins were subjected to lectin SPE. However, the overall analytical workflow usually includes further sample handling processes like labelling, HILIC, gel electrophoresis etc. followed or preceded by a step of digestion and/or de-glycosylation before (LC)-MS identification and/or quantification.

Figure 18 : (A) General workflow of lectin SPE. Initially the sample, which is a mixture of molecules with and without affinity for the lectin sorbent, is percolated through the cartridge. Percolation is followed by washing of the components that do not have affinity and finally elution of the target glycoproteins or glycopeptides by disrupting the lectin-sugar bonds. (B) General workflow of lectin dSPE. Initially the sample is mixed "in solution"

with the lectin-functionalized sorbent in order to capture those molecules that have affinity with the lectin. After centrifugation or the application of a magnetic field, the compounds that do not have affinity are collected from the supernatant. Additional washing steps can be implemented to remove all non-retained compounds. The final desorption of target glycoproteins or glycopeptides is performed under the appropriate conditions (Table 9).

On the other hand, enrichment can be performed at the glycopeptide level, where an initial digestion of the sample is performed before application to the lectin sorbent. Lectin-based SPE can be performed by gravity flow [START_REF] Zhang | Evaluation of Different N-Glycopeptide Enrichment Methods for N-Glycosylation Sites Mapping in Mouse Brain[END_REF][START_REF] Nie | An Isobaric Protein-Level Labeling Strategy for Serum Glycoprotein Quantification Analysis by LC-MS/MS[END_REF][START_REF] Bag | Comparative proteomics and glycoproteomics of plasma proteins in Indian visceral leishmaniasis[END_REF][START_REF] Bériot | Identification of pregnancy-associated glycoproteins and alpha-fetoprotein in fallow deer (Dama dama) placenta[END_REF][START_REF] Tan | Comparative secretomic and N-glycoproteomic profiling in human MCF-7 breast cancer and HMEpC normal epithelial cell lines using a gelbased strategy[END_REF][START_REF] Yang | The GalNAc-type O-Glycoproteome of CHO Cells Characterized by the SimpleCell Strategy[END_REF][START_REF] Noro | Large-Scale Identification of N-Glycan Glycoproteins Carrying Lewis x and Site-Specific N-Glycan Alterations in Fut9 Knockout Mice[END_REF][START_REF] Andrade-Silva | Proteomic and Glycoproteomic Profilings Reveal That Post-translational Modifications of Toxins Contribute to Venom Phenotype in Snakes[END_REF][START_REF] Peixoto | Hypoxia enhances the malignant nature of bladder cancer cells and concomitantly antagonizes protein O -glycosylation extension[END_REF][START_REF] Cotton | Targeted O-glycoproteomics explored increased sialylation and identified MUC16 as a poor prognosis biomarker in advanced-stage bladder tumours[END_REF][START_REF] Azevedo | In silico approaches for unveiling novel glycobiomarkers in cancer[END_REF][START_REF] Chang | Glycoproteomic identification of novel plasma biomarkers for oral cancer[END_REF][START_REF] Ideo | Study of glycosylation of prostate-specific antigen secreted by cancer tissue-originated spheroids reveals new candidates for prostate cancer detection[END_REF][START_REF] Liu | Glycosylation patterns and PHA-E-associated glycoprotein profiling associated with early hepatic encephalopathy in Chinese hepatocellular carcinoma patients[END_REF] or with low-pressure conditions [START_REF] Yang | The GalNAc-type O-Glycoproteome of CHO Cells Characterized by the SimpleCell Strategy[END_REF][START_REF] Jung | Serial Affinity Chromatography as a Selection Tool in Glycoproteomics[END_REF][START_REF] Ruiz-May | A Comparative Study of Lectin Affinity Based Plant N-Glycoproteome Profiling Using Tomato Fruit as a Model *[END_REF][START_REF] Totten | Multilectin Affinity Chromatography and Quantitative Proteomic Analysis Reveal Differential Glycoform Levels between Prostate Cancer and Benign Prostatic Hyperplasia Sera[END_REF][START_REF] King | Characterizing the O-glycosylation landscape of human plasma, platelets, and endothelial cells[END_REF]. However, spin column formats have also been proposed, which necessitate a centrifugation step in order to perform the washing and elution steps [START_REF] Tan | Comparative secretomic and N-glycoproteomic profiling in human MCF-7 breast cancer and HMEpC normal epithelial cell lines using a gelbased strategy[END_REF][START_REF] Ahn | Integrated Glycoproteomics Demonstrates Fucosylated Serum Paraoxonase 1 Alterations in Small Cell Lung Cancer *[END_REF][START_REF] Kontro | Comparison of sialylated N -glycopeptide levels in serum of pancreatic cancer patients, acute pancreatitis patients, and healthy controls[END_REF][START_REF] Zhang | N-Linked Glycoproteome Profiling of Seedling Leaf in Brachypodium distachyon L[END_REF]. The size of the cartridge/column is usually dependent on the amount of sample applied. However, the exact protein content of the applied sample is generally not specified For glycoprotein enrichment, cartridges containing the lectin-based sorbent with volumes from 0.3 ml [START_REF] Peixoto | Hypoxia enhances the malignant nature of bladder cancer cells and concomitantly antagonizes protein O -glycosylation extension[END_REF][START_REF] Cotton | Targeted O-glycoproteomics explored increased sialylation and identified MUC16 as a poor prognosis biomarker in advanced-stage bladder tumours[END_REF] to 8 ml [START_REF] Bériot | Identification of pregnancy-associated glycoproteins and alpha-fetoprotein in fallow deer (Dama dama) placenta[END_REF] were used, while at the glycopeptide level, volumes as low as 28 μl [START_REF] Zhang | Evaluation of Different N-Glycopeptide Enrichment Methods for N-Glycosylation Sites Mapping in Mouse Brain[END_REF] or very large columns as the one of 2.6 m length and 1.5 mm internal diameter (i.d.) [START_REF] Yang | The GalNAc-type O-Glycoproteome of CHO Cells Characterized by the SimpleCell Strategy[END_REF] were reported.

It is worthwhile noticing that an incubation time, i.e. a contact time between the sample and the lectinbased sorbent, is often introduced after the percolation of the sample, whether glycoproteins or glycopeptides were aimed to be trapped. This incubation can last a few minutes [START_REF] Tan | Large-Scale Identification of Core-Fucosylated Glycopeptide Sites in Pancreatic Cancer Serum Using Mass Spectrometry[END_REF][START_REF] Nie | An Isobaric Protein-Level Labeling Strategy for Serum Glycoprotein Quantification Analysis by LC-MS/MS[END_REF][START_REF] Andrade-Silva | Proteomic and Glycoproteomic Profilings Reveal That Post-translational Modifications of Toxins Contribute to Venom Phenotype in Snakes[END_REF][START_REF] Ideo | Study of glycosylation of prostate-specific antigen secreted by cancer tissue-originated spheroids reveals new candidates for prostate cancer detection[END_REF], some hours [START_REF] Bag | Comparative proteomics and glycoproteomics of plasma proteins in Indian visceral leishmaniasis[END_REF][START_REF] Ahn | Integrated Glycoproteomics Demonstrates Fucosylated Serum Paraoxonase 1 Alterations in Small Cell Lung Cancer *[END_REF] and in one third of cases overnight [START_REF] Zhang | Evaluation of Different N-Glycopeptide Enrichment Methods for N-Glycosylation Sites Mapping in Mouse Brain[END_REF][START_REF] Bériot | Identification of pregnancy-associated glycoproteins and alpha-fetoprotein in fallow deer (Dama dama) placenta[END_REF][START_REF] Tan | Comparative secretomic and N-glycoproteomic profiling in human MCF-7 breast cancer and HMEpC normal epithelial cell lines using a gelbased strategy[END_REF][START_REF] Chang | Glycoproteomic identification of novel plasma biomarkers for oral cancer[END_REF][START_REF] Liu | Glycosylation patterns and PHA-E-associated glycoprotein profiling associated with early hepatic encephalopathy in Chinese hepatocellular carcinoma patients[END_REF][START_REF] Kontro | Comparison of sialylated N -glycopeptide levels in serum of pancreatic cancer patients, acute pancreatitis patients, and healthy controls[END_REF] which is quite unusual in a conventional SPE process. Indeed, this step greatly increases the analysis time, but the necessity of this interaction time for the enhancement of glycan moieties absorption was only clearly stated in one study [START_REF] Kontro | Comparison of sialylated N -glycopeptide levels in serum of pancreatic cancer patients, acute pancreatitis patients, and healthy controls[END_REF]. Some groups do not report any interaction time at all [START_REF] Yang | The GalNAc-type O-Glycoproteome of CHO Cells Characterized by the SimpleCell Strategy[END_REF][START_REF] Noro | Large-Scale Identification of N-Glycan Glycoproteins Carrying Lewis x and Site-Specific N-Glycan Alterations in Fut9 Knockout Mice[END_REF][START_REF] Peixoto | Hypoxia enhances the malignant nature of bladder cancer cells and concomitantly antagonizes protein O -glycosylation extension[END_REF][START_REF] Cotton | Targeted O-glycoproteomics explored increased sialylation and identified MUC16 as a poor prognosis biomarker in advanced-stage bladder tumours[END_REF][START_REF] Jung | Serial Affinity Chromatography as a Selection Tool in Glycoproteomics[END_REF][START_REF] Ruiz-May | A Comparative Study of Lectin Affinity Based Plant N-Glycoproteome Profiling Using Tomato Fruit as a Model *[END_REF][START_REF] Totten | Multilectin Affinity Chromatography and Quantitative Proteomic Analysis Reveal Differential Glycoform Levels between Prostate Cancer and Benign Prostatic Hyperplasia Sera[END_REF][START_REF] King | Characterizing the O-glycosylation landscape of human plasma, platelets, and endothelial cells[END_REF]. In regard to the elution step, the elution solution volume used is dependent on the size of the cartridge. Most research groups applied about 5-10 column volumes of the appropriate buffer, which is usually deemed sufficient for elution. It can be noticed that the elution volume is often significantly superior to the initial sample volume. This reflects a purification of targeted glycoproteins or glycopeptides rather than a concentration step and as a result, most research groups proceed with further concentration and/or desalting of the eluents with the use of specific filters. This buffer exchange process is also often necessary due to the incompatibility of the buffers used to disrupt the interactions between the lectins and the glycan moieties with MS, since they can contain salts, metal ions and sugars. As an example, glycoproteins, originally contained in 300 μl of depleted and isobaric labelled serum diluted with 1 ml of binding buffer, were extracted on a 600 μl volume fucose specific AAL cartridge. The elution was performed with 4 cartridge volumes (Vc) of the saccharide buffer, leading to a larger final volume after extraction [START_REF] Nie | An Isobaric Protein-Level Labeling Strategy for Serum Glycoprotein Quantification Analysis by LC-MS/MS[END_REF]. Similarly, 500 μl of depleted serum that were further diluted two times were percolated on a 500 μl AAL-cartridge and retained proteins were further eluted with 10 Vc of buffer [START_REF] Chang | Glycoproteomic identification of novel plasma biomarkers for oral cancer[END_REF]. In both cases, the eluents were further processed with concentration and buffer exchange filters. Interestingly, a desorption of the glycoproteins with only 2

× 50 μl of the saccharide buffer was reported to recover them from a 300 μl depleted serum sample diluted to 1.7 ml before passing through the lectin sorbent [START_REF] Ahn | Integrated Glycoproteomics Demonstrates Fucosylated Serum Paraoxonase 1 Alterations in Small Cell Lung Cancer[END_REF]. Apart from the use of single lectin cartridges, the mixture of lectin-affinity sorbents offers the opportunity of a multi-lectin extraction process [START_REF] Yang | Approach to the comprehensive analysis of glycoproteins isolated from human serum using a multi-lectin affinity column[END_REF]. For example, 0.5 ml of each Con A-, WGA-, and Jacalin-agarose sorbents were mixed in a single column, and after the percolation of 100 μl of depleted plasma diluted to a volume of 1 ml, the retained glycoproteins were eluted with 5 ml of a buffer containing the 3 corresponding competitive sugars for each lectin [START_REF] Bag | Comparative proteomics and glycoproteomics of plasma proteins in Indian visceral leishmaniasis[END_REF]. Since those lectins have a broad specificity (see Table 9), a greater coverage of the glycoproteome was achieved. Finally, it should be noted that the focus of the studies mentioned in Table 10 is usually the proteomic analysis after lectin extraction. Therefore, the characteristics of the lectin cartridges, like the capacity of the lectin sorbent or the recovery after enrichment are most of the times not mentioned. It was therefore usually not possible to evaluate the performance characteristics of the lectin cartridges independently from the entire analytical procedure or retrieve information regarding the recovery after lectin SPE. Nevertheless, lectin enrichment offers a valuable initial sample "clean-up" step, to retrieve specifically only glycosylated forms out of the large pool of other interfering non-glycosylated proteins and/or of those glycosylated forms that do not have affinity for the selected lectin. This extraction step can potentially reduce the matrix effects of the sample due to the presence of interfering forms and therefore enhance the detectability of low abundance targeted glycoforms and allow the detection of a large number of glycoproteins and/or glycosylation sites in biological samples [START_REF] Tan | Large-Scale Identification of Core-Fucosylated Glycopeptide Sites in Pancreatic Cancer Serum Using Mass Spectrometry[END_REF][START_REF] Nie | An Isobaric Protein-Level Labeling Strategy for Serum Glycoprotein Quantification Analysis by LC-MS/MS[END_REF][START_REF] Yang | The GalNAc-type O-Glycoproteome of CHO Cells Characterized by the SimpleCell Strategy[END_REF][START_REF] Noro | Large-Scale Identification of N-Glycan Glycoproteins Carrying Lewis x and Site-Specific N-Glycan Alterations in Fut9 Knockout Mice[END_REF][START_REF] Andrade-Silva | Proteomic and Glycoproteomic Profilings Reveal That Post-translational Modifications of Toxins Contribute to Venom Phenotype in Snakes[END_REF][START_REF] Jung | Serial Affinity Chromatography as a Selection Tool in Glycoproteomics[END_REF][START_REF] Ruiz-May | A Comparative Study of Lectin Affinity Based Plant N-Glycoproteome Profiling Using Tomato Fruit as a Model *[END_REF][START_REF] King | Characterizing the O-glycosylation landscape of human plasma, platelets, and endothelial cells[END_REF]. As an example, the thorough mining of the O-glycoproteome of the haemostatic system was achieved by using a technique called lectin weak affinity chromatography (LWAC) combined with higher-energy collisional dissociation (HCD) and electron transfer dissociation (ETD) LC-MS/MS [START_REF] King | Characterizing the O-glycosylation landscape of human plasma, platelets, and endothelial cells[END_REF]. In LWAC, the lectin sorbent material is packed in a relatively large column (2.6 m × 1.5 mm), while enrichment is performed at a low flow rate of 100 μl min -1 . This extended process is known to enhance the lectin-sugar moiety interactions and can increase the specificity of enrichment [START_REF] Ma | Tandem lectin weak affinity chromatography for glycoprotein enrichment[END_REF]. Therefore, in the study of King et in series with antibody columns in a low pressure system setup was implemented [START_REF] Jung | Serial Affinity Chromatography as a Selection Tool in Glycoproteomics[END_REF]. Two lectin columns of 0.8 ml, one functionalized with a Lycopersicon esculentum lectin (LEL) and the other with a Helix pomatia lectin (HPA), were placed in-series either in front or after two anti-Lewis x [Gal β1-4(Fuc α1-3)GlcNAc] and anti-sialyl Lewis x [Siaα2-3Galβ1-4(Fucα1-3)GlcNAc] immunoglobulin M (IgM) affinity sorbents. The complementarity of the two different setups was shown, since distinct glycosylation capturing coverages were observed when the lectin columns were placed in front of the antibodies (Figure 19A) and vice versa (Figure 19B). Additionally, multiple studies were conducted for the identification and/or monitoring of the up and down-regulation of the glycoproteins that can be used as biomarkers for disease progression and diagnosis with lectin enrichment combined with MS quantitative studies [START_REF] Tan | Comparative secretomic and N-glycoproteomic profiling in human MCF-7 breast cancer and HMEpC normal epithelial cell lines using a gelbased strategy[END_REF][START_REF] Chang | Glycoproteomic identification of novel plasma biomarkers for oral cancer[END_REF][START_REF] Ideo | Study of glycosylation of prostate-specific antigen secreted by cancer tissue-originated spheroids reveals new candidates for prostate cancer detection[END_REF][START_REF] Totten | Multilectin Affinity Chromatography and Quantitative Proteomic Analysis Reveal Differential Glycoform Levels between Prostate Cancer and Benign Prostatic Hyperplasia Sera[END_REF][START_REF] Ahn | Integrated Glycoproteomics Demonstrates Fucosylated Serum Paraoxonase 1 Alterations in Small Cell Lung Cancer *[END_REF][START_REF] Kontro | Comparison of sialylated N -glycopeptide levels in serum of pancreatic cancer patients, acute pancreatitis patients, and healthy controls[END_REF]. These observations are indicative of the utility of lectin enrichment in the improvement of the qualitative and/or quantitative data obtained. However, caution should always be taken when evaluating the data after lectin SPE, since false identifications of glycosylation sites have been noted [START_REF] Zhang | Evaluation of Different N-Glycopeptide Enrichment Methods for N-Glycosylation Sites Mapping in Mouse Brain[END_REF]. 

Dispersive Solid Phase Extraction with Commercial Lectin-Based Sorbents

A summary of the studies where enrichment is performed "in solution" using commercially available lectin functionalized sorbents is presented in Table 11. A general workflow of the dSPE lectin enrichment is depicted in Figure 18B, where it is seen that instead of percolating the sample though the lectin column, it is mixed in direct contact with the lectin-sorbent. This allows the capturing of the compounds that exhibit affinity with the lectin. As seen in Table 11, an overnight incubation step between the sample and the lectin sorbent is usually performed. The unbound fraction is then collected from the supernatant usually after centrifugation. In the case where magnetic particles functionalized with lectins are used, a magnetic field is applied. Additional washing steps are usually incorporated to ensure adequate removal of the non-retained components of the sample, while the final desorption of the targeted compounds is performed with the appropriate buffer and/or with heating. It is worthwhile noticing that the nature of the binding, washing and elution solutions described in Table 11 is very close to the ones used in the corresponding steps in the SPE process (Table 10). Indeed, they are the same ones that promote or disrupt the interactions between the lectins and their corresponding targets. While the recovery of glycosylated proteins or peptides may appear tedious due to the need for centrifugation steps in dSPE, the fact that no membranes or frits are used, as in the case of cartridges or columns, eliminates the risk of clogging during the percolation of biological samples. As before, the enrichment of glycoproteins or of glycopeptides in dSPE mode were both attempted with commercial lectin agarose-based sorbents.

However, compared to the SPE processes mentioned in the previous section, the amount of lectin sorbent used for dSPE appears to be lower. The reported amounts ranged between 60 μl [START_REF] Song | LC-MS/MS Quantitation of Esophagus Disease Blood Serum Glycoproteins by Enrichment with Hydrazide Chemistry and Lectin Affinity Chromatography[END_REF] to 200

μl [START_REF] Patil | Quantitative mass spectrometric analysis to unravel glycoproteomic signature of follicular fluid in women with polycystic ovary syndrome[END_REF] for intact protein enrichment. For glycopeptide enrichment, volumes of about 100 μl are reported. The quantity of treated sample however could greatly vary and range from 600 mg of intact protein [START_REF] Hoja-Łukowicz | Proteomic analysis of Tn-bearing glycoproteins from different stages of melanoma cells reveals new biomarkers[END_REF] to 150 μg of tryptic digests [START_REF] Zhou | Site-Specific Fucosylation Analysis Identifying Glycoproteins Associated with Aggressive Prostate Cancer Cell Lines Using Tandem Affinity Enrichments of Intact Glycopeptides Followed by Mass Spectrometry[END_REF]. Lectin dSPE followed by MS analysis has been applied

for quantitative and/or qualitative studies of the glycoproteome, with an overall improvement in the number of the identified sites of glycosylation and of the monitoring of the abundance of those glycoproteins that can be used as biomarkers compared to the non-enriched proteome [START_REF] Wang | Multiplex profiling of glycoproteins using a novel bead-based lectin array[END_REF][START_REF] Song | LC-MS/MS Quantitation of Esophagus Disease Blood Serum Glycoproteins by Enrichment with Hydrazide Chemistry and Lectin Affinity Chromatography[END_REF][START_REF] Patil | Quantitative mass spectrometric analysis to unravel glycoproteomic signature of follicular fluid in women with polycystic ovary syndrome[END_REF][START_REF] Wang | Identification of Novel O-Linked Glycosylated Toxoplasma Proteins by Vicia villosa Lectin Chromatography[END_REF][START_REF] Hoja-Łukowicz | Proteomic analysis of Tn-bearing glycoproteins from different stages of melanoma cells reveals new biomarkers[END_REF][START_REF] Bu | Dynamic N-glycoproteome analysis of maize seedling leaves during de-etiolation using Concanavalin A lectin affinity chromatography and a nano-LC-MS/MS-based iTRAQ approach[END_REF]]. It's also worthwhile noting some protocols aiming to the further improvement of the coverage of glycosylation capturing. As an example, enrichment at the glycoprotein level, followed by tryptic digestion and reapplication of the tryptic peptides to the lectin column and a final hydrazide SPE cartridge was proven more efficient in the total glyco-epitope capture specificity compared to the results obtained when the distinct procedures were performed individually [START_REF] Li | Identification of Glycoproteins Containing Specific Glycans Using a Lectin-Chemical Method[END_REF]. Other sequential protocols for enrichment included the use of dSPE lectin enrichment with an LCA lectin sorbent and the subsequent application of the sample after desorption to a hydrophilic strong anion exchange chromatography cartridge (hSAX) [START_REF] Zhou | Site-Specific Fucosylation Analysis Identifying Glycoproteins Associated with Aggressive Prostate Cancer Cell Lines Using Tandem Affinity Enrichments of Intact Glycopeptides Followed by Mass Spectrometry[END_REF]. In this study, 6 fucose specific lectins were evaluated alone or in tandem with the hSAX column in order to assess their ability to enrich fucosylated peptides from different prostate cancer (Pca) cell lines. The sequential enrichment with the LCA lectin sorbent at first followed by hSAX resulted in the higher number of unique glycopeptide and unique fucosylated glycopeptide identifications. Tandem-mass-tags (TMT) labelling and high-resolution accurate-mass LC-MS/MS was further applied for a large-scale analysis of selected Pca cell lines. With this approach, it was seen that the enrichment of glycopeptides without subsequent deglycosylation combined with an MS/MS analysis allowed both the localization of fucosylation sites and the characterization of the structure of the glycans, which is advantageous compared to previous glycan release protocols found in literature. Additionally, the quantitative data in this study led to the identification of novel biomarkers for the differentiation between aggressive and non-aggressive cancer forms. Finally, in another study it was demonstrated that complementary qualitative and quantitative MS data were obtained when biological samples were analysed after either lectin or hydrazide chemistry enrichment performed independently [START_REF] Song | LC-MS/MS Quantitation of Esophagus Disease Blood Serum Glycoproteins by Enrichment with Hydrazide Chemistry and Lectin Affinity Chromatography[END_REF]. It should be highlighted though that the MS platforms for data analysis and the MS technology implemented play a decisive role to the extent of the information retrieved [START_REF] Cao | Strategy Integrating Stepped Fragmentation and Glycan Diagnostic Ion-Based Spectrum Refinement for the Identification of Core Fucosylated Glycoproteome Using Mass Spectrometry[END_REF]. Overall though, it is evident that there is a tendency to follow more complex protocols with multiple enrichment steps usually in tandem in order to improve the glycoproteome coverage.

Home-made lectin affinity sorbents for SPE

Despite the great utility of commercially available sorbents, agarose-based systems have some drawbacks, such as a limited mechanical stability. Therefore, their use in on-line setups, i.e. in coupling with LC-MS or with other affinity columns is quite cumbersome, due to their limited resistance under higher pressures. Agarose also exhibits some limitations concerning biological or chemical stability.

Moreover, it is not always easy to find precise information on grafting densities, meaning the amount of lectin incorporated per ml or g of the solid support; therefore, the capacity of commercial sorbents to retain the targeted molecules cannot be easily predicted. While this is not a strong limitation for conducting certain qualitative studies where the analytical performance characteristics of the lectin enrichment process, such as targeted molecule recoveries after the lectin sorbent, is not necessary to be precisely defined, it can be more problematic when a more accurate quantitative study needs to be performed. To overcome these limitations, several academic research laboratories have focused on the development of "home-made" lectin-based sorbents. Additionally, the functionalization of most of the novel sorbents was performed by using Con A, mainly due to the well-known and broad specificity and the relatively low cost of this purified lectin. On the other hand, the choice of the model glycoproteins was based on their known glycosylation profile and thus on their expected affinity towards the used lectins. Some research groups have nevertheless gone as far as the practical application of the developed sorbents, which were hyphenated either off-or online with (LC)-MS to analyse biological samples, like serum and plasma, [START_REF] Kullolli | An Automated Platform for Fractionation of Human Plasma Glycoproteome in Clinical Proteomics[END_REF][START_REF] Madera | High-sensitivity profiling of glycoproteins from human blood serum through multiple-lectin affinity chromatography and liquid chromatography/tandem mass spectrometry[END_REF][START_REF] Kullolli | Preparation of a high-performance multi-lectin affinity chromatography (HP-M-LAC) adsorbent for the analysis of human plasma glycoproteins[END_REF][START_REF] Jonnada | Poly (N-acryloxysuccinimide-co-ethylene glycol dimethacrylate) precursor monolith and its post polymerization modification with alkyl ligands, trypsin and lectins for reversed-phase chromatography, miniaturized enzyme reactors and lectin affinity chromatography, respectively[END_REF][START_REF] Madera | Semiautomated High-Sensitivity Profiling of Human Blood Serum Glycoproteins through Lectin Preconcentration and Multidimensional Chromatography/Tandem Mass Spectrometry[END_REF][START_REF] Selvaraju | Tandem lectin affinity chromatography monolithic columns with surface immobilised concanavalin A, wheat germ agglutinin and Ricinus communis agglutinin-I for capturing sub-glycoproteomics from breast cancer and disease-free human sera: Liquid Chromatography[END_REF][START_REF] Mann | New Macroporous Silica Microparticles Derivatized for Enhanced Lectin Affinity Enrichment of Glycoproteins[END_REF][START_REF] Selvaraju | Targeting Human Serum Fucome by an Integrated Liquid-phase Multi Column Platform Operating in "Cascade" to Facilitate Comparative Mass Spectrometric Analysis of Disease-Free and Breast Cancer Sera[END_REF][START_REF] Zheng | Peanut agglutinin and β-cyclodextrin functionalized polymer monolith: Microextraction of IgG galactosylation coupled with online MS detection[END_REF][START_REF] Yang | Online Proteolysis and Glycopeptide Enrichment with Thermoresponsive Porous Polymer Membrane Reactors for Nanoflow Liquid Chromatography-Tandem Mass Spectrometry[END_REF][START_REF] Gbormittah | Comparative Studies of the Proteome, Glycoproteome, and N-Glycome of Clear Cell Renal Cell Carcinoma Plasma before and after Curative Nephrectomy[END_REF]. Moreover, the analysis of urine [START_REF] Feng | Enrichment of Glycoproteins using Nano-scale Chelating Con A Monolithic Capillary Chromatography[END_REF] or other fluids [START_REF] Gbormittah | Characterization of glycoproteins in pancreatic cyst fluid using a high performance multiple lectin affinity chromatography platform[END_REF], proteins from cultured cell lines [START_REF] Sugahara | Large-scale identification of secretome glycoproteins recognized by Wisteria floribunda agglutinin: A glycoproteomic approach to biomarker discovery[END_REF] or human tissue extracts [START_REF] Peiris | Identification of O-Linked Glycoproteins Binding to the Lectin Helix pomatia Agglutinin as Markers of Metastatic Colorectal Cancer[END_REF] has also been performed. As before, the appropriate processing of the eluted fractions after lectin enrichment, like i.e. buffer exchange and tryptic digestion, was performed to ensure the compatibility with downstream MS-analysis. 

Silica and polymers

Silica-and Polymer-Based Particles

Silica-based materials have been traditionally used in chromatography, as they can withstand higher pressure and are available in various particle and pore sizes. Additionally, the surface chemistry of silica can be easily altered to facilitate the grafting of biomolecules [START_REF] Schiel | Applications of silica supports in affinity chromatography[END_REF]. Similarly, polymeric supports are rigid materials, which are available in various chemistries, pore and particle sizes, are stable in a wider pH range than silica and can potentially exhibit reduced nonspecific interactions. In their application in lectin affinity studies, supports with large particle diameter of up to 315 μm [START_REF] Rosenfeld | Comparison of modified supports on the base of glycoprotein interaction studies and of adsorption investigations[END_REF] have been used, which facilitates the percolation under gravity or their incorporation in low-pressure set-ups. On the other hand, smaller particles with diameter as low as 1.6 μm [START_REF] Mann | New Macroporous Silica Microparticles Derivatized for Enhanced Lectin Affinity Enrichment of Glycoproteins[END_REF], which necessitate the use of highpressure pumping systems, have been reported. The majority of the studies describes the use of commercial polymer or silica particles that have been functionalized with lectins using widely described and well characterized procedures for the grafting of biomolecules. Moreover, certain functionalization processes have been followed, like aldehyde modification [START_REF] Madera | Combining Lectin Microcolumns with High-Resolution Separation Techniques for Enrichment of Glycoproteins and Glycopeptides[END_REF][START_REF] Madera | High-sensitivity profiling of glycoproteins from human blood serum through multiple-lectin affinity chromatography and liquid chromatography/tandem mass spectrometry[END_REF][START_REF] Madera | Semiautomated High-Sensitivity Profiling of Human Blood Serum Glycoproteins through Lectin Preconcentration and Multidimensional Chromatography/Tandem Mass Spectrometry[END_REF], tresyl chloride [START_REF] Helmholz | Process development in affinity separation of glycoconjugates with lectins as ligands[END_REF] or hydrazide activation [START_REF] Vargas-Badilla | Optimization of Protein Entrapment in Affinity Microcolumns using Hydrazide-Activated Silica and Glycogen as a Capping Agent[END_REF] or incorporation of spacer molecules [START_REF] Rosenfeld | Comparison of modified supports on the base of glycoprotein interaction studies and of adsorption investigations[END_REF] before lectin immobilization. In addition to the use of commercial particles, other supports have been developed, like hybrid silica-polymer particles [START_REF] Pan | Brush polymer modified and lectin immobilized core-shell microparticle for highly efficient glycoprotein/glycopeptide enrichment[END_REF], poly (ethylene glycol)-(PEG)ylated-polymeric particles [START_REF] Wen | Preparation and characterization of PEGyated Concanavalin A for affinity chromatography with improved stability[END_REF],

oxidised-dextran-silica [START_REF] Liu | Oxidized dextran facilitated synthesis of a silicabased concanavalin a material for lectin affinity enrichment of glycoproteins/glycopeptides[END_REF], maltose-silica [START_REF] Rathnasekara | Polar silica-based stationary phases. Part III-Neutral silica stationary phase with surface bound maltose for affinity chromatography at reduced nonspecific interactions[END_REF] and modified cellulose materials [START_REF] Rosenfeld | Comparison of modified supports on the base of glycoprotein interaction studies and of adsorption investigations[END_REF][START_REF] Aniulyte | Evaluation of cellulose-based biospecific adsorbents as a stationary phase for lectin affinity chromatography[END_REF]. These modifications aimed to improve the lectin immobilization process, increase the stability of the modified support, diminish non-specific interactions and improve the capacity of the sorbent towards the analyte. For example, the incorporation of a 1,4-butane-diol-diglycidyl ether spacer molecule in silica particles and of pentaethylenehexamine in cellulose (PEHA-cel) leaded to better immobilization kinetics of the lectins on these supports as opposed to two other commercial non-modified supports.

Additionally, the dynamic capacity of the lectin functionalized PEHA-cel support towards glucose oxidase (GOX) was 4.8 mg of GOX per ml of sorbent, as opposed to unmodified particles, which exhibited a corresponding value of 2.9 mg ml -1 [START_REF] Rosenfeld | Comparison of modified supports on the base of glycoprotein interaction studies and of adsorption investigations[END_REF]. Additionally, the comparison of the reported lectin densities of the modified supports in this aforementioned study, which are up to 40 mg g -1 of support, are quite high compared to previous studies, where no modifications were performed and densities were below 20 mg g -1 [START_REF] Cartellieri | Preparation and Evaluation of Ricinus communis Agglutinin Affinity Adsorbents Using Polymeric Supports[END_REF][START_REF] Cartellieri | One-step affinity purification of fetuin from fetal bovine serum[END_REF]. Finally, it should be noted that the use of small silica particles increased grafting densities up to 88 mg of lectin g -1 , due to a higher surface area available for immobilization [START_REF] Zhang | Development and Evaluation of Silica-Based Lectin Microcolumns for Glycoform Analysis of Alpha1-Acid Glycoprotein[END_REF]. A lectin density of up to 80 mg g -1 was also achieved using a polymer-brush shell silica core (PSHSM) support for lectin immobilization. This was attributed to the extended surface available for immobilization because of the brushes of the polymer protruding out of the core of the silica [START_REF] Pan | Brush polymer modified and lectin immobilized core-shell microparticle for highly efficient glycoprotein/glycopeptide enrichment[END_REF]. In this later study, the lectin-agarose counterpart was proven less effective in the enrichment of target glycopeptides both from a quantitative and qualitative aspect. These home-made lectin sorbents were mostly packed in columns with an i.d. of 4.6 mm [START_REF] Sugahara | Large-scale identification of secretome glycoproteins recognized by Wisteria floribunda agglutinin: A glycoproteomic approach to biomarker discovery[END_REF][START_REF] Kullolli | Preparation of a high-performance multi-lectin affinity chromatography (HP-M-LAC) adsorbent for the analysis of human plasma glycoproteins[END_REF][START_REF] Kullolli | An Automated Platform for Fractionation of Human Plasma Glycoproteome in Clinical Proteomics[END_REF][START_REF] Rathnasekara | Polar silica-based stationary phases. Part III-Neutral silica stationary phase with surface bound maltose for affinity chromatography at reduced nonspecific interactions[END_REF] and up to 8 mm [START_REF] Wen | Evaluation of two different Concanavalin A affinity adsorbents for the adsorption of glucose oxidase[END_REF][START_REF] Wen | Preparation and characterization of PEGyated Concanavalin A for affinity chromatography with improved stability[END_REF]. Flow rates of typically 0.8-1 ml min -1 were implemented by using a low-or high-pressure pumping system. For example, Kullolli et al. developed a high pressure lectin affinity purification device with grafted particles of POROS polymer of 20 μm diameter packed in a 30 × 4.6 mm column and combined off-line with LC-MS/MS analysis [START_REF] Kullolli | Preparation of a high-performance multi-lectin affinity chromatography (HP-M-LAC) adsorbent for the analysis of human plasma glycoproteins[END_REF]. In this study, POROS was functionalized with 3 different lectins with good grafting densities (15 mg of lectin per ml of sorbent) and the produced lectin sorbents were mixed together to be packed in a multi-lectin column. This column showed a great capacity towards depleted plasma, as up to 500 μg of sample did not saturate the column. The elution was performed with acidic conditions using a solution of 100 mM acetic acid pH 3.8 of low viscosity instead of a saccharide solution thus allowing the use of a high flow rate of 4 ml min -1 that led to a fast analysis. Results showed that compared to the conventional lectin agarose column, the multi-lectin POROS column offered an increased binding capacity towards the glycoproteins of plasma with a much lower total analysis time. The same format was used in a subsequent study, coupling the lectin column in series between an upstream depletion column and a downstream desalting column in a fully automated setup prior to off-line LC-MS analysis [START_REF] Kullolli | An Automated Platform for Fractionation of Human Plasma Glycoproteome in Clinical Proteomics[END_REF]. Finally, the same platform was used to analyse the proteome of pancreatic cyst fluid [START_REF] Gbormittah | Characterization of glycoproteins in pancreatic cyst fluid using a high performance multiple lectin affinity chromatography platform[END_REF] and renal plasma [START_REF] Gbormittah | Comparative Studies of the Proteome, Glycoproteome, and N-Glycome of Clear Cell Renal Cell Carcinoma Plasma before and after Curative Nephrectomy[END_REF] for biomarker identification in related malignancies. Apart from the aforementioned large-scale formats, smaller scale systems have also been developed. Madera et al. conducted a series of studies with 0.25-1 mm i.d. lectin

microcolumns with operational flow rates between 5 and 50 μl/min. In the first study [START_REF] Madera | Combining Lectin Microcolumns with High-Resolution Separation Techniques for Enrichment of Glycoproteins and Glycopeptides[END_REF], aldehydemodified silica particles were coupled with different lectins with high coupling yields of more than 90%

and lectin densities of up to 60 mg of lectin per g of support. As seen in Table 12, this value is quite high in the overall range of 9.2-88 mg g -1 reported. The direct hyphenation of a lectin microcolumn with a desalting trap column and the direction of the eluate towards the nanoLC-MS setup allowed the efficient enrichment and analysis of glycopeptides from trypsin-digested model glycoproteins.

Additionally, it should be noted that elution was performed with the competitive saccharide, since the presence of the desalting trap column allowed its removal before LC-MS analysis. After this development achieved using pure standard of glycoproteins, this set-up was slightly modified and was applied to the analysis of more complex samples. Indeed, 16 μl of human serum were depleted and subsequently enriched separately with individual lectin microcolumns directly coupled with the desalting column. Then, an RP fractionation column connected after the desalting one was used to collect fractions, which were then treated with trypsin to be analysed by off-line LC-MS/MS [START_REF] Madera | Semiautomated High-Sensitivity Profiling of Human Blood Serum Glycoproteins through Lectin Preconcentration and Multidimensional Chromatography/Tandem Mass Spectrometry[END_REF].

Diluted human serum was analysed with a similar format either with single or multi-lectin microcolumns and analysed after tryptic digestion in an off-line step. In this experiment, it was seen that the combined results of individual enrichment with each lectin microcolumn offered overall a greater coverage of the glycoproteome as compared to mixing all the lectin sorbents together in the multi-lectin format, while minimal amount of sample was needed, indicating an increased sensitivity of the miniaturized setup [START_REF] Madera | High-sensitivity profiling of glycoproteins from human blood serum through multiple-lectin affinity chromatography and liquid chromatography/tandem mass spectrometry[END_REF].

Monolithic Affinity Sorbents

As illustrated in Table 12, the immobilization of lectins on monoliths has also been performed [START_REF] Jonnada | Poly (N-acryloxysuccinimide-co-ethylene glycol dimethacrylate) precursor monolith and its post polymerization modification with alkyl ligands, trypsin and lectins for reversed-phase chromatography, miniaturized enzyme reactors and lectin affinity chromatography, respectively[END_REF][START_REF] Selvaraju | Tandem lectin affinity chromatography monolithic columns with surface immobilised concanavalin A, wheat germ agglutinin and Ricinus communis agglutinin-I for capturing sub-glycoproteomics from breast cancer and disease-free human sera: Liquid Chromatography[END_REF][START_REF] Selvaraju | Targeting Human Serum Fucome by an Integrated Liquid-phase Multi Column Platform Operating in "Cascade" to Facilitate Comparative Mass Spectrometric Analysis of Disease-Free and Breast Cancer Sera[END_REF][START_REF] Zheng | Peanut agglutinin and β-cyclodextrin functionalized polymer monolith: Microextraction of IgG galactosylation coupled with online MS detection[END_REF][START_REF] Feng | Enrichment of Glycoproteins using Nano-scale Chelating Con A Monolithic Capillary Chromatography[END_REF][START_REF] Du | Reversible Concanavalin A (Con A) ligands immobilization on metal chelated macroporous cellulose monolith and its selective adsorption for glycoproteins[END_REF][START_REF] Bandari | Ring-opening metathesis polymerization-derived, lectin-functionalized monolithic supports for affinity separation of glycoproteins[END_REF][START_REF] Bedair | Affinity chromatography with monolithic capillary columns: II. Polymethacrylate monoliths with immobilized lectins for the separation of glycoconjugates by nano-liquid affinity chromatography[END_REF][START_REF] Okanda | Affinity monolithic capillary columns for glycomics/proteomics: 1. Polymethacrylate monoliths with immobilized lectins for glycoprotein separation by affinity capillary electrochromatography and affinity nano-liquid chromatography in either a single column or columns coupled in series[END_REF][START_REF] Bedair | Lectin affinity chromatography using porous polymer monolith assisted nanoelectrospray MS/MS[END_REF][START_REF] Alwael | Pipette-tip selective extraction of glycoproteins with lectin modified gold nano-particles on a polymer monolithic phase[END_REF]. A monolith is a one-piece continuous porous sorbent containing macro-and mesopores. Those sorbents can be advantageous since they can exhibit a high porosity and thus a high permeability generating lower back pressures [START_REF] Li | Affinity Monolith Chromatography: A Review of General Principles and Applications[END_REF][START_REF] Dziomba | Solid supports for extraction and preconcentration of proteins and peptides in microfluidic devices: A review[END_REF]. According to their chemistry, they can be classified into organic and inorganic. Organic monolithic supports are synthesized by the in situ polymerization of a homogenous mixture of individual monomers, which can also act as cross-linkers, usually in the presence of an initiator and a mixture of porogenic solvents. In addition, cryogel monoliths have been functionalized with lectins [START_REF] Hajizadeh | Composite cryogel with immobilized concanavalin A for affinity chromatography of glycoproteins: Other Techniques[END_REF][START_REF] Uygun | Concanavalin A immobilized poly(ethylene glycol dimethacrylate) based affinity cryogel matrix and usability of invertase immobilization[END_REF][START_REF] Altunbaş | Immobilization of Inulinase on Concanavalin A-Attached Super Macroporous Cryogel for Production of High-Fructose Syrup[END_REF][START_REF] Bayraktaroğlu | Lectin attached affinity cryogels for amyloglucosidase adsorption[END_REF][START_REF] Bayraktaroğlu | Lectin-Modified Cryogels for Laccase Immobilization: a Decolorization Study[END_REF][START_REF] Krenkova | Macroporous cryogel based spin column with immobilized concanavalin A for isolation of glycoproteins: Liquid Phase Separations[END_REF]. Similarly, cryogel monolith synthesis necessitates the polymerization of individual monomers while the reaction is performed at low temperatures in semi-frozen conditions [START_REF] Lozinsky | Polymeric cryogels as a new family of macroporous and supermacroporous materials for biotechnological purposes[END_REF]. In most of the cases, methacrylate-based monomers were used, mainly with the selection of ethylene glycol dimethacrylate (EDMA) as cross-linker [START_REF] Jonnada | Poly (N-acryloxysuccinimide-co-ethylene glycol dimethacrylate) precursor monolith and its post polymerization modification with alkyl ligands, trypsin and lectins for reversed-phase chromatography, miniaturized enzyme reactors and lectin affinity chromatography, respectively[END_REF][START_REF] Selvaraju | Tandem lectin affinity chromatography monolithic columns with surface immobilised concanavalin A, wheat germ agglutinin and Ricinus communis agglutinin-I for capturing sub-glycoproteomics from breast cancer and disease-free human sera: Liquid Chromatography[END_REF][START_REF] Selvaraju | Targeting Human Serum Fucome by an Integrated Liquid-phase Multi Column Platform Operating in "Cascade" to Facilitate Comparative Mass Spectrometric Analysis of Disease-Free and Breast Cancer Sera[END_REF][START_REF] Zheng | Peanut agglutinin and β-cyclodextrin functionalized polymer monolith: Microextraction of IgG galactosylation coupled with online MS detection[END_REF][START_REF] Feng | Enrichment of Glycoproteins using Nano-scale Chelating Con A Monolithic Capillary Chromatography[END_REF][START_REF] Bedair | Affinity chromatography with monolithic capillary columns: II. Polymethacrylate monoliths with immobilized lectins for the separation of glycoconjugates by nano-liquid affinity chromatography[END_REF][START_REF] Okanda | Affinity monolithic capillary columns for glycomics/proteomics: 1. Polymethacrylate monoliths with immobilized lectins for glycoprotein separation by affinity capillary electrochromatography and affinity nano-liquid chromatography in either a single column or columns coupled in series[END_REF][START_REF] Bedair | Lectin affinity chromatography using porous polymer monolith assisted nanoelectrospray MS/MS[END_REF][START_REF] Alwael | Pipette-tip selective extraction of glycoproteins with lectin modified gold nano-particles on a polymer monolithic phase[END_REF]. Other reports include the preparation of a lectin-functionalized cellulose based monolith (Du and Dan, 2018), of a norborn-2-enetrimethylolpropane-tris(5norbornene-2-carboxylate) (NBECL) monolith [START_REF] Bandari | Ring-opening metathesis polymerization-derived, lectin-functionalized monolithic supports for affinity separation of glycoproteins[END_REF] and of a composite combining polyvinylalcohol (PVA) particles in a cryogel after a cryogelation process [START_REF] Hajizadeh | Composite cryogel with immobilized concanavalin A for affinity chromatography of glycoproteins: Other Techniques[END_REF]. The resulting materials were highly porous, with macroporous channels up to 100 μm thus ensuring the preparation of a sorbent with a high permeability. In large scale systems, monolithic solid supports and cryogels are available as columns with i.d. between 4.6 mm [187,189,220] and 6.6 mm [START_REF] Hajizadeh | Composite cryogel with immobilized concanavalin A for affinity chromatography of glycoproteins: Other Techniques[END_REF]. In an interesting study, three different lectins were immobilized in three different polyglycerylmethacrylate (GMM)-co-EDMA monolithic columns, each one with an i. d. of 4.6 mm, and were used on-line and in tandem followed by an off-line LCMS analysis of human serum. Results indicated that the order in which the individual columns are placed can affect the coverage of the glycoproteome [START_REF] Selvaraju | Tandem lectin affinity chromatography monolithic columns with surface immobilised concanavalin A, wheat germ agglutinin and Ricinus communis agglutinin-I for capturing sub-glycoproteomics from breast cancer and disease-free human sera: Liquid Chromatography[END_REF]. In a later study, this setup was extended, for the creation of an automated platform by coupling on-line four different depletion columns followed by two different poly (GMM-co-PETA) monolithic columns functionalized with either the Lotus tetragonolobus lectin (LTL) or the AAL lectin and a final RP fractionation column, all placed in tandem and all having an 4.6 mm i.d. [START_REF] Selvaraju | Targeting Human Serum Fucome by an Integrated Liquid-phase Multi Column Platform Operating in "Cascade" to Facilitate Comparative Mass Spectrometric Analysis of Disease-Free and Breast Cancer Sera[END_REF]. Briefly, this fully automated multicolumn system was controlled by HPLC pumps and switching valves in order to immediately direct the eluted fraction from one column to the next one without any off-line sample handling. The final protein fractions from the RP column of the on-line format were collected in specific time intervals before additional off-line vacuum drying, tryptic digestion and LC-MS/MS. This approach allowed the enrichment of fucosylated proteins from human sera with minimal sample losses and good reproducibility of the overall procedure. In a later study, a micro format with N-acryloxysuccinimide (NAS)-co-EDMA (NAS-coEDMA)

individual monoliths in situ polymerized in a 1 mm i.d. column and functionalized with 3 different lectins independently was implemented. The individual columns were again used in tandem and it was once more noticed that the order in which they were placed affected the final enrichment [START_REF] Jonnada | Poly (N-acryloxysuccinimide-co-ethylene glycol dimethacrylate) precursor monolith and its post polymerization modification with alkyl ligands, trypsin and lectins for reversed-phase chromatography, miniaturized enzyme reactors and lectin affinity chromatography, respectively[END_REF].

Additionally, as seen in Table 12, in most cases cryogels have been incorporated in columns. Only one study reports the use of a small scale format with a poly (2-hydroxyethylmethacrylate)copolyethyleneglycol diacrylate (HEMA-co-PEGDA) cryogel placed in a spin column and functionalized with Con A [START_REF] Krenkova | Macroporous cryogel based spin column with immobilized concanavalin A for isolation of glycoproteins: Liquid Phase Separations[END_REF]. This allowed the use of a smaller volume of the sample and elution buffer (150 μl).

Lectin functionalized cryogels were mainly used for absorption studies for the isolation of some enzymes for further industrial applications, like laccase or amyloglucosidase. As mentioned before, cryogels are macroporous structures and therefore they can exhibit lower pressure drop and minimized diffusion resistance; as a result, they can be advantageous for scaling-up the "clean-up"

processes of these enzymes compared to classical chromatographic processes. Moreover, one common practice followed is the in situ polymerization of the monolithic supports in fused-silica capillaries, with a narrow i.d. in the μm scale range (75-530 μm), followed by their functionalization with lectins. As expected, the small internal diameter of the capillary allows the fabrication of miniaturized systems that is accompanied by low flow rates in the μl/min scale. Additionally, the consumption of buffers and sample is minimized as it is limited to a few μl. Characteristically, the enrichment of 1.08 pmol (43 ng) of a model glycoprotein could be achieved with an extended injection time of 30 min of a highly diluted sample (5 × 10-8 M) through the lectin-based monolith [START_REF] Bedair | Affinity chromatography with monolithic capillary columns: II. Polymethacrylate monoliths with immobilized lectins for the separation of glycoconjugates by nano-liquid affinity chromatography[END_REF]. This proved the good affinity of the lectin-based monolith for the targeted protein, as a volume corresponding to 15.8 Vc, i.e. 21.7 μl was percolated through the sorbent. In another format with a poly (HEMA-EDMA)-PNAβ-cyclodextrin (CD) monolith coupled directly to MS, the detection of 5 fmol of the IgG tryptic digest spiked in serum was achieved [START_REF] Zheng | Peanut agglutinin and β-cyclodextrin functionalized polymer monolith: Microextraction of IgG galactosylation coupled with online MS detection[END_REF]. Other miniaturized systems were also proven quite efficient for the enrichment of low quantities of biological samples this time. For example, 10 μg of urinary proteins diluted in 20 μl were enriched with a Con A-based monolithic capillary of 10 cm × 200 μm i.d. [START_REF] Feng | Enrichment of Glycoproteins using Nano-scale Chelating Con A Monolithic Capillary Chromatography[END_REF]. The results after MS analysis showed a better reproducibility and a two times increment in the identified glycoproteins as compared to the agarose-based lectin sorbent. Another interesting miniaturized format included the incorporation of only 20 μl of a dimethacrylate monolith with attached golden nanoparticles and functionalized with an Erythrina cristagalli (ECL) lectin in pipette tips [START_REF] Alwael | Pipette-tip selective extraction of glycoproteins with lectin modified gold nano-particles on a polymer monolithic phase[END_REF]. This also favoured small sample consumption, as only 20 μl of the sample were used and eluted with 40 μl of buffer. In general, these practices can be proven beneficial when low quantities of biological samples are available.

General Advantages of "Home-Made" Lectin-Based Sorbents for SPE

The diversity of homemade sorbents is evident from the variety of phase chemistry studied and the resulting wide range of grafting densities. Commercially available lectins immobilized on agarose usually have grafting densities of 2.5-8 mg of lectin per ml of sorbent. As seen in Table 12, when this value is expressed in mg of lectin per ml of sorbent, the range of densities for home-made sorbents was 6.5-26.4 mg ml -1 , with only a low value of 2 mg ml -1 given for a Sepharose-lectin functionalized sorbent [START_REF] Franco Fraguas | Preparation of high-density Concanavalin A adsorbent and its use for rapid, high-yield purification of peroxidase from horseradish roots[END_REF]. It should be mentioned though that, for home-made sorbents, the grafting density is given usually in mg of lectin per g of sorbent and in this respect the range of densities was 9.2-88 mg

g -1 .
In this case it is difficult to make a direct comparison with the grafting densities of the commercial lectin sorbents, but it is indicative that they can be tailored and optimized. As mentioned before, the characterization of the sorbents was mostly done with model proteins. The range of the capacity towards them was from 0.35 to 42.7 mg ml -1 . Better capacities were achieved when a functionalization process of the support was included before the lectin immobilization. For example, the highest value of 42.7 mg ml -1 was achieved with a modified silica with oxidised dextran as a spacer [START_REF] Liu | Oxidized dextran facilitated synthesis of a silicabased concanavalin a material for lectin affinity enrichment of glycoproteins/glycopeptides[END_REF]. Concerning cryogels, however, the capacities towards enzymes were mentioned in mg g -1 and the range was between 7.1 and 55.4 mg g -1 . Therefore, even though a direct comparison cannot be made with the other sorbents, a good potential in capturing the targeted glycan moieties can be seen. Additionally, a direct comparison in terms of capacity with commercial sorbents cannot be made, as in those studies mainly biological samples were tested. [START_REF] Yang | Online Proteolysis and Glycopeptide Enrichment with Thermoresponsive Porous Polymer Membrane Reactors for Nanoflow Liquid Chromatography-Tandem Mass Spectrometry[END_REF].

However, in a few studies, a comparison of the homemade sorbent with the commercial agarosebased one was performed [START_REF] Helmholz | Process development in affinity separation of glycoconjugates with lectins as ligands[END_REF][START_REF] Aniulyte | Evaluation of cellulose-based biospecific adsorbents as a stationary phase for lectin affinity chromatography[END_REF][START_REF] Pan | Brush polymer modified and lectin immobilized core-shell microparticle for highly efficient glycoprotein/glycopeptide enrichment[END_REF][START_REF] Ferreira | Synthesis and Optimization of Lectin Functionalized Nanoprobes for the Selective Recovery of Glycoproteins from Human Body Fluids[END_REF]. Characteristically, the capacity of a PEHA-CEL-WGA support towards GOX was 7.4 mg ml -1 , whereas the corresponding value for the WGA agarose sorbent was 4.4 mg ml -1 . Therefore, an improvement in capacity was achieved with the home-made support compared to commercial lectin-agarose. As previously mentioned, another important characteristic of those home-made sorbents is their pressure resistance allowing the possibility for their on-line coupling in high-pressure workflows with LC-MS and the development of miniaturized systems. Among the most interesting formats, one can notice the direct hyphenation of a monolithic-lectin capillary to an MS source, serving both as enrichment sorbent and emitter [START_REF] Zheng | Peanut agglutinin and β-cyclodextrin functionalized polymer monolith: Microextraction of IgG galactosylation coupled with online MS detection[END_REF]. Since the eluate was directed directly to the MS source, elution buffers were organic to ensure compatibility. Results of this study showed that the enrichment with the lectin monolith led to higher detectability and to an increase of the relative abundance of the targeted glycopeptides compared to the data obtained without this process. Finally, the direct and automated coupling of a lectin sorbent to LC-MS including two enzymatic digestion steps has been recently described [START_REF] Yang | Online Proteolysis and Glycopeptide Enrichment with Thermoresponsive Porous Polymer Membrane Reactors for Nanoflow Liquid Chromatography-Tandem Mass Spectrometry[END_REF]. This device comprises a trypsin thermoresponsive porous polymer membrane reactor (TPPMR) coupled upstream with an immobilized lectin sorbent for the trapping of glycopeptides, which are further directed to the nanoLC system with an elution solution containing an additional deglycosylation enzyme (Figure 20). With this setup, the analysis of 1.5 μl of plasma was automatically performed, indicating that minimal volume of biological samples can be analysed with a sufficient sensitivity. Results showed that when using the automated setup, a higher number of glycopeptides/glycoproteins was identified as compared to the off-line in solution tryptic digestion, lectin enrichment and degylcosylation followed by LC-MS analysis.

An additional advantage is that those lectin-based sorbents coupled with further downstream procedures either off-or online are automated and faster compared to conventional approaches, as the ones described in the majority of the studies in Table 12. In those later studies, increased sample handling and high elution volumes were required, which are known to impact negatively the quantitative and qualitative data obtained, i.e. by sample losses, induced protein oxidation or proteolysis, loss in sensitivity due to dilution etc. Additionally, the increased analysis time of conventional techniques renders the throughput analysis of multiple samples more problematic and time consuming. In this regard, the developed platforms described above offer a very attractive solution and very promising results in mining the glycoproteome. It should be noted that most of the home-made sorbents functionalized with lectins exhibited increased stability and were reusable for multiple times. In Table 12, a range of 5-90 uses is reported without a loss in the enrichment ability of the sorbents. Indeed the poly (HEMA-EDMA-PNA-β-CD) monolith was used over 60 times over a time frame of 2 weeks and did not lose its efficiency in glycopeptide capturing, even though elution was performed with an organic-based solution [START_REF] Zheng | Peanut agglutinin and β-cyclodextrin functionalized polymer monolith: Microextraction of IgG galactosylation coupled with online MS detection[END_REF]. Additionally, in most of the cases a long-term storage was achieved, ranging from a few weeks to even more than a year. In two other studies [START_REF] Wen | Preparation and characterization of PEGyated Concanavalin A for affinity chromatography with improved stability[END_REF][START_REF] Helmholz | Process development in affinity separation of glycoconjugates with lectins as ligands[END_REF], it was also reported that a particle polymeric (Toyopearl)-Con A sorbent and a PEGylated polymeric-Con A sorbent were also both stable with methanol. The reusability of a POROS-lectin column for up to 150 runs was also reported when elution was performed in acidic conditions [START_REF] Kullolli | Preparation of a high-performance multi-lectin affinity chromatography (HP-M-LAC) adsorbent for the analysis of human plasma glycoproteins[END_REF]. Finally, a copper Cu(II)iminodiacetic acid (IDA)-cellulose monolith that can be regenerated was designed [START_REF] Feng | Enrichment of Glycoproteins using Nano-scale Chelating Con A Monolithic Capillary Chromatography[END_REF], by forming a reversible complex with Con A through chelation. In this support, the chelated lectin could be easily removed and replaced by a new active one if a loss in efficiency is observed. It should be highlighted that in all conducted studies, a good specificity of the sorbent towards the expected glycosylation pattern is mentioned. This was mostly supported by the general observation of the qualitative recovery after elution. The preparation of control sorbents, like for example the corresponding ones without the grafting of lectin [START_REF] Wen | Preparation and characterization of PEGyated Concanavalin A for affinity chromatography with improved stability[END_REF][START_REF] Rosenfeld | Comparison of modified supports on the base of glycoprotein interaction studies and of adsorption investigations[END_REF][START_REF] Pan | Brush polymer modified and lectin immobilized core-shell microparticle for highly efficient glycoprotein/glycopeptide enrichment[END_REF][START_REF] Uygun | Concanavalin A immobilized poly(ethylene glycol dimethacrylate) based affinity cryogel matrix and usability of invertase immobilization[END_REF][START_REF] Altunbaş | Immobilization of Inulinase on Concanavalin A-Attached Super Macroporous Cryogel for Production of High-Fructose Syrup[END_REF][START_REF] Bayraktaroğlu | Lectin-Modified Cryogels for Laccase Immobilization: a Decolorization Study[END_REF][START_REF] Du | Reversible Concanavalin A (Con A) ligands immobilization on metal chelated macroporous cellulose monolith and its selective adsorption for glycoproteins[END_REF][START_REF] Bandari | Ring-opening metathesis polymerization-derived, lectin-functionalized monolithic supports for affinity separation of glycoproteins[END_REF][START_REF] Demir | Antibody separation using lectin modified poly(HEMA-EDMA) hydrogel membranes[END_REF] was an additional confirmation of the good specificity of the functionalized material. In all those studies, a good separation between the nonretained and retained forms due to their affinity with the lectin was demonstrated. In one study [START_REF] Okanda | Affinity monolithic capillary columns for glycomics/proteomics: 1. Polymethacrylate monoliths with immobilized lectins for glycoprotein separation by affinity capillary electrochromatography and affinity nano-liquid chromatography in either a single column or columns coupled in series[END_REF],

this partition between non-glycosylated and glycosylated proteins was on-line monitored and glycosylated proteins were further on line separated in capillary electrochromatography (CEC) as shown in Figure 21. More specifically, WGA and LCA lectins were grafted on poly (GMA-co-EDMA) monoliths that were synthesized in situ in 12.5 cm × 100 μm capillaries. Those two lectin sorbents were coupled alone (Figure 21A) or in series (Figure 21B) to CEC. In the obtained electrochromatograms, not only the glycoproteins are present in the elution fraction but also a clear separation between them was observed. 

Home-Made Lectin-Based Sorbents for Dispersive Solid-Phase Extraction

Home-made lectin-based sorbents based on polymeric particles [START_REF] Wen | Preparation and characterization of PEGyated Concanavalin A for affinity chromatography with improved stability[END_REF][START_REF] Helmholz | Process development in affinity separation of glycoconjugates with lectins as ligands[END_REF][START_REF] Rosenfeld | Comparison of modified supports on the base of glycoprotein interaction studies and of adsorption investigations[END_REF][START_REF] Aniulyte | Evaluation of cellulose-based biospecific adsorbents as a stationary phase for lectin affinity chromatography[END_REF][START_REF] Hajizadeh | Composite cryogel with immobilized concanavalin A for affinity chromatography of glycoproteins: Other Techniques[END_REF][START_REF] Demir | Antibody separation using lectin modified poly(HEMA-EDMA) hydrogel membranes[END_REF][START_REF] Yavuz | Concanavalin a immobilized affinity adsorbents for reversible use in yeast invertase adsorption[END_REF] were applied also in dSPE, as summarized in Table 13. Additionally, dSPE processes can also be performed with lectin grafted to magnetic particles [START_REF] Akkaya | Concanavalin A immobilized magnetic poly(glycidyl methacrylate) beads for antibody purification[END_REF][START_REF] Ferreira | Synthesis and Optimization of Lectin Functionalized Nanoprobes for the Selective Recovery of Glycoproteins from Human Body Fluids[END_REF][START_REF] Qin | Profiling of Concanavalin A-Binding Glycoproteins in Human Hepatic Stellate Cells Activated with Transforming Growth Factor-β1[END_REF][START_REF] Idil | Concanavalin A immobilized magnetic poly(glycidyl methacrylate) beads for prostate specific antigen binding, Colloids Surf[END_REF][START_REF] Miura | Characteristic glycopeptides associated with extreme human longevity identified through plasma glycoproteomics[END_REF][START_REF] Waniwan | Glycoproteomic Alterations in Drug-Resistant Nonsmall Cell Lung Cancer Cells Revealed by Lectin Magnetic Nanoprobe-Based Mass Spectrometry[END_REF]. This approach can simplify the separation process between the bound and the unbound fraction, as it necessitates the use of a magnet to separate both fractions rather than by a tedious centrifugation step. As mentioned also in Dispersive Solid Phase Extraction with Commercial Lectin-based Sorbents, elution volumes are in general lower.

As it can be seen in Table 13, high grafting densities of lectins on magnetic nanoparticles have been obtained. Indeed, grafting densities between 80-120 mg [START_REF] Ferreira | Synthesis and Optimization of Lectin Functionalized Nanoprobes for the Selective Recovery of Glycoproteins from Human Body Fluids[END_REF] and 290-315 mg [START_REF] Waniwan | Glycoproteomic Alterations in Drug-Resistant Nonsmall Cell Lung Cancer Cells Revealed by Lectin Magnetic Nanoprobe-Based Mass Spectrometry[END_REF] of lectin per g of support were reported. Compared to the other values found in Table 13, which are not more than 40 mg g -1 , these grafting densities are quite high. This can be explained by the use of nanoparticles, which provide high surface areas for immobilization. Additionally, a comparison of these nanoparticles-based sorbents with the commercial agarose-beads showed a 5 times increment of the affinity towards model glycoproteins [START_REF] Ferreira | Synthesis and Optimization of Lectin Functionalized Nanoprobes for the Selective Recovery of Glycoproteins from Human Body Fluids[END_REF]. However, when analysing biological samples, adsorption of non-glycosylated forms was observed in both studies, which may correspond to non-specific interactions of these compounds with the nanoparticle surface. colorimetric assay [START_REF] Aniulyte | Evaluation of cellulose-based biospecific adsorbents as a stationary phase for lectin affinity chromatography[END_REF] Notes: ALA : lipoic acid HDMA: 1,6-diaminohexane; IgG: immunoglobulin; MNP: magnetic nanoprobes; mPGMA: poly(glycidyl methacrylate); ; PHEMA: poly(2-hydroxyethyl methacrylate); PSA; prostate specific antigen

Conclusion and perspectives

The development of novel lectin-based affinity sorbents is of major interest, especially in proteomic research, since their use can greatly contribute to the characterisation of glycosylation. This is an important area of study to date, as illustrated by the significant demand in the area of characterisation of therapeutic antibodies. The availability of a large number of commercialized lectin affinity sorbents certainly gave the opportunity to several research groups to readily use them in order to characterize biological samples. Indeed, a wide range of studies with commercialized-lectin affinity sorbents has been conducted, with extensive results in terms of the thorough study of the glycoproteome. Despite the great applicability and the ease in the use of commercialized sorbents, home-made functionalized affinity supports can be advantageous in many aspects. For example, an improvement in grafting density of the lectin to the support and/or of the capacity towards targeted glycoforms can be achieved. Moreover, an easier adaptation in automated on-line and/or miniaturized analytical set-ups can be done. Those supports can even be proven more cost-effective especially in the miniaturized systems, in terms of the usage of consumables and sample amounts. These reasons were the impetus for many research groups to develop and characterize their own lectin functionalized sorbents.

However, the applicability of those supports in real biological samples still has to be more thoroughly explored. The standardization of the procedures for immobilization and a more diligent proof of the better performance of the home-made supports are important actions towards this direction. It is important to point out that parameters like for example the accessibility of the lectin, the capacity of the sorbent, the sample breakthrough volumes and the reusability of the supports are highly important in order to develop robust and quantitative methods. In the case of home-made sorbents, great efforts have already been made to define of those characteristics. However, there is certainly a lot of space for a better understanding of those parameters.

Chapter 6. Lectins as analytical tools for the characterisation of the glycosylation state of gonadotropins

The characterisation of glycosylation state of the gonadotropins has been attempted by implementing a variety of analytical techniques in the past. Lectin proteins have been one of the first tools to meet this goal, either used as affinity sorbents or in lectin immunoassays and lectin blotting. In the previous chapter, an overview of the utility of the lectin sorbents for the characterisation of the glycoproteome was presented. In this next chapter, a summary of the studies concerning the application of this technique for the study of the glycosylation of gonadotropins is described. The emphasis is both given in the description of the experimental conditions, mostly for the SPE processes, as well as the reported results for the glycosylation of the gonadotropins originating in most of the cases from pathologies during pregnancy or malignancies.

Lectin SPE for glycosylation profiling of hCG

As discussed in chapter 5, lectin SPE, or else called lectin affinity chromatography (LAC) is used to describe an SPE protocol, where a lectin is immobilized on a solid support acting as a sorbent for the specific glycans attached to the protein of interest. As seen in Table 14, which summarizes the utilized lectin sorbents for the analysis of hCG by means of lectin SPE, the most commonly solid support for lectin immobilization is agarose and its crosslinked, beaded form, Sepharose. Only in one study, a dSPE format was implemented, where the sample was mixed with the sorbent [START_REF] Amr | Characterization of a carboxyterminal peptide fragment of the human choriogonadotropin beta-subunit excreted in the urine of a woman with choriocarcinoma[END_REF]. In the studies mentioned in this table, usually the readily available lectin immobilized on agarose or Sepharose porous beads (resins) were used; therefore, the density of the lectin sorbents was most of the times not mentioned.

It can also be observed in the same table that among the utilized lectins, Con A is the one that has been mostly selected, since it has affinity towards high mannose, hybrid and complex bi-antennary structures. Other lectins commonly used for N-glycosylation studies of hCG, include the LCA lectin that has affinity towards the core fucose of N-glycans, the WGA lectin that binds Sia and GlcNAc oligomers and the DSA lectin that shows affinity towards highly branched N-glycans. Finally, the Jacalin lectin and the PNA lectin were mostly selected for O-glycosylation studies.

It can also be seen that mainly cartridges or columns with volumes (Vc) superior or equal to 1 ml were utilized [START_REF] Sakai | Sugar Chain Heterogeneity of Human Urinary Chorionic Gonadotropin Determined by Serial Lectin Affinity Chromatography: Difference between Benign and Malignant Disease[END_REF][START_REF] Amr | Characterization of a carboxyterminal peptide fragment of the human choriogonadotropin beta-subunit excreted in the urine of a woman with choriocarcinoma[END_REF][START_REF] Dufau | Interaction of glycoprotein hormones with agaroseconcanavalin A[END_REF][START_REF] Blithe | Similarity of the Clearance Rates of Free α-Subunit and α-Subunit Dissociated from Intact Human Chorionic Gonadotropin, Despite Differences in Sialic Acid Contents[END_REF][START_REF] Blithe | Carbohydrate Composition of the α-Subunit of Human Choriogonadotropin (hCGα) and the Free α Molecules Produced in Pregnancy: Most Free α and Some Combined hCGα Molecules Are Fucosylated[END_REF][START_REF] Endo | Altered Glycosylation Is Induced in Both a-and β-Subunits of Human Chorionic Gonadotropin Produced by Choriocarcinoma[END_REF][START_REF] Mann | Molecular heterogeneity of human chorionic gonadotropin and its subunits in testicular cancer[END_REF][START_REF] Skarulis | Glycosylation changes in human chorionic gonadotropin and free alpha subunit as gestation progresses[END_REF][START_REF] Talbot | The nature of human chorionic gonadotrophin glycoforms in gestational thyrotoxicosis[END_REF][START_REF] Cox | Glycosylation of the Chorionic Gonadotropin a Subunit Synthesized by HeLa Cells[END_REF][START_REF] Bielinska | Site-specific processing of the N-linked oligosaccharides of the human chorionic gonadotropin alpha subunit[END_REF][START_REF] Malkin | The presence of glycosylated, biologically active chorionic gonadotropin in human liver[END_REF][START_REF] Yoshimoto | Glycosylation, a variable in the production of hCG by cancers[END_REF][START_REF] Nishimura | Free alpha subunits of glycoprotein hormone with dissimilar carbohydrates produced by pathologically different carcinomas[END_REF]. In some cases, large volume cartridges were employed; although not clearly stated, this increase in the volume was most likely because a large volume of sample was applied. For example, a 20 ml LCA sorbent was used for the percolation of 8 ml of urine [START_REF] Koyama | Affinity to lectin, biological and immunological characteristics of human chorionic gonadotropins from pregnant women and trophoblastic tumour patients[END_REF]. On the other hand, for the extraction of 0.1 ml of serum and spot urine samples, smaller cartridges of 0.7 ml were used [START_REF] Buck | Is the human chorionic gonadotropin secreted by ectopic trophoblast different from that in normal intrauterine pregnancies?[END_REF]. As seen by those two examples, usually the sample volume rather than an amount of hCG was specified [START_REF] Sakai | Sugar Chain Heterogeneity of Human Urinary Chorionic Gonadotropin Determined by Serial Lectin Affinity Chromatography: Difference between Benign and Malignant Disease[END_REF][START_REF] Amr | Characterization of a carboxyterminal peptide fragment of the human choriogonadotropin beta-subunit excreted in the urine of a woman with choriocarcinoma[END_REF][START_REF] Mann | Molecular heterogeneity of human chorionic gonadotropin and its subunits in testicular cancer[END_REF][START_REF] Talbot | The nature of human chorionic gonadotrophin glycoforms in gestational thyrotoxicosis[END_REF][START_REF] Koyama | Affinity to lectin, biological and immunological characteristics of human chorionic gonadotropins from pregnant women and trophoblastic tumour patients[END_REF][START_REF] Cole | An oligosaccharide of the O-linked type distinguishes the free from the combined form of hCG alpha subunit[END_REF]. Only in few studies, a specific amount is given. In these cases, the amount of sample was in the µg scale, ranging from 1-110 μg [START_REF] Skarulis | Glycosylation changes in human chorionic gonadotropin and free alpha subunit as gestation progresses[END_REF][START_REF] Nishimura | Free alpha subunits of glycoprotein hormone with dissimilar carbohydrates produced by pathologically different carcinomas[END_REF][START_REF] Nemansky | Developmental Changes in the Glycosylation of Glycoprotein Hormone Free α Subunit during Pregnancy[END_REF][START_REF] Bai | From individual proteins to proteomic samples: characterization of O-glycosylation sites in human chorionic gonadotropin and human-plasma proteins[END_REF]. It should be highlighted however that the capacity of the sorbents was only explored in one study, where it was verified that the utilized Con A column was not overloaded by a second application of the washing fraction of the first sorbent to a separate cartridge [START_REF] Skarulis | Glycosylation changes in human chorionic gonadotropin and free alpha subunit as gestation progresses[END_REF]. Therefore, no apparent justification between the chosen amount of sorbent and/or lectin density of the sorbent and the applied amount of sample is given for almost the totality of the studies. Similarly, even if an initial interaction time of 20 min

[252], 30 min [START_REF] Endo | Structural differences found in the asparagine-linked sugar chains of human chorionic gonadotropins purified from the urine of patients with invasive mole and with choriocarcinoma[END_REF], 1 h [START_REF] Sakai | Sugar Chain Heterogeneity of Human Urinary Chorionic Gonadotropin Determined by Serial Lectin Affinity Chromatography: Difference between Benign and Malignant Disease[END_REF][START_REF] Talbot | The nature of human chorionic gonadotrophin glycoforms in gestational thyrotoxicosis[END_REF], 3h [START_REF] Cox | Glycosylation of the Chorionic Gonadotropin a Subunit Synthesized by HeLa Cells[END_REF] or even overnight [START_REF] Yang | Online Proteolysis and Glycopeptide Enrichment with Thermoresponsive Porous Polymer Membrane Reactors for Nanoflow Liquid Chromatography-Tandem Mass Spectrometry[END_REF] was used in some cases, a clear justification on the benefits from this waiting step was not given.

The sample was applied on the lectin sorbents either as the intact dimer, dissociated subunits or free subunits, as the tryptic digest for evaluation of the glycans in the sites of glycosylation, or as released and radiolabelled glycans. In this last approach, in only one study the glycans were further structurally characterized by means of exoglycosidase digestion [START_REF] Endo | Structures of the asparagine-linked sugar chains of human chorionic gonadotropin from a patient with extragonadal germ cell tumour[END_REF]. Preferably, the hormone was applied with its intact form and detected with radioimmunoassay (RIA) or double-antibody RIA directed against either the alpha, the beta or the intact dimer hCG. The hormones were usually radio iodinated and distinct antibodies with the required specificity were used each time. Additionally, UV detection or simple immunoassays have been implemented as well. Similarly, immunoradiometric assays (IRMA)

and dissociation-enhanced lanthanide fluorescent immunoassay (DELFIA) have been used. In the glycan release approach, the radio activity of the released glycans was measured. Overall, those detection methods allowed the comparison between the initial signal and the one obtained in the washing or elution fraction. Depending on which fraction the majority of the sample was detectable, the affinity with the lectin column and consequently the glycosylation of the sample could be assumed.

Only in one study, the fractions after lectin SPE were further analysed by using LC-MS/MS [START_REF] Bai | From individual proteins to proteomic samples: characterization of O-glycosylation sites in human chorionic gonadotropin and human-plasma proteins[END_REF]. In this case, a purified commercially available hCG was tryptically digested and partially deglycosylated before its percolation on a Jacalin sorbent.

Washing of the lectin sorbent to remove the non-retained fraction of the sample was performed usually with at least 10 Vc, which can lead to washing volumes of over 10 ml. The same large volumes were applied for elution. However, in most of the cases, several fractions of 0.5 to 2 ml were collected to be further analysed with the detection techniques mentioned above. In this way, the elution profile of hCG on the lectin sorbent could be plotted; an example of such a profile is presented in Figure 22,

where the elution profiles of the hCG and free α subunit from urine from women on their early to late pregnancy on a Con A and LCA column were assessed [START_REF] Skarulis | Glycosylation changes in human chorionic gonadotropin and free alpha subunit as gestation progresses[END_REF]. It should be clarified that initially, the hCG dimer was separated from the free α subunit by using SEC. Then, the dimer and the free α subunit were subjected to lectin SPE independently and the concentration was calculated by specific immunoassays towards either the hCG or the free α subunit.

Table 15 is a summary of the selected washing buffers applied on lectin sorbents when they are use with both hCG and the gonadotropins FSH and LH, which are discussed later in this chapter. It is observed that the buffers used were mainly PBS, ammonium acetate, phosphate or Tris buffer, with pH ranging from 6 to 7.4. Addition of the required metal ions to promote affinity with lectins (Table 9)

was in most of the cases performed. The elution buffers had the same composition as the washing buffers but supplemented with the appropriate competitive sugar. For example, concerning Con A, elution was carried out by applying large volumes of the washing buffer plus 0.01-0.2 M of the α-MG sugar. In some studies, a second elution step was performed by using the washing buffer containing this time 0.5 M of α-MM or 1 M of α-MG. These are the two competitive sugars having a high affinity towards Con A, which are thus able to disrupt the lectin-carbohydrate bonds and release the weakly and firmly bound structures of the sample, respectively.

Regarding the performance characteristics of the lectin sorbents, when given, they concerned the recovery measurement. The values specified were usually above 80% [START_REF] Blithe | Similarity of the Clearance Rates of Free α-Subunit and α-Subunit Dissociated from Intact Human Chorionic Gonadotropin, Despite Differences in Sialic Acid Contents[END_REF][START_REF] Skarulis | Glycosylation changes in human chorionic gonadotropin and free alpha subunit as gestation progresses[END_REF][START_REF] Talbot | The nature of human chorionic gonadotrophin glycoforms in gestational thyrotoxicosis[END_REF][START_REF] Koyama | Affinity to lectin, biological and immunological characteristics of human chorionic gonadotropins from pregnant women and trophoblastic tumour patients[END_REF][START_REF] Nemansky | Developmental Changes in the Glycosylation of Glycoprotein Hormone Free α Subunit during Pregnancy[END_REF][START_REF] Endo | Structures of the asparagine-linked sugar chains of human chorionic gonadotropin from a patient with extragonadal germ cell tumour[END_REF]. In one study however [START_REF] Dufau | Interaction of glycoprotein hormones with agaroseconcanavalin A[END_REF], where the galactose and/or sialic acid were removed from hCG before lectin SPE, the recoveries were substantially low, with the asialo-hCG having a recovery of 29.8% and the asialo-agalacto-hCG having a value < 5%. This was attributed to the very strong retention of the molecules on the sorbent, which was favoured by the removal of the terminal carbohydrate groups, which resulted in more accessible mannose residues and a consequent enhanced interaction. Finally, only in one study, the repeatability values of the extraction recoveries on two different lectin columns were provided [START_REF] Talbot | The nature of human chorionic gonadotrophin glycoforms in gestational thyrotoxicosis[END_REF]. This repetition of the experiments on a Con A column led to recoveries with an RSD equal to 5.9% (n=3) in the weakly bound fraction and 14.2% (n=3) in the firmly bound fraction. For the RCA column, the RSD was 10.3% (n=3) for the bound fraction. 

Glycosylation patterns of hCG as revealed by lectin SPE in literature

In this section, the results concerning the glycosylation of hCG obtained by lectin affinity studies detailed in Table 14 are presented. They were categorized based on the origin of the analysed sample, i.e. non-complicated pregnancies, at-risk pregnancies and malignancies. In this way, the difference in the glycosylation state as defined by lectin SPE depending on the origin of the sample is summarized.

Normal pregnancy

One of the first studies performed regarding the affinity of hCG with a lectin-based column was performed by Dufau et al. [START_REF] Dufau | Interaction of glycoprotein hormones with agaroseconcanavalin A[END_REF]. The affinity of standard preparations of hCG and its subunits, asialo-hCG, asialo-and agalocto-hCG after sialidase or galactosidase treatment and of hCG from urine and plasma of pregnant women with a Con A Sepharose column was examined. The standard of hCG and its subunits exhibited a high affinity, which was disrupted by the addition of 0.2 M α-MG. Elution of the firmly bound fraction was completed with 1 M α-MM. The recovery for the standard hCG on the column was 85% as measured by RIA, whereas it was only 29.8% for the asialylo-hCG and about 100%

for the asialo-agalacto-hCG as it was almost completely retained. Plasma hCG exhibited a similar profile of elution and recovery as of hCG, while the one derived from urine had a more similar behaviour as of the desialylaled sample. This means that the more easily accessible the mannose residues are, which was the case in the asialo and in the asialo-agalacto-hCG, the higher the affinity with Con A is.

Moreover, it can be concluded that the sample of urinary origin is partially desialylated.

The terminal galactose content of the free α subunit and hCGα dissociated from the intact hormone by treatment with urea at 37 °C were studied with RCA, Con A and PNA agarose columns using RIA detection [START_REF] Blithe | Similarity of the Clearance Rates of Free α-Subunit and α-Subunit Dissociated from Intact Human Chorionic Gonadotropin, Despite Differences in Sialic Acid Contents[END_REF]. Since their affinity towards the RCA column was low but drastically increased after sialidase treatment, it was possible to conclude that glycoforms with terminal galactose residues were not abundant. The affinity towards the Con A was total for hCGα dissociated from the intact hormone while it was reduced of about 30% for the free α subunit, meaning more complex N-glycans in the latter. Finally, the PNA column showed no affinity for both, a result which underlines their absence of O-glycosylation in neither the hCGα not the free α subunit in normal pregnancy.

A further exploration of the glycosylation state of free α subunit and the hCGα dissociated from hCG with urea treatment was performed with Con A and LCA columns in series with RIA detection [START_REF] Blithe | Carbohydrate Composition of the α-Subunit of Human Choriogonadotropin (hCGα) and the Free α Molecules Produced in Pregnancy: Most Free α and Some Combined hCGα Molecules Are Fucosylated[END_REF].

The free α subunit was again distinguishable from the hCGα of the dimer, as about 1/3 of this material could not be retained by the Con A column, in contrast to hCGα, which was bound almost entirely confirming the previous results. The subsequent percolation on the LCA column of the eluted fraction from the Con A column indicated again the differences between the two proteins, with a higher fucose content in the free α subunit in contrast to hCGα.

The non-digested β subunit peptide core fragment purified from urine of pregnant women by means of chromatography on SEC, Con A Sepharose and AEX was compared to the peptides obtained after a tryptic digestion of hCGβ of urine [START_REF] Blithe | Purification of β-Core Fragment from Pregnancy Urine and Demonstration That Its Carbohydrate Moieties Differ from Those of Native Human Chorionic Gonadotropin-β[END_REF]. The hCGβ was obtained after dissociation from the hCGα when incubating crude commercial hCG with urea at 37 °C. Separation of the two subunits was performed with a SEC. Then, the hCGβ was digested. The affinity of both non-digested β subunit peptide core fragment and the digested hCGβ was above 85% with the Con A column. The eluted bound fraction from this first column was subsequently percolated on LCA, RCA and PNA columns with or without prior sialidase treatment. It was deduced that both the tryptic peptides from the dissociated hCGβ and urinary β subunit peptide core fragment contained mostly core fucosylated structures. On the other hand, terminal galactose or sialic acid residues were absent from the β subunit core fragment, as

shown by the lack of affinity towards the RCA column before and after sialidase treatment. Finally, the affinity towards PNA was virtually none regardless of the removal of sialic acid, which signifies the absence of the O-glycosylation sites in the β subunit core fragment.

Hortin et al. examined the ability of a Jacalin column to bind a series of glycoproteins containing at least one O-glycosylation site [START_REF] Hortin | Lectin affinity chromatography of proteins bearing O-linked oligosaccharides: Application of jacalin-agarose[END_REF]. Among them, the partially purified hCG from a crude preparation of urine was further purified with this column, as it had the ability to bind about 79% of the intact hCG and let pass the impurities or degraded forms of hCG in the unbound fraction.

Skarulis et al. attempted the comparison of the glycan content of the free α and of hCG isolated from urine of healthy pregnant women between early to late gestation [START_REF] Skarulis | Glycosylation changes in human chorionic gonadotropin and free alpha subunit as gestation progresses[END_REF]. They used a Con A column as an indication of the antennarity and a LCA column for the core fucosylation content. In summary, hCG was almost entirely retained by the Con A column regardless of whether it was coming from the early or late gestation sample. This could mean that throughout the pregnancy, hCG has predominately Nglycans with high mannose, hybrid structures or complex bi-antennary structures. In contrast, the binding of the free α showed a reduction as the pregnancy was progressing, suggesting an increment of the complexity of the attached N-glycans. Regarding the binding of both free α and hCG to the LCA column, it appeared that it was enhanced at the late pregnancy, revealing the extended degree of core fucosylation occurring as pregnancy progresses.

An LCA and a DSA column were used by the same research group to elucidate the N-glycans of hCG originating from the urine of healthy individuals at the early and at the later weeks of the second trimester of pregnancy. The glycosylation state of the N-glycans of the free α and secondarily for those of the hCGα dissociated from the dimeric form was examined [START_REF] Nemansky | Developmental Changes in the Glycosylation of Glycoprotein Hormone Free α Subunit during Pregnancy[END_REF]. LCA was specifically used as apart from its ability to bind core fucosylated glycans, it additionally loses its binding capacity when a substitution at the 4 th carbon atom (C4 position) of the α 1->3 mannose residue of the trimanosyl core occurs, meaning affinity is abrogated by the ''1->4/1->3 substitution''. DSA lectin has a stronger affinity towards tri antennary glycans with the ''1->6/1-> 6 substitution'' rather with the ones with the isomeric ''1->4/1->3 substitution''. Therefore, these lectins were used complementary to provide information on which branching is dominant at each stage of the second trimester of pregnancy. For the free α subunit, it was seen that the degree of core fucosylation and the content of tri antennary glycans increased with the progression from the early to the later stages. Moreover, it was seen that there was a transition from the "1->4/1->3 branching" towards the "1->6/1->6 isomeric substitution". On the contrary, hCGα did not contain any tri-or tetra-antennary structures as it passed through the DSA column without any interactions. The structures of the enzymatically released glycans were confirmed with an independent experiment by using AEX followed by off-line ESI-MS.

Recombinant hCG from cell lines or commercialized purified preparations

Lectin SPE has also been used in studies aiming in the exploration of glycosylation of rhCG or of commercially available purified hormone. Firstly, the N-glycans of either the Asn-78 or of the Asn-52 glycosylation site of the tryptically digested free α subunit and hCGα after dissociation generated by CHO cells were investigated [START_REF] Bielinska | Site-specific processing of the N-linked oligosaccharides of the human chorionic gonadotropin alpha subunit[END_REF]. This study also included the production by site-directed mutagenesis of free α subunit mutants bearing only one of the two glycosylation sites for comparison.

The N-glycans were released from the tryptically digested free α subunit, dissociated hCGα and mutants and then radiolabelled. By application on a Con A Sepharose column and assessment of the radioactivity of the SPE fractions, it was seen that the glycopeptide that contained the Asn-52 coming from the non-mutated and mutated free α subunit contained glycans that could not bind to the column, whereas the glycopeptide where the Asn-78 was located was almost totally bound to the column. On the other hand, the same glycopeptides originating from the dissociated hCGα from the dimer did not differ and were almost completely bound to the column. These results suggest that the glycans in Asn-52 can be of great importance for the combination with the subunit β and the formation of the dimer.

In the most recent study regarding the application of lectin sorbents with hCG, the hormone was used as a model O-glycosylated protein to assess whether a Jacalin sorbent can enrich O-GalNAc peptides [START_REF] Bai | From individual proteins to proteomic samples: characterization of O-glycosylation sites in human chorionic gonadotropin and human-plasma proteins[END_REF]. Firstly, by using a purified commercially available hCG from USBIO, a tryptic digestion was performed followed by complete N-deglycosylation and partial O-deglycosylation, to end up with peptides and glycopeptides only bearing the O-GalNAc substitution (Tn antigen) with no further extension with other monosaccharides. Then, by LC-MS/MS analysis of the peptides and glycopeptides, 2 novel O-glycosylation sites on hCGβ and one novel O-glycosylation site on hCGα were proposed.

However, the origin of the purified hCG sample was not given. Afterwards, a Jacalin sorbent was used to assess its selectivity for O-GalNAc enrichment. By application of the partially deglycosylated mixture of the peptides and glycopeptides on the Jacalin sorbent, it was observed that the lectin showed good potency in enriching the glycopeptides with the O-GalNAc substitution, as almost all the previously identified glycopeptides were retrieved in the elution fraction. To our knowledge, this is the only study where the lectin SPE fractions with hCG were further analysed in LC-MS. Complicated pregnancies

The hCG produced by the villous cytotrophoblast from women carrying T21 (Down Syndrome) affected foetuses exhibited variations of its glycosylation state as compared to the sample derived from normal pregnancy as suggested by a study utilizing WGA, RCA, Con A and LTL [12]. This last lectin can be indicative of the fucosylation degree of N-glycans. Overall, it was seen that the sialylation content did not differ between the control and the sample, while the fucose content and the glycans with antennas terminating with a galactose and the complex antennarity glycans might be elevated in the T21 trisomy. Overall, the use of lectins appeared to be effective for the differentiation of a normal sample from a T21 affected one.

In two studies however, the use of lectin columns generated ambiguous results. Firstly, the glycosylation of hCGβ and hCG in the serum and spot urine samples from South African women with ectopic pregnancies and from those with normal pregnancies was investigated [START_REF] Buck | Is the human chorionic gonadotropin secreted by ectopic trophoblast different from that in normal intrauterine pregnancies?[END_REF]. The affinities towards Con A-, RCA I-, LCA-, and PNA-based sorbents before and after sialidase treatment were evaluated. Even if some small differences were observed between the binding towards the Con A, LCA and PNA columns, they were not significant to differentiate the samples of the normal pregnancies from the ectopic ones. Secondly, the N-glycosylation of hCG in serum samples from Asian pregnant women with thyrotoxicosis in their second trimester of gestation compared to the ones from normal pregnancies was examined with Con A and RCA columns [START_REF] Talbot | The nature of human chorionic gonadotrophin glycoforms in gestational thyrotoxicosis[END_REF]. The binding affinities towards both lectin columns were similar and therefore the utility of the lectin SPE protocol for sample differentiation could not be proven.

Cancer samples

The glycosylation of hCG produced by trophoblastic and non-trophoblastic tumours has been extensively investigated with lectins, as malignancies are usually characterized by qualitative and quantitative alterations to the attached oligosaccharides. T. Endo, A. Kobata and R. Nishimura who have largely investigated the glycosylation of hCG and of other glycoproteins since the early 80s, have performed a series of studies on samples from cancer patients utilizing lectin affinity.

One of the first studies performed concerned the exploration of the N-glycans of hCGα dissociated from the dimeric hCG after its extraction by precipitation with acetone, ion exchange chromatography (IEX) and SEC from urine from normal pregnant women at the first trimester, and of the free α subunit purified from samples following the same extraction method of two patients, one with adenocarcinoma of the right external genitalia (FS) and one with undifferentiated carcinoma of the left femoral region (TM) [START_REF] Nishimura | Free alpha subunits of glycoprotein hormone with dissimilar carbohydrates produced by pathologically different carcinomas[END_REF]. The affinity towards Con A-, RCA-and PNA-columns was examined. General conclusions from this study were firstly that the dissociated hCGα and free α subunit from the diseased samples had complete affinity with the Con A column. Secondly, the presence of an O-glycosylation site on free α subunit of diseased samples with a high percentage of terminal sialyation was verified by the affinity towards the PNA column and sialidase treatment before application to the lectin column. This O-glycosylation site in the free α subunit in cancer has been reported in other studies [START_REF] Corless | Gonadotropin alpha subunit. Differential processing of free and combined forms in human trophoblast and transfected mouse cells[END_REF][START_REF] Peters | O-glycosylation of the alpha-subunit does not limit the assembly of chorionic gonadotropin alpha beta dimer in human malignant and nonmalignant trophoblast cells[END_REF]. Finally, in the dissociated hCGα, non-sialylated glycans or of mono-antennary structures with a non-reducing terminal mannose were suggested thanks to the examination of affinity towards RCA.

In another study, the glycosylation patterns of the N-glycans of hCG purified from the urine of a patient with choriocarcinoma were examined in comparison to the one purified from the urine of a healthy pregnant woman [START_REF] Mizuochi | Structures of the asparagine-linked sugar chains of human chorionic gonadotropin produced in choriocarcinoma. Appearance of triantennary sugar chains and unique biantennary sugar chains[END_REF]. A Con A column was used to verify the existence of an abnormal bi-antennary structure in the choriocarcinoma sample, as seen in Figure 23, with two antennas occupying the C2 amannosyl sugar and C4 of the same mannose. In a later study, the N-glycans released from the hCG purified from urine of patients with invasive mole and choriocarcinoma were subjected to a series of different analytical assays, including a DSA column for the analysis of the desialylated bi-antennary Nglycans [START_REF] Endo | Structural differences found in the asparagine-linked sugar chains of human chorionic gonadotropins purified from the urine of patients with invasive mole and with choriocarcinoma[END_REF]. Indeed, this lectin could be used to indicate the existence of the unusual bi-antennary N-glycans previously described for the choriocarcinoma sample. The invasive mole sample was not retained by the DSA column, which suggested the lack of such forms in this cancerous lesion. It was therefore suggested that the DSA column can differentiate between different forms of cancer. Adapted from [START_REF] Mizuochi | Structures of the asparagine-linked sugar chains of human chorionic gonadotropin produced in choriocarcinoma. Appearance of triantennary sugar chains and unique biantennary sugar chains[END_REF].

In another study, the same group studied the N-glycans of hCG purified from the urine of a patient with choriocarcinoma and of the dissociated subunits [START_REF] Endo | Altered Glycosylation Is Induced in Both a-and β-Subunits of Human Chorionic Gonadotropin Produced by Choriocarcinoma[END_REF]. The glycans were first released and then analysed by serial lectin chromatography (SLAC). An AAL sorbent was first used and afterwards the bound and unbound fractions of the first column were passed through a Con A column. The AAL lectin was chosen for its ability to bind core fucose N-glycans and Con A for its inability to bind the Galβ1->4GlcNacβ1->4 group. The presence of this sugar group in the unbound fraction of Con A column was confirmed with a DSA column. An unexpected lack of core fucosylation was reported for the cancer sample while the glycosylation patterns between the two dissociated hCGα and hCGβ were different, as the dissociated hCGβ contained a higher ratio of bisecting bi-antennary core fucosylated sugar chains and the dissociated hCGα contained mostly mono-antennary non fucosylated glycans with the Galβ1->4GlcNacβ1->4group.

Accordingly, the DSA column has been used as a means to discriminate cancerous and normal samples [START_REF] Endo | IMMOBILIZED[END_REF]. This lectin can recognise both the tri antennary and the abnormal bi-antennary structures only detected in malignancies. Normal pregnancy samples with or without sialidase treatment showed very low affinity with the column, while sialidase treated samples of invasive mole patients were retained in a 40%-60% percentage range. Choriocarcinoma samples had substantial affinity regardless of the removal of sialic acid.

In a later study, the structures of the released N-glycans originating from the urine of a male patient with extra gonadal germ cell tumour were examined [START_REF] Endo | Structures of the asparagine-linked sugar chains of human chorionic gonadotropin from a patient with extragonadal germ cell tumour[END_REF]. With a combination of AAL chromatography and exoglycosidase digestion, it was seen that in the bound fraction, which was the 40% of the initial material, the most abundant fucosylated structure was found to be a monoantennary fucosylated one.

Additionally, the N-glycans of the dissociated subunits and hCG have been studied from serum of non seminomatous testicular germ cell tumours and of healthy women at the second trimester of pregnancy as a comparison [START_REF] Mann | Molecular heterogeneity of human chorionic gonadotropin and its subunits in testicular cancer[END_REF]. A Con A column was used, that revealed no significant variance of the affinity of the hCGβ coming from healthy or diseased individuals. hCG and hCGα from healthy samples had almost total affinity with the column, while the ones from cancerous samples had low retention, suggesting structural differences in the N-glycans between the two groups. In a similar study, the glycosylation of hCG from serum of male patients with tumours of the genital tract associated with high levels of hCG was investigated [START_REF] Norman | Human chorionic gonadotropin and subunits-Heterogeneity in serum of male patients with tumours of the genital tract[END_REF]. However, the affinity of cancer samples from a Con A column had very small variations as compared to the one of first trimester pregnant women, as hCG was almost entirely detected in the bound fraction in both cases.

The N-glycans of hCG from urine of pregnant women at the first and at the second trimester of gestation as well as from hydatidiform mole and choriocarcinoma patients have also been investigated with a LCA column, with the SPE fractions analysed with RIA [START_REF] Koyama | Affinity to lectin, biological and immunological characteristics of human chorionic gonadotropins from pregnant women and trophoblastic tumour patients[END_REF]. Concerning hCG from normal gestation, a percentage greater than 90% was bound to the column, as opposed to a range of 8 to 26% and 37 to 51% of unbound material of the patients with hydatidiform mole and choriocarcinoma, respectively. These results suggest that an LCA column can also be utilized for the differentiation between healthy controls and patients with trophoblastic tumours due to different affinities with the column, which reflect the variations in the glycosylation state of the hormone.

A study including urine from third trimester pregnant women, patients with benign endometrioma, stage Ia cervical cancer, stage IIa cervical cancer and advanced cervical cancer without and with distant metastases was conducted by Sakai et al. [START_REF] Sakai | Sugar Chain Heterogeneity of Human Urinary Chorionic Gonadotropin Determined by Serial Lectin Affinity Chromatography: Difference between Benign and Malignant Disease[END_REF]. Serial lectin affinity chromatography (SLAC) was implemented, starting with a Con A sorbent from which a bound, weakly and firmly bound fraction were obtained. The unbound fraction from the first column was applied to a PHA-E column and again a bound and unbound fraction were retrieved. The PHA-E lectin was selected for its capacity to bind to the bisecting GlcNAc (GlcNAc β1-4Man) sugar group in galactosylated N-type complex glycans. The bound fraction to the Con A column was higher in the healthy individuals and therefore it can be implied that high mannose structures, hybrid type or complex bi-antennary are the most abundant in last semester of pregnancy. Therefore, an increment in the complexity of the antennarity is proposed in cancer samples. When examining the affinities with the PHA-E column, it was seen that the patient with benign endometrioma had similar low percentages of detected hCG in the bound fraction of this column as normal pregnancies, indicating a lack of glycans with the bisecting GlcNAc group. However, it was seen that even in the early stage of the cervical cancer, there was an increase in the bound fraction to the PHA-E column, which tended to get higher with the progression of the disease. An increment was also seen in the unbound fraction, indicating that the tri and tetra-antennary glycan structures were concomitantly increasing. Overall, it is suggested that the SLAC method can be useful for the diagnosis and an indication for the progression of the cervical cancer.

Lectin SPE for glycosylation profiling of LH/FSH

Lectin SPE has been used for the study of the glycosylation of the other two gonadotropins (Table 16).

Analysis of the intact hormones or the free α subunit was performed without digestion or glycan release though. It can be observed that Con A was again the lectin most utilized; LCA, WGA and RCA all immobilized on agarose have also been selected. The volumes of the cartridges were > 1 ml for most of the studies; only when centrifugal columns were used, the amount of sorbent selected was either 0.5 ml [START_REF] Papandreou | Concanavalin A affinity chromatography of human serum gonadotropins: evidence for changes of carbohydrate structure in different clinical conditions[END_REF][START_REF] Talbot | Recombinant human luteinizing hormone: a partial physicochemical, biological and immunological characterization[END_REF] or 1 ml [START_REF] Ferrari | Lectin analyses of glycoprotein hormones in patients with congenital disorders of glycosylation[END_REF]. In those cases, an interaction time of 1 h for all three studies was reported. Moreover, the sample amounts in the centrifugal column format were in the μl scale.

However, in another study where 100 μl were analysed, which correspond to 1 IU of recombinant or urinary FSH and LH drug preparations, a cartridge of 2.5 ml for SPE was used [START_REF] Harris | Internal carbohydrate complexity of the oligosaccharide chains of recombinant human follicle stimulating hormone (Puregon®, Org 32489): a comparison with Metrodin and Metrodin-HP[END_REF]. In another study, 0.3-10 μg of FSH could be percolated on a 3 ml Con A column, while only 0.5-1 μg were applied on a 3 ml WGA column [START_REF] Asteria | Unique binding pattern to Concanavalin A lectin of glycoprotein hormones a-subunit hypersecreted by non-functioning pituitary adenomas[END_REF]. However, it overall appears that the capacity of the sorbents in those studies was not thoroughly investigated.

In most of the studies, a cartridge or column conditioning step was performed before the extraction process either by using the washing buffer or a buffer with a similar composition. In those studies, the conditioning is mostly referred as equilibration and thus those terms are considered to describe the same procedure. A general observation was that the cartridge conditioning, percolation and washing buffer usually were of the same or quite similar composition. The selected washing buffers were mainly Tris or phosphate buffers (Table 15) while elution buffers had the same composition as of the washing buffers plus the competitive sugars. In one study, a gradient elution with increasing concentrations of the competitive sugar (Man 0.02-0.2 M) was suggested [START_REF] Chapman | Variation in the core and branch carbohydrate sequences of serum glycoprotein hormone α subunit as determined by lectin affinity chromatography[END_REF]; however, the benefits of this protocol were not clearly stated. In addition, very high elution volumes of up to 200 ml were reported, which was related also to the high column volume (10 x 1.5 cm, i. e. 18 ml). Apart from this study, regarding washing and elution volumes, similarly as for hCG, the values mentioned were around 10 ml with a range of 7-25 ml.

Quantification methods of the washing and elution fractions were mostly RIA and IRMA, which allowed the speculation of the glycosylation of the gonadotropins according to where the majority of the sample was detected. Recoveries of the extraction process, when mentioned, were above 70%.

Glycosylation patterns in FSH and LH as revealed by lectin SPE

In this section, the results of the studies for the glycosylation of FSH and LH with lectin SPE are presented. Similar as for hCG, the categorisation was made depending on the origin of the sample.

Pituitaries from healthy individuals

Only one study was found in literature concerning the investigation of the glycosylation of FSH produced by human pituitaries of healthy individuals by means of off-line SLAC on a Con A, WGA, and LCA columns [START_REF] Creus | Human FSH isoforms: carbohydrate complexity as determinant of in-vitro bioactivity[END_REF]. FSH was initially separated to fractions with different pH by chromatofocusing.

After individual application of the separate fractions to the Con A column, it was seen that the majority of FSH was eluting into the firmly bound fraction, followed by the weakly and to a lesser extend the unbound (washing) fraction. However, as the pH was getting lower, the percentage into the unbound fraction was increasing, with the value being eventually higher than of the firmly bound fraction at pH 1.9. The firmly bound fraction of Con A that was comprising of the high mannose and hybrid type structures was applied to the WGA column, where it was seen that about 80-90% exhibited a complete affinity towards the second column. This affinity was attributed to the hybrid type glycans that contained the GlcNac sugar residue and not to the Sia content. The weakly bound fraction of Con A was applied to the LCA column to determine the fucose content of the complex bi-antennary glycans.

Affinity towards the column was varying according to the pH of the fraction tested.

Pharmaceutical and standard preparations

A couple of studies were conducted focusing on the glycosylation of the commercialized pharmaceutical preparations administrated in fertility treatments. For example, the carbohydrate complexity of rLH produced by Merck-Serono by Crystal Chem and the one from a pituitary International Reference Preparation (IRP) was investigated with a Con A column [START_REF] Talbot | Recombinant human luteinizing hormone: a partial physicochemical, biological and immunological characterization[END_REF]. By inspection of the resulting elution profiles, it was concluded that for all samples the main portion of N-glycans was of the oligomannose type (about 56-63%), secondarily of the hybrid or complex bi-antennary (36-44%) and lastly to a very small extent of the complex antennary type. In another study, the rFSH of the drug Puregon®, the FSH from the urinary preparations for pharmaceutical use Metrodin and Metrodin-HP and urinary FSH of the international standard were subjected to a Con A column [START_REF] Harris | Internal carbohydrate complexity of the oligosaccharide chains of recombinant human follicle stimulating hormone (Puregon®, Org 32489): a comparison with Metrodin and Metrodin-HP[END_REF]. Results

showed that the recombinant hormone had N-glycans with about four times less complex degree of antennarity compared to the urinary preparations.

Pregnancy related or reproductive disorders and cancer

The glycosylation of FSH or LH present in reproductive disorders or in tumours was explored. For example, the affinity of FSH originating from serum of female subjects with lactational amenorrhoea (LA) in days 60 and 70 post-partum and in the mid-follicular phase (MFP) after resuming menstrual cyclicity was examined with a Con A column [START_REF] Velasquez | Pituitary-ovarian axis during lactational amenorrhoea. II. Longitudinal assessment of serum FSH polymorphism before and after recovery of menstrual cycles[END_REF]. In the case of the LA samples, a higher affinity was observed as opposed to the MFP ones, demonstrating the lack of highly branched structures during lactational amenorrhoea.

In a different study, Con A has been utilized for the exploration of the glycosylation state of the free α subunit circulating in the serum of post-menopausal women, normal foetuses, male patients with primary hypothyroidism and male subjects with chronic uraemia, which are conditions associated with non-cancerous hyper production of the subunit [START_REF] Asteria | Unique binding pattern to Concanavalin A lectin of glycoprotein hormones a-subunit hypersecreted by non-functioning pituitary adenomas[END_REF]. Additionally, serum sample from patients with TSH-secreting pituitary adenomas, secreting pituitary adenomas and gastrointestinal carcinoid tumours were analysed, which are linked to tumoral free α hypersecretion. Overall, it was seen that the glycosylation of the free α subunit secreted by patients with pituitary adenomas was significantly different from the one of the patients with gastrointestinal carcinoid tumours or the non-cancerous samples, since in the first case the affinity towards the Con A column appeared to be higher.

After sampling serum from patients with congenital disorder of glycosylation I (CDG-I) and with undefined CDG syndrome, the glycosylation of non-purified FSH and free α subunit was examined with a Con A column [START_REF] Ferrari | Lectin analyses of glycoprotein hormones in patients with congenital disorders of glycosylation[END_REF]. In the case of the unclassified CDG, FSH was more retained than the CDG-I ones.

The free α subunit glycosylation was different between the two syndromes, with the CDI-I having less affinity with the Con A column while the unclassified sample showed an opposite behaviour.

The glycosylation of the free α subunit originating from serum samples of patients with pituitary tumours as opposed to the one derived from normal postmenopausal females was investigated with LCA, PHA-L and SBA columns in a SLAC format [START_REF] Chapman | Variation in the core and branch carbohydrate sequences of serum glycoprotein hormone α subunit as determined by lectin affinity chromatography[END_REF]. The results were indicative of highly branched structures with terminal sialic acid in the sub-terminal galactose residue for the diseased samples.

Papandreou et al. [START_REF] Papandreou | Concanavalin A affinity chromatography of human serum gonadotropins: evidence for changes of carbohydrate structure in different clinical conditions[END_REF] collected blood samples from healthy women in the follicular phase of the menstrual cycle, healthy males after 60-120 min of injection of Gonadotropin-releasing hormone (GnRH), and foetuses between 18-24 weeks of gestation. They additionally sampled male patients with chronic uraemia or gonadotropin-secreting pituitary adenoma, a patient with an immunologically anomalous LH variant and the International Reference Preparations of pure intra pituitary FSH and LH to compare the glycosylation state of the two hormones in the various samples with a Con A column.

In brief, FSH was suggested to have more complex antennarity of the glycans than LH, as well as the LH of the subject with the anomalous variant of the hormone. All other samples had less complex Nglycans as the predominant glycosylation. : recovery ; RIA: radioimmunoassay; Lectin names and origin can be found on table 9 . Buffer compositions can be found in Table 15.

Lectin Immunoassays

Although lectin affinity chromatography has been proven valuable for the profiling of the glycosylation state of the gonadotropins, another technique utilized in the recent years with a higher screening potency is the lectin immunoassay or enzyme-linked lectin assay. This technique is based on the principles of the typical enzyme-linked immunosorbent assay (ELISA) where an enzyme-conjugated lectin is utilized, which can convert the colourless solution of a substrate into a coloured one. The usual protocol that has been implemented for the gonadotropin glycosylation analysis includes an initial coating onto the wells of a microtiter plate of an antibody directed against the hormone of interest. In this way, the protein can be captured selectively from complex samples without prior purification of the sample. The next step is to add a biotinylated lectin which only exhibits affinity with the samples which have the glycans that can be bound by the lectin. As each lectin has a specific sugar binding profile, depending on the intensity of the coloured product after the final addition of the substrate, the glycosylation state of the hormone can be estimated [START_REF] Cummings | Antibodies and Lectins in Glycan Analysis[END_REF].

Pharmaceutical preparations and recombinant gonadotropins from cell cultures

The glycosylation profiling of the gonadotropin pharmaceutical preparations that are administrated in fertility treatments has been investigated with the use of lectin immunoassays. Riccetti et al. examined whether there are differences between the glycosylation patterns of four different commercial pharmaceutical drugs, which either contained hCG or human Menopausal Gonadotropin (hMG) preparations, which consisted of both FSH and LH purified from urine of post-menopausal women [START_REF] Riccetti | Heterogeneous hCG and hMG commercial preparations result in different intracellular signalling but induce a similar long-term progesterone response in vitro[END_REF]. Therefore, they investigated the glycosylation of the commercial preparations pregnyl® (5000 IU), Gonasi HP®(5000 IU), C0434 (50 μg) from Sigma Aldrich, Menopur® (75IU) and Ovitrelle® (250 μg).

The latter is a preparation of recombinant hCG whereas the others originate from urine. In this study, a micro-titration plate was used that was coated with the antibody HT13.3, which is directed against the α subunit. Results revealed that all hCG preparations had glycans with the a(2-3) sialic acid attached to a galactose residue. However, only hMG preparation Menopur® could contain the a(2-6) sialic acid residue; moreover, terminal galactose glycans were higher in this preparation. Regarding Oglycosylation, all preparations exhibited affinity towards the Jacalin lectin, which demonstrated the presence of the T antigen in each one. However, Menopur® showed the least affinity with this lectin.

In an another recent study, the same research group examined whether there are differences in the glycosylation patterns of recombinant FSH from the reference drug preparation Gonal-f®and the two biosimilar preparations, Ovaleap® and Bemfola® [START_REF] Riccetti | Glycosylation Pattern and in vitro Bioactivity of Reference Follitropin alfa and Biosimilars[END_REF]. In a similar Lectin ELISA assay format as before, the results of the affinity towards seven different biotinylated lectins indicated firstly that Bemfola® could contain more glycans with terminal galactose than the other two preparations and higher complexity N-glycans. Sialic acid at an α(2-6) conformation was probably diminished in all three drug preparations while sialic acid of α(2-3) type was the predominant one. Jacalin lectin on the other hand did not generate any detectable signal, showing that mucin O-glycosylation was not present in any of the samples.

The recombinant hCG can also be modified accordingly to perform genetic engineering studies for the investigation of the regulation of the glycosylation in the gene level. Deng et al. [START_REF] Deng | A study on enhanced O-glycosylation strategy for improved production of recombinant human chorionic gonadotropin in Chinese hamster ovary cells[END_REF] used a variety of techniques to determine how the O-glycosylation can interfere with the expression of recombinant hCG. For this reason, they proceeded with the transfection of the CHO cell line with key regulatory genes for either the process of O-glycan precursor synthesis, like the diphosphate-glucose pyrophosphorylase 2 (Ugp2) gene, or for the process of O-glycan sugar chain synthesis, like the Nacetylgalactosaminyl transferase 1(Galnt1) gene. Among the techniques used, a lectin blot analysis was implemented, using PHA-L, which has affinity with galactose residues. This strategy was selected as the levels of galactosylation can be indirectly associated with the degree of O-glycosylation of the protein. Lectin blot analysis showed that the affinity with PHA-L of the hCG produced by the Ugp2-CHO transfected cell line was elevated. Additionally, the lectin blotting revealed that the Galnt1 gene overexpression resulted in an increment of the total content of galactose. Overall, it was proven that these two genes were the determinants for the extend of O-glycosylation and consequently elevated expression of recombinant hCG.

Pregnancy related or reproductive disorders and tumours

The fast screening of glycosylation biomarkers which are hypothesized to correlate with the occurrence of abnormalities in pregnancy or malignancies can ideally allow the evaluation of multiple samples in minimal time and identify the ''at-risk'' ones. Moreover, the use of various lectins in microarrays to investigate several glycosylation patterns simultaneously, can reveal potential biomarkers that differentiate a diseased sample form a normal control.

Abushoufa et al. developed such a technique to investigate the sialic acid content of hCG found in the serum of healthy pregnant women in various phases of pregnancy and those with a suspected T21 (Down syndrome) affected pregnancy [START_REF] Abushoufa | The development of a sialic acid specific lectin-immunoassay for the measurement of human chorionic gonadotrophin glycoforms in serum and its application in normal and Down's syndrome pregnancies[END_REF] For this reason, an antibody able to capture hCG (421-7-

2) was immobilized on the wells of microtitre plates. The serum samples were introduced, the noncaptured components washed away, and the biotinylated WGA and streptavidin-HRP were added. The results designated that the sialic acid content was reduced after week 9 of normal pregnancy but showed an increment on week 15. In addition, the samples with the higher probability of been T21

affected exhibited the higher measured intensities. In contrast, lower risk or normal pregnancy samples had lower affinity. The same group proceeded with two follow-up studies using the immunoassay developed above to test the hypothesis that this technique can be of clinical value when screening for Down syndrome complicated pregnancies [13]. They initially tested serum samples from 224 normal pregnancies and 54 with Down Syndrome affected ones. All samples were collected from pregnancies at the first trimester of the gestational age (11-13 weeks). Results indicated that the intensities from Down syndrome samples were significantly higher and were rising as gestation was progressing, showing a notable correlation between pregnancy progression and the WGA immunoassay affinity. However, a correlation with the other existing assays for Down syndrome screening was seen; it was therefore concluded that the WGA immunoassay could not add any significant value for the early detection of Down syndrome pregnancies on the first trimester. The next follow-up study included serum samples from 50 T21 affected pregnancies and 278 from normal pregnancies, this time in the second trimester phase (week 14 to 21 ) [START_REF] Talbot | Detection of maternal serum hCG glycoform variants in the second trimester of pregnancies affected by Down syndrome using a lectin immunoassay[END_REF]. It was once again seen that the complicated pregnancies led to a higher response in the WGA assay compared to normal ones.

However, it was concluded that these measurements could not add clinical significance to the already existing screening methods.

Ferens-Sieczkowska et al. followed a different approach by developing a lectin blotting assay with biotinylated AAL, to examine the existence of Lewis-type glycoepitopes, meaning terminal or subterminal fucose on the glycans of seminal proteins [START_REF] Ferens-Sieczkowska | Glycoprotein fucosylation is increased in seminal plasma of subfertile men[END_REF]. For this reason, seminal plasma glycoproteins from fertile and sub fertile men were firstly separated with SDS-PAGE. Then, the gel was transferred to a nitrocellulose membrane, and it was incubated with the biotinylated lectin followed by the addition of Avidin-Alkaline Phosphatase conjugate. All the bands in the membrane that had affinity with the lectin were found to correspond to male reproductive tract glycoproteins, including hCG. Additionally, it was suggested that a high fucose content of these proteins can potentially interfere with the proper fertilization cascade and lead to subfertility.

Kelly et al. developed a lectin immunoassay where the sample was probed with 11 lectins

independently [START_REF] Kelly | Lectin immunoassays using antibody fragments to detect glycoforms of human chorionic gonadotropin secreted by choriocarcinoma cells[END_REF]. The fragments of two hCG antibodies were immobilized either on a microplate or on a biosensor chip and were able to capture hCG from non-purified urine of pregnant women and from cell culture media of choriocarcinoma cell lines. After probing with the 11 biotinylated lectins, it was seen that the hCG produced by the choriocarcinoma cell lines exhibited a higher (2-6)sialic acid content due to the higher affinity towards the SNA lectin. However, the (2,3)sialic acid linkage appeared less extensive, as the affinity towards the MAL II lectin was low. On the parallel, the higher affinity towards RCA was indicative of the occurrence of glycans with terminal galactose residues. The results of the affinity towards the Galanthus Nivalis agglutinin (GNA) were contradictive and the abundancy of terminal mannose structures could not be defined. Finally, the fucose content of the cancer sample was higher as indicated by the higher affinity of the hCG from choriocarcinoma cells towards the AAL.

The same group performed a similar study were a cleaved anti-hCG antibody (B108) was immobilized on a biosensor chip [START_REF] Kelly | Determination of hyperglycosylated human chorionic gonadotropin produced by malignant gestational trophoblastic neoplasias and male germ cell tumors using a lectin-based immunoassay and surface plasmon resonance[END_REF]. The target was this time hCG found in urine of pregnant women, choriocarcinoma, invasive mole and male germ cell tumour patients and it was probed with 8 lectins independently. The GNA binding and therefore the terminal mannose content was higher in pregnancy samples rather that the cancerous ones. The same observation was made for the MAL II lectin, implying a higher α(2-3)sialic acid content in pregnancy. In contrast, the WGA binding was lower in pregnancy sample than in the diseased samples. However, since this lectin has affinity towards sialic acid and GlcNac, it could not be concluded which sugar moiety of the two was more abundant in cancerous samples. Lastly, there was not a significant difference in the binding as the gestational ages was progressing from 6 to 38 weeks.

In a more recent study, Kobayashi et al. used a pre-manufactured lectin microarray glass slide that included 45 lectins to study the glycosylation patterns of hCG derived from the immortalized HTR8/SVneo human extravillous trophoblast cell line, the induced choriocarcinoma cell-1 (iC3-1) cell line and villi from first trimester terminated pregnancies and villi from choriocarcinoma patients [START_REF] Kobayashi | Glycan profiling of gestational choriocarcinoma using a lectin microarray[END_REF].

Briefly, the results from this study showed that the N-glycans of the choriocarcinoma hCG had a higher content of α(2-6) sialic acid while the core fucose content appeared reduced in the cancer sample compared to normal pregnancy. In addition, in the choriocarcinoma sample, the presence of the Galβ1-4GlcNAc sugar group, which is characteristic of bisecting bi-antennary and complex tri and tetraantennary glycans, was also elevated in contrast to high mannose structures, which were suspected to be lower. The dominant structure of the O-glycans of the choriocarcinoma hCG was hypothesized to be the GlcNAcβ1-3GalNAc sugar group of the mucin type glycans (T antigen or Core 1). In contrast, the content of the sugar groups GalNac (Tn antigen), GalNacβ1-4Gal and Galβ1-3Gal was lower.

Conclusion

It is evident that lectins, either in the SPE format or incorporated in immunoassays can provide information regarding the profile of glycosylation of gonadotropins. In many cases, they were used for the differentiation of diseased from normal samples; however, their applicability as diagnostic tests is still not widely applied and they have not yet been incorporated in clinical practice. In addition, other detection methods rather than RIA, IRMA or UV should be employed to obtain information regarding the structure of the glycans or of the glycoforms. Application of MS-based techniques can greatly contribute to this purpose. This is why, in this work, the combination of lectin SPE with the highly potent nanoLC-HRMS method for intact protein analysis was attempted.

Chapter 7. Preliminary studies for the use of lectin sorbents for the selective extraction of hCG according to glycosylation patterns prior to nanoLC-HRMS analysis

Ideally, direct sample analysis of hCG glycoforms in nanoLC-MS would mean less tedious experimental protocols and possibly minimized loss of sample. However, in practice pre-treatment steps are necessary to reduce the complexity of this mixture. As previously presented, lectin SPE is a valuable tool for the fractionation of glycoproteins, one of them being hCG. The most popular lectin for fractionation of the hormone is Con A, due to the affinity towards α-mannose sugars. Secondly, the Jacalin lectin can be useful in the case where affinity towards O-glycosylation is desirable. The number of studies that incorporated the use of a Con A sorbent for the study of glycosylation of hCG, as seen in Table 14 were 14 and for Jacalin were 2. In the current work, those two lectins were initially selected for the fractionation of hCG according to the N-glycan complexity and to O-glycosylation type, respectively.

It is important to clarify that so far, lectin SPE appears to be a process that cannot act as a preconcentration procedure. Indeed, in chapter 6, it is mentioned that usually large volumes of elution buffers are necessary for the completion of the elution. These volumes are usually at least 10 Vc, which leads to a great dilution of the sample. Therefore, in the current work, the final concentration of the fractions was expected to be low, since minimal sample amount was intended to be applied to the sorbent. This can be problematic for the following analysis with the nanoLC-HRMS method, as the concentration of the sample in each fraction can be below the LOQ. For this reason, a step to reduce the volume of the sample and therefore concentrate it was required after the lectin SPE and before the nanoLC-HRMS analysis. This was achieved by using the Amicon® protein concentration filters, which can lead to a concentration of up to 40 times of the initial solution. Those filters have been selected in other studies combining lectin SPE with off-line LC-MS [START_REF] Yang | Approach to the comprehensive analysis of glycoproteins isolated from human serum using a multi-lectin affinity column[END_REF]. In this chapter, by using the rhCG and uhCG purified preparations, it was explored if the filtration process can have an effect in the detectability of the glycoforms of hCG. Moreover, the stability of the sample in the elution buffers of the lectin SPE was necessary to be investigated. This study was performed by using the recommended elution buffer of the Jacalin lectin for both the rhCG and uhCG preparations and the recommended elution buffer for the Con A preparation only for the uhCG. 

Preparation of samples

For exploration of the stability of hCG in the elution buffer of the Jacalin lectin sorbent, 10 µl of the stock of the 500 µg ml -1 of the rhCG (i.e. 5 µg) were added in 40 µl of the elution buffer of Jacalin, which was a 0.05 M Tris pH 7.0 plus 0.15 M NaCl and 0.5 M Gal. A "control" sample was prepared by diluting 10 µl of the same stock with 40 µl of water, leading to a concentration of 100 µg ml -1 , which is well above the LOQ of the nanoLC-MS method. Similarly, 27 µl of the stock of the 92 µg ml -1 of the uhCG were diluted with either 23 µl of the elution buffer of Jacalin or water to reach a final volume of 50 µl.

For the stability study in the elution buffer of the Con A lectin sorbent, 27 µl of the stock of the 92 µg ml -1 were diluted into 23 µl of a 0.02 M Tris buffer pH 7.4 containing 0.15 M NaCl, 1 mM Mg 2+ , 1 mM Mn 2+ and 1 mM Ca 2+ . The final concentration was 50 µg ml -1 for the uhCG diluted in water and both the elution buffers of the lectins.

The effect of the filters was studied by diluting 10 µl of the stock of the 500 µg ml -1 of the rhCG with 1.90 ml of the same elution buffer for Jacalin mentioned above. This volume was selected to correspond at the 10 Vc of a sorbent of 200 µl; as it will be discussed in chapter 9, this would be the initially selected volume for the Jacalin sorbent. The solution was then filtered through the Amicon® Ultra Centrifugal Filters for 30 min at 4000 rpm. A washing step with LC-MS grade water on the same filter for 55 min at 4000 rpm was then performed and led to a final volume of ≈ 50 μl and a final expected concentration of 100 µg ml -1 . This volume was always precisely measured to calculate the expected final concentration. This sample is thereby referred as Filter sample 1. The effect of the filters was investigated by including two additional washing steps with LC-MS grade water on the same filters for 30 min at 4000 rpm before the final washing for 55 min, since three washing steps are recommended by the provider. This sample is thereby referred as filter sample 2. Similarly, 50 µl of the stock of the 92 µg ml -1 of the uhCG were diluted into the Jacalin or Con A elution buffer up to a volume of 2 ml and the same filtration process was followed with the final expected concentration being 92 µg ml -1 .

NanoLC-MS analysis

The analysis of the prepared samples to study the stability and the effect of filters was performed with the nanoLC-HRMS method previously optimized [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF]. The conditions are therefore the same as described in section 4.2.2, with the forward flush and Opti Solv filter adapted in the LC setup. Only the nominal condition with the 0.05% TFA as the mobile phase additive was implemented.

Results and discussion

Effect of the elution buffer and filtration

The aim of this investigation was to explore whether the elution buffer of the lectin sorbents and/or the filtration process leads to a potential loss compared to the sample diluted in water and without filtration. Starting from the stability and filter sample that was prepared using the elution buffer for the Jacalin lectin (0.05 M Tris pH 7.0 plus 0.15 M NaCl and 0.5 M Gal), the processing of the data was performed by using the areas of each glycoform on its own XIC obtained by nanoLC-MS analysis, which was then compared to the one obtained with the sample only diluted in water. For all the experiments described in this section, the 5 glycoforms with the highest peak areas measured on their own XIC among the identified hCGα and hCGβ glycoforms that are mentioned in section 4.2.2.1. were used to calculate the recoveries. The absolute areas of those 5 hCGα and 5 hCGβ glycoforms in the sample diluted in water, and in the stability and filtration samples generated by dilution in the Jacalin elution buffer are depicted in Figure 24. It can already be seen that the difference between the peak areas was small between the tested conditions concerning the hCGα glycoforms. The difference however in the peak areas of the hCGβ forms was greater, especially for the filter sample 2. The calculated recoveries by dividing the peak area of each sample by the area of the sample only diluted in water showed a range between 90-107% with a mean of 102% for the stability sample, 82-105% with a mean of 91% for the filter sample 1, and 81-110% with a mean of 91% for the filter sample 2 for the 5 more intense hCGα glycoforms. For the 5 more intense hCGβ glycoforms, a range of recovery between 90-105% with a mean of 96% was found for the stability sample, 81-93% with a mean of 88% for the filter sample 1, and 58-71% with a mean of 64% for the filter sample 2. The results are summarized in Table 17. In conclusion, while the recoveries are acceptable for the hCGα glycoforms, it appears that the filtration process with the 3 washing steps negatively affects the recoveries of the hCGβ ones. The same processing was performed for the uhCG sample, and it was seen that even if it is stable in the elution buffer of Jacalin, the filtration process affects negatively the recovery of both subunits, even if only one washing step is performed.

The same observations can be made concerning the use of the Con A buffer; even if the sample is stable in the elution buffer, the filtration process induced a loss of the glycoforms, in a nonhomogeneous way. 

Conclusions

The main step that leads to a sample loss appeared to be the filtration process, especially for the uhCG sample. This information was taken into account in the proceeding chapters where the development of the lectin SPE processes are presented. Indeed, to avoid an overestimation of the loss of sample due to the SPE process, the calculation of recoveries was performed by considering as a reference a hCG sample that was made similarly as the filter sample 2 mentioned in this chapter before injecting it in nanoLC-MS, which will be referred as filtered hCG sample in the rest of the study. In this way, any loss observed would be only attributed to the SPE process while disregarding the loss of the filtration process.

Chapter 8. Characterization of Concanavalin A-based lectin-sorbents

for the extraction of the human chorionic gonadotropin glycoforms before their analysis by nano liquid chromatography-high resolution mass spectrometry

In this chapter, the development of affinity sorbents using the lectin Con A for the extraction of hCG is described. For this reason, home-made sorbents were created by immobilization of Con A on Sepharose, which were compared to commercially available ones with very similar characteristics.

Both were coupled off-line to nanoLC-HRMS for intact protein analysis of samples of purified hCG of different origin. This chapter is written in the form of an article: A. Goumenou, C. Chendo, A. Combès, T. Fournier, V. Pichon, and N. Delaunay, 'Characterization of Concanavalin A-based lectin-sorbents for the extraction of the human chorionic gonadotropin glycoforms before their analysis by nano liquid chromatography-high resolution mass spectrometry'

Introduction

The human chorionic gonadotropin (hCG) is one of the most important hormones produced during pregnancy, as it plays a well-established role in the initiation and preservation of pregnancy. This hormone is mainly secreted by the placenta and the syncytiotrophoblast is its primary source of production [7]. hCG is a heterodimeric protein composed of two subunits, the alpha (hCGα) and the beta (hCGβ), which are linked together non-covalently [34]. This protein belongs to the pituitary glycoprotein hormone family, composed of hormones that share the alpha subunit and are glycosylated [START_REF] Cahoreau | Structure-Function Relationships of Glycoprotein Hormones and Their Subunits' Ancestors[END_REF]. hCGα contains two N-glycosylation sites on two asparagine (Asn) residues, Asn-52

and Asn-78. hCGβ has two N-glycosylation sites on Asn-13 and Asn-30 and four additional Oglycosylation sites on serine (Ser), Ser-121, Ser-127, Ser1-32 and Ser-138 [START_REF] Kobata | Structure, pathology and function of the N-linked sugar chains of human chorionic gonadotropin[END_REF][START_REF] Valmu | Site-specific glycan analysis of human chorionic gonadotropin β-subunit from malignancies and pregnancy by liquid chromatography--electrospray mass spectrometry[END_REF].

The glycosylation state of this hormone plays a role in its biological activity, as it can regulate the halflife, folding process as well as the activation of different signal transduction pathways upon binding to specific receptors [START_REF] Bousfield | Synthesis and secretion of gonadotropins including structure-function correlates[END_REF]. Globally, the N-glycans of hCG identified in urine samples from normal pregnancies are predominately mono and bi-antennary structures with or without terminal sialic acids and core fucosylation [START_REF] Perchepied | Development of Immobilized Enzyme Reactors for the characterization of the glycosylation heterogeneity of a protein[END_REF][START_REF] Valmu | Site-specific glycan analysis of human chorionic gonadotropin β-subunit from malignancies and pregnancy by liquid chromatography--electrospray mass spectrometry[END_REF][START_REF] Elliott | Carbohydrate and Peptide Structure of the α-and β-Subunits of Human Chorionic Gonadotropin from Normal and Aberrant Pregnancy and Choriocarcinoma[END_REF]. Variations in the glycosylation state is observed during the different terms of a normally progressing gestation. However, in some studies it is suggested that abnormal glycosylation patterns of hCG are indicative of pathologies during pregnancy. For example, hCG produced by the villous cytotrophoblast from women carrying T21 (Down Syndrome) affected foetuses exhibited variations of its glycosylation state as compared to control samples [12]. Abnormal glycosylation patterns of hCG can also be detected in patients with gestational trophoblastic diseases, such as choriocarcinoma or in patients with other neoplasms [START_REF] Takamatsu | Abnormal biantennary sugar chains are expressed in human chorionic gonadotropin produced in the choriocarcinoma cell line, JEG-3[END_REF][START_REF] Stenman | Human chorionic gonadotropin in cancer[END_REF]. Additionally, hCG is widely administrated for the induction of ovarian stimulation of infertile women. For this reason, injectable formulations containing recombinant gonadotropins have been manufactured, like the drug preparation Ovitrelle® that contains recombinant hCG (rhCG) [29]. Consistency in glycosylation can be an essential qualitative control procedure of the various hormonal pharmaceutical preparations [START_REF] Gervais | Glycosylation of human recombinant gonadotrophins: characterization and batch-to-batch consistency[END_REF].

Therefore, for all these reasons, it is important to establish the glycosylation patterns of hCG.

The analysis of glycoproteins like hCG can be performed at three levels that give complementary information. The most common approach is the bottom-up strategy to analyse the glycopeptides after enzymatic digestion [18,[START_REF] Perchepied | Development of Immobilized Enzyme Reactors for the characterization of the glycosylation heterogeneity of a protein[END_REF][START_REF] Liu | Mass Spectrometric Characterization of the β-Subunit of Human Chorionic Gonadotropin[END_REF][54][START_REF] Valmu | Site-specific glycan analysis of human chorionic gonadotropin β-subunit from malignancies and pregnancy by liquid chromatography--electrospray mass spectrometry[END_REF][56]. Secondly, the release of intact glycans for example by using peptide:Nglycosidase F (PNGase F) allows the determination of the glycan profile of the protein [56,[START_REF] Gervais | Glycosylation of human recombinant gonadotrophins: characterization and batch-to-batch consistency[END_REF][START_REF] Ibeto | Insights into the hyperglycosylation of human chorionic gonadotropin revealed by glycomics analysis[END_REF][START_REF] Thennati | Analytical characterization of recombinant hCG and comparative studies with reference product[END_REF].

Finally, intact protein analysis can be performed [START_REF] Camperi | Separation methods hyphenated to mass spectrometry for the characterization of the protein glycosylation at the intact level[END_REF]50]. In this case, the glycoforms are analysed without the steps of digestion to glycopeptides and/or the pre-treatment for glycan release. This approach can be advantageous for several reasons, including minimized sample handling and the possibility to acquire information regarding the macro-heterogeneity of glycosylation. The use of reversed-phase liquid chromatography (RPLC), hydrophilic interaction liquid chromatography (HILIC)

or capillary electrophoresis (CE) with mass spectrometry (MS) has been implemented for the hCG analysis at the intact level [18][START_REF] Thakur | Profiling the Glycoforms of the Intact α Subunit of Recombinant Human Chorionic Gonadotropin by High-Resolution Capillary Electrophoresis-Mass Spectrometry[END_REF][20][START_REF] Camperi | An attempt to characterize the human Chorionic Gonadotropin protein by reversed phase liquid chromatography coupled with high-resolution mass spectrometry at the intact level[END_REF][START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms by nano-LC-(Orbitrap)MS: application to the α-subunit of human chorionic gonadotropin and follicle-stimulating hormone[END_REF]62]. Recently, we developed a new analytical method by using a nano liquid chromatography (nanoLC) in reversed phase mode combined with high resolution mass spectrometry (HRMS) [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF]. This method allowed the detection and semi-relative quantification of a high number of glycoforms of both hCGα and hCGβ. However, the large number of identified glycoforms leads to an increased complexity of the acquired MS spectra. In order to simplify the analysis, a sample pre-treatment step for the fractionation of the glycoforms with lectin affinity chromatography prior to the intact protein analysis can be advantageous.

Lectin affinity chromatography is used to describe mainly a solid phase extraction (SPE) process using lectins immobilized on a solid support that is usually Sepharose. After immobilization, the lectinsorbent is packed in cartridges or columns, which are then conditioned prior to the percolation of the sample, the washing of the non-retained molecules and the elution of the retained molecules with the appropriate buffer. The affinity of the sample molecules with the lectin column depends on their glycosylation state, since lectins are a group of different proteins of natural origin that share a common characteristic, which concerns their ability to form chemical bonds with specific sugars of other complex biomolecules. Each lectin exhibits a specific binding profile and therefore that feature renders them as useful analytical tools in the field of glycobiology, where off-or on-line lectin SPE can be combined with various analytical methods, like MS analysis [START_REF] Goumenou | Recent Advances in Lectin-Based Affinity Sorbents for Protein Glycosylation Studies[END_REF]. Although there are lots of studies concerning the analysis of lectin enriched fractions with MS, there is no article concerning specifically intact protein analysis after pre-treatment with lectin sorbents.

One of the most used lectins for the study of the glycosylation state of proteins is Concanavalin A (Con A). This lectin preferably binds to the α-mannose (Man) sugar and has affinity towards high mannose or hybrid type N-glycans (firmly bound structures). It can also bind complex-type bi-antennary Nglycans (weakly bound structures). However, highly branched complex-type N-glycans like tri-and tetra-antennary structures are not retained by this lectin [START_REF] Hirabayashi | The Lectin Frontier Database (LfDB), and Data Generation Based on Frontal Affinity Chromatography[END_REF][START_REF] Mandal | Studies of the Binding Specificity of Concanavalin A. Nature of the Extended Binding Site for Asparagine-Linked Carbohydrates[END_REF]. Given its wide application, Con A sorbents with the lectin already immobilized on a solid support are available from different suppliers.

Multiple studies have been conducted in the past concerning the use of Con A lectin SPE for the study of the glycosylation of hCG [START_REF] Sakai | Sugar Chain Heterogeneity of Human Urinary Chorionic Gonadotropin Determined by Serial Lectin Affinity Chromatography: Difference between Benign and Malignant Disease[END_REF][START_REF] Amr | Characterization of a carboxyterminal peptide fragment of the human choriogonadotropin beta-subunit excreted in the urine of a woman with choriocarcinoma[END_REF][START_REF] Dufau | Interaction of glycoprotein hormones with agaroseconcanavalin A[END_REF][START_REF] Blithe | Similarity of the Clearance Rates of Free α-Subunit and α-Subunit Dissociated from Intact Human Chorionic Gonadotropin, Despite Differences in Sialic Acid Contents[END_REF][START_REF] Blithe | Carbohydrate Composition of the α-Subunit of Human Choriogonadotropin (hCGα) and the Free α Molecules Produced in Pregnancy: Most Free α and Some Combined hCGα Molecules Are Fucosylated[END_REF][START_REF] Endo | Altered Glycosylation Is Induced in Both a-and β-Subunits of Human Chorionic Gonadotropin Produced by Choriocarcinoma[END_REF][START_REF] Mann | Molecular heterogeneity of human chorionic gonadotropin and its subunits in testicular cancer[END_REF][START_REF] Skarulis | Glycosylation changes in human chorionic gonadotropin and free alpha subunit as gestation progresses[END_REF][START_REF] Talbot | The nature of human chorionic gonadotrophin glycoforms in gestational thyrotoxicosis[END_REF]. The aim of these studies was to estimate the predominant glycosylation pattern(s) in hCG derived from biological samples. This is why the collected washing and elution fractions after Con A SPE were analysed with immunoassays or radio immunoassays to measure the concentration of intact hCG or free α subunit or with the measurement of the radioactivity of the released N-glycans. In this way, when the sample was detected mainly in the elution fraction it was hypothesized that mostly oligomannose structures and/or bi-antennary forms are present rather than more complex glycans. On the contrary, more complex N-glycosylation was speculated when the sample was mostly detected in the washing fraction. This approach was mostly used as a ''profiling'' technique, to differentiate between the biological samples of normal pregnancies from ''at-risk pregnancies'' or gestational and non-gestational tumours according to their affinity with the lectin sorbent. Concerning hCG derived from urine of normal pregnancy, affinity with the Con A sorbent was consistently reported high in those aforementioned studies [START_REF] Sakai | Sugar Chain Heterogeneity of Human Urinary Chorionic Gonadotropin Determined by Serial Lectin Affinity Chromatography: Difference between Benign and Malignant Disease[END_REF][START_REF] Dufau | Interaction of glycoprotein hormones with agaroseconcanavalin A[END_REF][START_REF] Blithe | Similarity of the Clearance Rates of Free α-Subunit and α-Subunit Dissociated from Intact Human Chorionic Gonadotropin, Despite Differences in Sialic Acid Contents[END_REF][START_REF] Blithe | Carbohydrate Composition of the α-Subunit of Human Choriogonadotropin (hCGα) and the Free α Molecules Produced in Pregnancy: Most Free α and Some Combined hCGα Molecules Are Fucosylated[END_REF][START_REF] Mann | Molecular heterogeneity of human chorionic gonadotropin and its subunits in testicular cancer[END_REF][START_REF] Skarulis | Glycosylation changes in human chorionic gonadotropin and free alpha subunit as gestation progresses[END_REF][START_REF] Talbot | The nature of human chorionic gonadotrophin glycoforms in gestational thyrotoxicosis[END_REF]. It is also important to note that only in few of these studies the amount of hCG applied [START_REF] Skarulis | Glycosylation changes in human chorionic gonadotropin and free alpha subunit as gestation progresses[END_REF][START_REF] Nishimura | Free alpha subunits of glycoprotein hormone with dissimilar carbohydrates produced by pathologically different carcinomas[END_REF] or the sample volume [START_REF] Sakai | Sugar Chain Heterogeneity of Human Urinary Chorionic Gonadotropin Determined by Serial Lectin Affinity Chromatography: Difference between Benign and Malignant Disease[END_REF][START_REF] Amr | Characterization of a carboxyterminal peptide fragment of the human choriogonadotropin beta-subunit excreted in the urine of a woman with choriocarcinoma[END_REF][START_REF] Mann | Molecular heterogeneity of human chorionic gonadotropin and its subunits in testicular cancer[END_REF][START_REF] Talbot | The nature of human chorionic gonadotrophin glycoforms in gestational thyrotoxicosis[END_REF] is precisely mentioned. Moreover, limited information is provided regarding the performance characteristics of the lectin columns. Indeed, recovery values are given only in some cases [START_REF] Sakai | Sugar Chain Heterogeneity of Human Urinary Chorionic Gonadotropin Determined by Serial Lectin Affinity Chromatography: Difference between Benign and Malignant Disease[END_REF][START_REF] Dufau | Interaction of glycoprotein hormones with agaroseconcanavalin A[END_REF][START_REF] Blithe | Similarity of the Clearance Rates of Free α-Subunit and α-Subunit Dissociated from Intact Human Chorionic Gonadotropin, Despite Differences in Sialic Acid Contents[END_REF][START_REF] Mann | Molecular heterogeneity of human chorionic gonadotropin and its subunits in testicular cancer[END_REF][START_REF] Skarulis | Glycosylation changes in human chorionic gonadotropin and free alpha subunit as gestation progresses[END_REF], whereas the evaluation of the sorbent capacity or justification of the volume of the sorbent used are not given. Only in one study [START_REF] Skarulis | Glycosylation changes in human chorionic gonadotropin and free alpha subunit as gestation progresses[END_REF], to verify that the Con A sorbent was not overloaded and therefore the capacity was not exceeded, the washing fraction of a first sorbent was re-applied to a second one.

Moreover, as previously mentioned, the detection methods for the analysis of the wash and elution fractions after Con A SPE concerned only techniques like immunoassays to estimate the levels of hCG in the different SPE fractions. Even though lectin enrichment strategies have been extensively used in glycoproteomic studies using (LC)-MS analysis [START_REF] Ongay | Glycopeptide enrichment and separation for protein glycosylation analysis[END_REF][START_REF] Goumenou | Recent Advances in Lectin-Based Affinity Sorbents for Protein Glycosylation Studies[END_REF], to our knowledge the characterisation of the glycosylation of specifically hCG after Con A lectin SPE has not be combined with LC-MS or MS yet. In this study, the analysis of the fractions after Con A lectin SPE was carried out in nanoLC-HRMS method and keeping the glycoformes intact. A detailed characterisation of the performance of the lectin cartridges, like the estimation of the sorbent capacity and the determination of the recovery and inter and intra assay variations were performed. The performance of ''home-made'' Con A-Sepharose sorbents was compared to the ones of a commercially available Con A sorbent. Finally, the treatment of the data obtained by the combination of Con A SPE and nanoLC-HRMS contributed to a more detailed glycosylation profiling of the studied hCG samples.

Materials and methods

Reagents and analytes

LC-MS grade acetonitrile (ACN) and water and HPLC grade methanol were obtained from Carlo Erba (Val-de Reuil, France). Trifluoroacetic acid (TFA), methyl α-D-glucopyranoside (α-MG), methyl α-Dmannopyranoside (α-MM), sodium chloride, Trizma® base, magnesium chloride anhydrous, manganese(II) chloride tetrahydrate, calcium chloride dihydrate, sodium acetate, cyanogen bromideactivated Sepharose 4B, sodium azide, Con A Sepharose 4B, Con A from Canavalia ensiformis (Jack bean) lyophilized powder, Immunoglobulin G, 1 M HCl and 0.1 M NaOH for pH adjustment, ammonium hexafluorophosphate, bicinchoninic acid assay (BCA) reagent, disposable polypropylene cartridges (SPE tubes-1 ml), polyethylene frits (20 μm porosity) and Amicon® Ultra Centrifugal Filters with 10 kDa molecular weight cut-off (MWCO) were all purchased from Sigma Aldrich (Saint-Quentin Fallavier, France). Sodium bicarbonate and boric acid were obtained from VWR (Fontenay-sous-Bois, France).

Deionized water was obtained from a Milli-Q purification system (Millipore, Molsheim, France).

hCG from human urine (uhCG) was obtained as a lyophilized powder (10,000 International Units (IU))

from Sigma Aldrich. It was reconstituted with 10 ml of LC-MS grade water to a final concentration of 1,000 IU ml -1 . As stated by the provider, the diluted formulation also contained 0.1 M sodium phosphate buffer (pH approx. 7.2) and 10 mg ml -1 of mannitol. Taking into consideration that 1 IU equals to 0.092 μg [START_REF] Berger | The molecular relationship between antigenic domains and epitopes on hCG[END_REF], the solubilized drug corresponds to a concentration of 92 μg ml -1 . The 10 ml stock was aliquoted accordingly and stored at -20 °C for further use.

The recombinant human chorionic gonadotropin (rhCG) drug Ovitrelle® from transfected Chinese hamster ovary (CHO) cells was provided from Organon (Oss, The Netherlands). A step of removal of the additives and excipients of the drug formulation was performed prior to use, by filtering with the Amicon® Ultra Centrifugal Filters with a 10 kDa MWCO. Centrifugation and two steps of washing with LC-MS grade water was performed on the same filter with centrifugation at 13,300 rpm for 10 min.

Recovery of the drug was achieved by inverting the filter and performing a final step of centrifugation for 2 min at 10,000 rpm. The concentrated solution after filtration was further diluted with LC-MS grade water at a concentration of 500 μg ml -1 of rhCG.

Preparation of ''home-made'' and commercial Con A lectin cartridges and of the control sorbent

The immobilization of Con A on Sepharose was performed by following a modified procedure previously developed from our group for protein immobilization [START_REF] Perchepied | Development of Immobilized Enzyme Reactors for the characterization of the glycosylation heterogeneity of a protein[END_REF][START_REF] Bonichon | Development of immobilizedpepsin microreactors coupled to nano liquid chromatography and tandem mass spectrometry for the quantitative analysis of human butyrylcholinesterase[END_REF]. Unless stated otherwise, 70 mg of Sepharose were swollen by the addition of 2 ml of 1 mM HCl under rotation (6 rpm for 15 min).

After swelling, the Sepharose was washed twice under rotation (6 rpm for 10 min) with 2 ml of a 0.1 M bicarbonate buffer pH 8.3 containing 0.5 M NaCl and 0.5 M α-MM. The addition of α-MM was performed to protect the binding sites of the lectin during immobilization [START_REF] Monzo | Lectin-immobilization strategies for affinity purification and separation of glycoconjugates[END_REF]. After these washing steps, 600 μl of a 2 mg ml -1 Con A solution in the same bicarbonate buffer containing the protective sugar were incubated with the Sepharose for 18 h at 18 °C under rotation (6 rpm). The final volume of the swollen Sepharose with the grafted lectin was about 120 μl. A control sorbent using Immunoglobulin G (IgG) was prepared in the same manner as previously described, with the sole difference of not including the protective sugar in the bicarbonate buffer. The lectin or control sorbent were then packed between two polyethylene frits in 1 ml polypropylene cartridges and stored in 0.02 M Tris buffer pH 7.4 plus 0.5 M NaCl, 1 mM Mg 2+ , 1 mM Mn 2+ 1 mM Ca 2+ and NaN3 0.1% (w/v).

The supernatant obtained at the end of the immobilization process was preserved to evaluate the grafting yield. The home-made lectin-Sepharose cartridge and control sorbent were conditioned with 48 ml of 0.1 M Tris buffer, pH 8.0 and then twice with 4 ml of 0.1 M acetate buffer pH 4.0 containing 0.4 M NaCl and 4 ml of 0.1 M bicarbonate buffer pH 8.3 containing 0.5 M NaCl. Finally, the cartridges were stored in 20 mM Tris buffer pH 7.4 containing 0.5 M NaCl, 1 mM Mg 2+ , 1 mM Mn 2+ , 1 mM Ca 2+ , and 0.1% NaN3 (w/v). The amount of the grafted lectin or grafted IgG on the solid support was estimated by a BCA assay. Briefly, a calibration curve was plotted with 5 points in the concentration range of 0.1 to 2 mg ml -1 of the Con A solution diluted with the previously mentioned bicarbonate buffer with the protective sugar. For the control sorbent, the same concentration range of IgG was used, and dilution was performed in the bicarbonate buffer without the protective sugar. To establish the calibration curve, 10 μl of each of this standard solution were placed in separate wells in a 96microwell plate. Similarly, the same amount of supernatant kept after immobilization was placed in a separate well, followed by the addition of 100 μl of working reagent (bicinchoninic acid and copper (II)) in each standard and analyte. The plate was then incubated for 30 min at 37 °C while agitated at 300 rpm. Absorbance was measured at 562 nm with a UV-spectrophotometer (SpectraMax M2, Molecular Devices, St Gregoire, France). The grafted amount was determined by subtracting the amount of lectin or IgG estimated in the supernatant from initial amount added. The grafting yield was calculated by dividing the grafted amount with the initial amount.

The commercial Con A lectin cartridges were prepared by packing 120 μl of the commercially available

Con A-Sepharose sorbent between two polyethylene frits in 1 ml polypropylene cartridges. The commercial sorbents were stored in a 0.1 M acetate buffer pH 6.0 containing 1 M NaCl, 1 mM Mg 2+ , 1 mM Mn 2+ , 1 mM Ca 2+ , and 20% of MeOH (v/v) as recommended by the supplier.

Con A SPE of hCG

The initial protocol before optimization, hereby referred as protocol 1, which was used for the experiments regarding the determination of the capacity of the sorbents was as following: the sorbent was initially conditioned with a 0.02 M Tris buffer pH 7.4 containing 0.15 M NaCl, 1 mM Mg 2+ , 1 mM Mn 2+ , and 1 mM Ca 2+ . Then, 272 µl (i.e. 25 μg of uhCG) or 136 µl (i.e. 12.5 μg of uhCG) of the 92 μg ml -1 of the uhCG sample were percolated through the Con A sorbent. It should be clarified that the stock was directly percolated through the cartridges with no further dilution; therefore, the percolation medium is the 0.1 M sodium phosphate buffer (pH approx. 7.2) with 10 mg ml -1 of mannitol, which are stated as the components of the formulation after reconstitution with water of the lyophilized powder of uhCG (see section 8.2.1.). After percolation, a waiting time of 30 min was followed and then 2 ml of the same Tris buffer as for conditioning were used for washing. The elution of the weakly bound structures was performed with 2 ml of the same Tris buffer plus 0.2 M α-MG. The elution of firmly bound structures was attempted with an additional step using 2 ml of the same Tris buffer plus 0.5 M α-MM. A second protocol (protocol 2) was tested during the extraction optimization and was the same as protocol 1 with the only exception of the addition of a waiting time of 30 min before elution.

The finalized protocol after optimization, hereby referred as protocol 3, was used with the ''homemade'' and commercial Con A sorbents. 5 ml of a conditioning solution (1 M NaCl, 5 mM Mg 2+ , 5 mM Mn 2+ and 5 mM Ca 2+ ) were applied on the sorbent before introducing 136 μl of the 92 μg ml -1 uhCG sample (i.e. 12.5 μg). Percolation of the sample through the column was performed by gravity. Then, by using a syringe pump (Gemini 88 plus dual rate syringe pump, KD Scientific Inc), the column was washed with 2 ml of the washing buffer (0.02 M Tris pH 7.4 plus 0.5 M NaCl) at a flow rate of 0.4 ml min -1 . Elution was performed with 4 ml of elution buffer 1 (0.1 M acetate pH 4.5 plus 0.15 M NaCl and 0.5 M α-MM) at 0.4 ml min -1 . Finally, a second elution step was performed with 2 ml of elution buffer 2 (0.1 M acetate pH 4.5 plus 0.15 M NaCl, 0.5 M α-MM and 15% v/v of ACN) at 0.4 ml min -1 .

The washing, elution 1 and elution 2 fractions were collected and filtered through the Amicon® Ultra

Centrifugal Filters for 30 min at 4000 rpm. Then, they were washed 2 times with water on the same filters for 30 min at 4000 rpm followed by a final washing for 55 min at 4000 rpm. The final volume of about 50 μl was always precisely measured to calculate the expected final concentration. After extraction, the lectin sorbent was regenerated by applying twice 2 ml of 0.1 M acetate buffer pH 4.5 plus 0.5 M NaCl and 0.1 M borate buffer pH 8.5 plus 0.5 M NaCl. An hCG sample, which was used to compare the effect on sample recovery after SPE, was obtained by diluting 136 μl (i.e. 12.5 μg) of the uhCG stock to 2 ml with the elution buffer 1 and then performing the same filtration and concentration process as described for the lectin fractions. The final concentration of this sample, hereby referred as filtered hCG sample, should be 250 μg ml -1 with a volume of 50 μl. The application of the extraction protocol 3 was tested also for the extraction of rhCG. In this case, the process was the same with the sole difference that 10 µl of the rhCG stock (i.e. 5 µg) were diluted with 110 µl of the washing buffer and then percolated through the cartridge. Finally, the filtered rhCG sample was made by using 10 μl of the 500 μg ml -1 stock (i.e. 5 μg) and following the same filtration procedure.

NanoLC-HRMS analysis

The analysis of the concentrated fractions resulting from Con A SPE was performed by implementing the nanoLC-HRMS method previously developed in our lab [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF]. Briefly, a nanoLC system (NC 3500 RS, ThermoFisher Scientific, Courtaboeuf, France) with a trapping C18 pre-column (Acclaim PepMap300, 0.3 mm i.d. x 5 mm, 5 μm, 300 Å, ThermoFisher Scientific, Le Pecq, France) incorporated to the 10-port valve of the system, was coupled to an Orbitrap mass analyser (Exactive plus, ThermoFisher Scientific).

To protect the LC column from any particles coming from the sample that could cause clogging, two minor modifications were made to the previously published method [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF]. Firstly, an Opti Solv biocompatible nano filter (0.5 μm, ThermoFisher Scientific) was placed in the 10-port valve after the precolumn. Secondly, the sample was front-flush transferred to the EASY-Spray C18 column (Acclaim PepMap300, 150 mm i.d. x 0.075 mm, 5 μm, 300 Å, ThermoFisher Scientific) instead of the back-flush mode of transferring implemented in the original setup. The mobile phase compositions were based on (A) H2O/ACN (98/2, v/v) and (B) H2O /ACN (1/9, v/v), both with 0.05% TFA. A linear gradient of 10-65% of mobile phase (B) in 54 min (1.02%/min) was applied, followed by an isocratic 5 min step with 90% of mobile phase (B) before column equilibration for 15 min at the starting conditions. The temperature of the column was set at 60 °C, injection volume was 1 μl and the flow rate of the LC pump was 300 nl min -1 . A blank injection was performed between the analyses of the samples to avoid carry-over from one run to another.

The ionization parameters were: capillary voltage, 1.7 kV; capillary temperature, 280 °C; sheath, auxiliary, and sweep gas flows were set off. Analysis was performed in the positive full scan ion mode at a scan range from m/z 1000 to 4000 using a scan rate of 1 spectrum/s. The mass resolution was set at 140,000 at m/z 200, the AGC target at 3e6 and the maximum injection time at 200 ms. Calibration of the orbitrap mass analyser was performed by using clusters of a salt of ammonium hexafluorophosphate in the mass range of the analysis (m/z 1000 to 4000). This salt was also used as external calibrant to determine the elemental composition of the detected species thanks to accurate mass measurements performed on the maximum isotopic of protonated glycoform peaks. All the measurements were associated with an error expressed in ppm reflecting the accuracy of the experimental value compared to the theoretical value. Control of the instrument and data acquisition was performed by using Excalibur 4.1 (ThermoFisher Scientific). Data treatment was performed using the Freestyle 1.3 SP2 (ThermoFisher Scientific) software. The extracted ion chromatogram (XIC) of each peak were performed with an error that was set at 30 mDa.

Results and discussion

Analysis of uhCG and rhCG by nanoLC-HRMS

Before starting the evaluation of the performance and potential benefit of Con A SPE combined with nanoLC-HRMS for the characterization of hCG glycoforms, it was first necessary to determine the potential of the nanoLC-HRMS alone. This is why, the hCG from human urine (uhCG) was analysed at a concentration of 92 µg ml -1 without any pre-treatment. In the resulting total ion chromatogram (TIC), the hCGα glycoforms were separated from the hCGβ ones, as shown in Figure S7A (see supplementary information). This observation is consistent with the results previously observed for the analysis of the rhCG based drug (Ovitrelle®) [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF]. The glycoforms detected for both subunits correspond to the glycoforms without any additional modification, the oxidised forms of these glycoforms with one, two or three oxidation points, some phosphorylated structures plus numerous TFA adducts of the previous ones. In this study, the identified TFA adducts were not considered for the calculations described in the next sections, as they were induced by the presence of the additive in the mobile phase and their corresponding glycoforms are already considered.

Regarding oxidation, the hCGα glycoforms with 3 oxidation sites elute first within 19-20 min, followed by the ones with two oxidation sites between 20-23 min, the ones with one oxidation site between 21-23 min, and the non-oxidised ones between 22-24 min. An overlay of the XICs of the most intense glycoform of the sample and the same form with one, two and three oxidation sites is presented in Figure S7B, which illustrates that each oxidation state appears as one to three peaks with different retention times (RTs). It could be hypothesized that the oxidation peaks with an early RT could correspond to the oxidation induced during sample preparation and/or manufacturing, which could be chromatographically separated due to differences in polarity. On the other hand, the peaks corresponding to the glycoform with different oxidation rates and having RTs similar to the nonmodified one could correspond to oxidation occurring during the LC separation and/or in-source during the ionization. However, since it was difficult to distinguish which peak corresponds to in-source oxidation and which was already present in the sample before the nanoLC-HRMS analysis, only the non-oxidised glycoforms were taken into account for the calculations described in the following text.

The final list of the 29 hCGα glycoforms whose elemental composition has been determined by accurate mass measurements after a direct injection in nanoLC-HRMS of uhCG are presented in Table S11 in supplementary information. In addition, their overall suggested glycan composition, the monoisotopic mass (MM), the theoretical m/z at a charge state 7 + and the error in ppm after accurate mass measurements are presented. It is worthwhile to notice that in all the tables in the supplementary information, the hexose (Hex) could correspond to either mannose or galactose, while the N-Acetylhexosamine (HexNAc) could correspond to either N-Acetylglucosamine or N-Acetylgalactosamine monosaccharides. It should also be noted that the suggested sum of the monosaccharides attached to each of the identified forms of the hCGα described in this table could not correspond to complex tri antennary or tetra-antennary structures occupying both of the Nglycosylation sites.

Regarding the hCGβ glycoforms, the non-oxidised glycoforms were eluting between 25-27 min, while the oxidised species were eluted before, mainly between 22-23 min. As for hCGα, the detected TFA adducts of hCGβ and oxidised forms were not taken into account for the calculations in the sections below. In Table S12 (supplementary information), the final list of the 12 hCGβ glycoforms detected by direct injection in nanoLC-HRMS of uhCG, are presented. Finally, 41 hCGα or hCGβ glycoforms were detected by injecting in nanoLC-HRMS the uhCG sample.

Very similar observations were made for the rhCG analysed at a concentration of 100 µg ml -1 . The two subunits were eluting as two distinct peaks and the oxidised forms were eluting earlier in the chromatogram as seen in the supplementary information (Figure S9A) and were detected as several chromatographic peaks (Figure S9B). The TFA adducts of the unmodified glycoforms and the oxidised forms were again detectable next to them. Similarly, oxidation and TFA adducts were not considered in the following sections. The glycoforms of hCGα and hCGβ that were included in this study are reported in Table S13 and Table S14 respectively (supplementary information).

Finally, when comparing the intensities in the TICs in Figure S7A and Figure S9A, it can be seen that the signal of uhCG was not as high as the one of rhCG, with approximately the same theoretical injected concentration. This was observed also in past studies conducted in our lab, and it was partially attributed to some over estimation of the calculated concentration when converting the IU to µg ml -1

[20].

Home-made Con A sorbents

Optimization of the lectin immobilization protocol and grafting yield measurement

Once the uhCG and rhCG samples were characterized by analysing them in nanoLC-HRMS, they were used to study the potential of the home-made Con A sorbents. These sorbents were prepared using

Sepharose that was deemed a suitable solid support for the immobilization of lectins, since it demonstrates low non-specific interactions with targeted proteins due to its hydrophilicity and it has mechanical stability and resistance to pH variations [START_REF] Zucca | Agarose and Its Derivatives as Supports for Enzyme Immobilization[END_REF]. With the scope of optimizing the grafting of Con A on Sepharose, three different immobilization protocols were tested. In all three protocols described below, 100 μl of a 2 mg ml -1 Con A solution were incubated with 60 μl of Sepharose and the immobilization process lasted 18 h (supplementary information, Table S15). In the first trial, the immobilization slurry was incubated under no rotation, while the second and third protocol included 2 h and 18 h of rotation, respectively. Estimation of the grafting yield was performed with the BCA assay, as it is described in section 8.2.2. The calculated grafting yields showed that the second and third protocol resulted in an excellent yield of 97.5% as compared to a 70% grafting yield with the first protocol. Rotation is therefore necessary to ensure a fast diffusion of the lectin protein to the grafting sites of Sepharose. The third protocol with the constant rotation throughout the immobilization process was selected for the rest of the development.

The effect on the grafting yield of the amount of lectin introduced with Sepharose was next investigated by varying the amount of Con A that can be grafted on different amounts of Sepharose.

As seen in Table 18, a high average grafting yield of 98.2% with a low RSD value of 3.5% for the 15 tested syntheses was obtained, leading to lectin densities between 3.0 to 17.6 mg per ml of gel. Notably, the ratio between the amount of lectin and Sepharose did not have an impact on the grafting yield. Indeed, when using 0.2 mg of lectin for immobilization on 60 μl of Sepharose, a grafting yield of 97.5% was determined, leading to a density of 3.3 mg.ml -1 (Cartridge H1), and even when using a 3 times higher amount of lectin, i.e. 0.6 mg, to be immobilized in about half of the amount of Sepharose, i.e. 34 μl, the grafting yield was 100%, leading to a density of 17.6 mg.ml -1 (Cartridge H14). The good repeatability when using the same ratio between Con A and Sepharose was also observed. 

Investigation of the capacity of the home-made sorbents

After the successful grafting of the lectin on the solid support, the capacity of the synthesized sorbents was investigated. Indeed, it is necessary to know this value to prevent from the overloading of the lectin cartridge and to ensure that, if a form is not retained during an extraction process (i.e. present in the washing fraction and not in the elution fraction), this is only due to a lack of affinity with the grafted lectin. Given the hypothesis that one molecule of grafted lectin can bind one molecule of hCG, the calculated theoretical amounts that can be immobilized by each sorbent were between 1.3 and 4.8 µg of hCG per µl of lectin sorbent depending on the sorbent lectin density (Table 19).

Next, the experimental capacity was evaluated with SPE experiments using protocol 1 as described in section 8.2.3. The initial selection of buffers of this protocol was based on the general recommendations for Con A lectin SPE, with a Tris buffer of moderate ionic strength containing the required metal ions for affinity as equilibration and washing buffer. The collected fractions were next analysed by nanoLC-HRMS and the results are presented in Table 19. The percentages of relative recovery were calculated by using the peak area of each individual glycoform from its corresponding XIC in each fraction divided with the sum of the areas of this glycoform in all fractions (washing and elution fractions 1 and 2). This process was performed for all the glycoforms reported in Tables S1 andS2 (supplementary information) and the values were averaged to calculate the relative recovery (distribution) of the sample in the washing or elution fraction.

Results showed that when introducing three times less amount of uhCG (25 µg) as compared to the theoretical capacity (75 µg) through a 60 µl lectin sorbent with a density of 3.3 mg ml -1 (Cartridge H1), the capacity of the sorbent was exceeded, as seen by the relative percentage of the sample detected in the washing fraction, which was about 80%. Given the nature of the glycans present in the uhCG sample, which should exhibit good affinity with the lectin sorbent as expected by literature data and by the identifications mentioned in section 8.3.1 and described in Table S11, along with the fact that no unique form was detected neither in the wash nor in the elution fractions, it was concluded that the column was overloaded.

When doubling the amount of the sorbent at 120 µl keeping the same density (Cartridge H2) and applying half the amount of sample (12.5 µg), the relative amount detected in the wash fraction dropped at about 30% for the hCGα glycoforms. When a cartridge with a double lectin density of 6.6 mg.ml -1 and a volume of 180 µl was used (Cartridge H3), this relative amount detected in the wash fraction dropped again at about 2% for the hCGα glycoformes. Thus, the percolated amount should be close to the sorbent capacity, i.e. a value of about 35 times lower than the theoretical one.

Consequently, the average relative recovery in the elution 1 fraction was still substantially ameliorated (91.0%) and a small percentage was even detected in the elution 2 fraction. However, since no unique form was distinguished between the two elution fractions, this was probably due to incomplete elution with the first elution fraction. A similar experiment with the same amount of uhCG (12.5 µg) and with a lectin sorbent with a higher density (9.9 mg ml -1 , Cartridge H5) but with a lower volume of gel (120 µl) to have about the same theoretical capacity than the one involved in the previous experiment led to similar relative recoveries. Finally, using a lectin sorbent with a high volume (180 μl) and a high density (12.5 mg.ml -1 , Cartridge H13), i.e. working with a theoretical capacity of about 850 µg did not improve the average relative extraction recovery, with still about 95% of the sample found in the elution 1 fraction. In conclusion, it was seen that the experimental amount that could be retained without overloading the column was substantially lower (more than thirty times) than the calculated theoretical ones, since the experimental capacity should be around 100 μg of hCG per ml of sorbent grafted with a density of about 10 mg of Con A per ml. This could be explained by a low accessibility of the binding sites of the lectin immobilized on Sepharose, as already reported [START_REF] Cartellieri | Preparation and Evaluation of Ricinus communis Agglutinin Affinity Adsorbents Using Polymeric Supports[END_REF][START_REF] Cartellieri | One-step affinity purification of fetuin from fetal bovine serum[END_REF][START_REF] Pan | Brush polymer modified and lectin immobilized core-shell microparticle for highly efficient glycoprotein/glycopeptide enrichment[END_REF][START_REF] Ferreira | Synthesis and Optimization of Lectin Functionalized Nanoprobes for the Selective Recovery of Glycoproteins from Human Body Fluids[END_REF]. Indeed, several parameters like the orientation of the lectin after immobilization and steric hindrance can lower the accessibility to the binding sites and reduce the capacity of the sorbent [START_REF] Yang | A comparative investigation of random and oriented immobilization of protein A ligands on the binding of immunoglobulin G[END_REF]. It was decided to continue the study with cartridges having all the characteristics of the cartridge H5 that required the least amount of both Sepharose and lectin as compared to the other ones.

Protocol modifications for extraction recovery improvement

Another important parameter of the extraction procedure, which will allow the estimation of the sample loss during SPE, is the SPE recovery, calculated by comparison with the analysis of the hCG sample filtered. Preparation of the latter was performed as described in section 8.2.3. Therefore, for each experiment the extraction recovery of a glycoform was calculated by dividing (i) its peak area measured on its XIC when analysing in nanoLC-HRMS the elution fraction from Con A SPE after their concentration with ultra-centrifugal filters until a volume of about 50 µl with (ii) its peak area on its XIC obtained injecting the filtered hCG sample. It is worthwhile to notice that in this last case, the filtered hCG sample was injected with a concentration corresponding to a recovery of 100% in a given fraction, i.e. 12.5 µg in 50 µl (250 µg ml -1 ). This processing was performed for all the detected glycoforms mentioned in Tables S1 andS2 (supplementary information) and the results were averaged for all the hCGα glycoforms and also the hCGβ ones.

As seen in Table 20, the application of protocol 1 resulted in average extraction recoveries of 45.7% and 43.6% in the elution 1 fraction for the hCGα and hCGβ glycoforms, respectively. An improvement of these values by varying some parameters of the SPE process was attempted. This initial protocol 1 included an interaction time of the sample with the sorbent for 30 min between sample percolation and the washing step, in order to promote the interaction of the sample with the lectin sorbent.

Moreover, the entire procedure was performed under gravity leading to low flow rates of approximately 0.1 ml min -1 . These conditions were chosen since an initial extended interaction with the lectin slurry has been reported in past studies [START_REF] Sakai | Sugar Chain Heterogeneity of Human Urinary Chorionic Gonadotropin Determined by Serial Lectin Affinity Chromatography: Difference between Benign and Malignant Disease[END_REF][START_REF] Amr | Characterization of a carboxyterminal peptide fragment of the human choriogonadotropin beta-subunit excreted in the urine of a woman with choriocarcinoma[END_REF][START_REF] Blithe | Similarity of the Clearance Rates of Free α-Subunit and α-Subunit Dissociated from Intact Human Chorionic Gonadotropin, Despite Differences in Sialic Acid Contents[END_REF][START_REF] Skarulis | Glycosylation changes in human chorionic gonadotropin and free alpha subunit as gestation progresses[END_REF] and also low flow rates (i.e. 10 ml h -1 ) were applied during SPE, which was performed under gravity [START_REF] Dufau | Interaction of glycoprotein hormones with agaroseconcanavalin A[END_REF][START_REF] Mann | Molecular heterogeneity of human chorionic gonadotropin and its subunits in testicular cancer[END_REF]. However, no clear justification was made in these studies regarding the effect on selectivity or improvement of extraction recovery. This is why, the potential impact of these parameters was investigated here. First, an additional interaction time of the sample with the lectin cartridge for 30 min before elution (protocol 2) was implemented, but this led to only a small increase in the extraction recoveries, with values of 46.9% and 48.1% for hCGα and hCGβ glycoforms, respectively, which may not be significant. With the aim of reducing the non-specific interactions of the hCG with the Con A-grafted sorbent, a new conditioning buffer was chosen for the protocol 3. This buffer had a much higher ionic strength (1 It is worthwhile to notice that on the chromatograms in Figure 25A, one or two peaks are present around 40 min, especially in the elution fractions, which is not the elution area of hCG. The analysis of a Con A solution at three concentration levels with the same nanoLC-HRMS method led to peaks at about the same retention time (Supplementary information, Figure S10). Therefore, they should correspond to Con A. By inspection of the average spectrum, the monomers of the tetrameric lectin and some lower MW forms that could potentially be degradation products of the lectin or impurities were detected. The presence of Con A in the chromatogram could be due to some leaking from the sorbent during its use, which may be attributed to the instability of the bond between the activated Sepharose and the amine ligand [START_REF] Li | Affinity Monolith Chromatography: A Review of General Principles and Applications[END_REF][START_REF] Wilchek | Structure of a soluble super-active insulin is revealed by the nature of the complex between cyanogen-bromide-activated sepharose and amines[END_REF]. A second hypothesis is that some non-grafted lectins were eluting form the gel that were not adequately removed during the conditioning steps implemented right after immobilization.

Commercial Con A sorbents

To compare the performance of the home-made Con A sorbents to the a commercial one, a cartridge containing the same volume of 120 μl of commercial Con A sorbent was prepared (Cartridge C1). Since the lectin density of the commercial sorbent was 13 mg ml -1 , the total quantity of the lectin in this cartridge was 1.56 mg, which was slightly higher compared with the home-made Cartridge H6, for which 1.20 mg of lectin were grafted to 120 μl of Sepharose. The specifications of each of the two Sepharose products are very close as both are based on 4% of agarose gel activated with cyanogen bromide with very similar particle sizes (45-165 and 40-165 µm for the commercial and home-made ones, respectively). Since the Con-A based sorbents are very similar, the capacity of the commercial sorbent was not investigated and the improved SPE process (protocol 3) was attempted with 12.5 μg of uhCG. The collected fractions were concentrated and analysed by nanoLC-HRMS and the corresponding chromatograms are depicted in Figure 25B. Similar observations were made for the commercial sorbent, as for the home-made one, with the majority of the sample detected in the elution 1 fraction, and about 8% in elution 2 fraction.

Moreover, the same peaks corresponding to Con A were observed in the chromatograms, showing a loss of the lectin when the commercial cartridge was used. More specifically, to estimate the amount of lectin leaking from the sorbent, a calibration curve was plotted with a solution of Con A diluted in the same elution buffer as of the SPE process in the concentration range of 0.1-0.5 mg ml -1 and injected in nanoLC-HRMS (Supplementary information, Figure S10). As seen in Figure 26, the estimated amount of Con A leaked during the first use of the commercial Cartridge C1 was almost double that the one calculated during the first use of the home-made sorbent (Cartridge H6). Both sorbents showed a decrease in the loss of the lectin during their second use, by repeating the protocol 3. At the third use, the commercial sorbent exhibited a loss of 5.7 μg, which was further minimized by the fourth use. It should be highlighted that, considering the amount of lectin immobilized in the Cartridge C1 that is 1.56 mg as previously mentioned, the loss of 12.4 µg at the first use of Cartridge C1 corresponds to less than 1% of the total amount of the sorbent, and it is the same order of magnitude for the homemade grafted one.

Nevertheless, it is also worth noting that the average extraction recoveries correlate with the number of uses of the commercial sorbent and the estimated loss of Con A . Indeed, low average recoveries of the hCGα glycoforms were obtained at the first and second use (5.5% and 12.2%, respectively), and a high value of 58.3% at the third use of the cartridge, equivalent to the extraction recovery determined with the home-made sorbent (60.6%). This behaviour was the same for the average recoveries of the hCGβ glycoforms: 6.7% at the first use, 15.7% at the second, and 62.2% at the third, which is similar to the value measured with the home-made sorbent (55.6%). Moreover, if an extensive pre-conditioning of the cartridge was implemented with the Tris, acetate, and bicarbonate buffers as it was usually performed with the home-made sorbents after the Con A grafting step (see section 8.2.2.) before using them, a recovery of 52.1% was measured at the first use of the commercial sorbent introduced in a second SPE cartridge (Cartridge C2). In this case, the estimated loss of Con A during the first use of the extensively pre-conditioned Cartridge C2 was 5.4 μg, which is a similar value as the one observed with the home-made cartridge during its first use. Without this extensive pre-conditioning, this value is reached only for the third use of the Cartridge C1. It is therefore concluded that good recoveries for the commercial sorbent can be achieved when the non-grafted residuals of Con A are sufficiently removed from the sorbent, either by multiple uses of the same sorbent or by an extensive preconditioning procedure before its first use. If these non-grafted residuals Con A lectins are not removed, they can interact with the hCG glycoforms, reducing their retention by the grafted Con A, and thus their extraction recoveries. This phenomenon has never been reported in literature, as far as we know. This may be due to the fact that most often only qualitative and not quantitative studies are performed. This phenomenon was not observed with the home-made Con A sorbents, since an extensive pre-conditioning was always implemented immediately after the grafting step. 

Intra-and inter-assay SPE repeatability

The intra-assay variation was assessed by repeating the extraction of 12.5 μg of uhCG following protocol 3 on the same home-made Cartridge H6. All the data processing mentioned here were performed for the glycoforms detected in the elution 1 fraction. For each repetition, the XIC of each glycoform was analysed for the determination of its retention time (RT), peak area, and extraction recovery. For an hCGα glycoform, its relative area was calculated by normalizing its peak area by the area of the hCGα glycoform with the highest area value (i.e. the glycoform having a monoisotopic mass of 13,941.90622 Da). For an hCGβ glycoform, the same processing was performed, but with the hCGβ glycoform with the highest area (i.e. the one with a monoisotopic mass of 23,636.52981 Da). It should be highlighted that the exact concentration of each glycoform is not known and due to the electrospray ionization process a bias can be introduced in the analysis. As a result, the glycoform with the highest area is not certainly the predominant one in the initial sample; therefore a semi-quantitative approach should be followed, as absolute quantification is not possible [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF]. process, the results were satisfactory. It should be noted that all the glycoforms detected in the first experiment were also detected during the second and third repetition, giving a 100% overlap of the qualitative data.

The inter-assay variation was evaluated in the elution 1 fraction by repeating the extraction on three cartridges (H6, H7 and H8) with the same lectin density and sorbent volume (Table 18). The list of the average extraction recovery of each hCGα glycoform with the corresponding RSD is presented in Table S16 (supplementary information). The average values of relative areas and their RSDs are presented in Table S17. Similarly, Table S18 and Table S19 contain the respecting information for the hCGβ glycoforms. As seen in Table 21, the RSD values for RT were below 1.1% for both subunits. The RSD values for the relative area are below 37%, with an average around 12%. The RSD range of the extraction recoveries was 0.6-29.1% with an average of 9.5% for the hCGα glycoforms and 3.1-23.8%

with an average of 15.7% for the hCGβ ones. Even if these values are as expected slightly higher than the intra-assay ones, it can be concluded that inter-assay variation was satisfactory. The intra-assay variation was similarly evaluated with the commercial sorbent, by repeating the Con A SPE protocol 3 on Cartridge C1 at its third, fourth and fifth use. In Table 21, the RSD values for the RTs were below 1.2%. Regarding extraction recoveries and relative areas, the RSD values did not exceed 26% and 30%, respectively. The inter-assay variation was similarly evaluated by repeating the extraction process on three different cartridges, with two different cartridges at their third use (Cartridges C1 and C3) and one cartridge after applying the extensive pre-conditioning process (Cartridge C2). As seen in Table 21, RSD values below 1.4%, 23%, and 29% were recorded for the RTs, relative areas, and extraction recoveries, respectively. These results are quite satisfactory and similar for home-made or commercial sorbents, once the commercial support is well rinsed.

Study of specificity with control sorbent

To verify the specificity of both the commercial and home-made Con A sorbents, a control sorbent was prepared with the immobilization of IgG on Sepharose. Indeed, the MW of IgG is about 150 kDa, whereas the MW of the tetramer of Con A is about 125 kDa. Since IgG does not contain any binding sites that can interact with the carbohydrates of the hCG glycans, IgG is not expected to have any affinity with the hCG glycoforms. The grafting yield of IgG was estimated to be 90% and therefore a density of 9.0 mg ml -1 was achieved by grafting 1.08 mg of the protein to 120 µl of the support.

The same SPE protocol 3 with uhCG was applied to the control sorbent. As observed in Figure 27, the uhCG glycoforms were mainly detected in the washing fraction. No glycoform was seen in the elution 1 fraction, whereas around 11% of the sample was found in elution 2 fraction. This percentage should represent the retention of the sample by non-specific interactions with the solid support. However, the presence of the major part of the sample in the washing fraction when using the IgG-based sorbent in contrast to the results obtained with the Con A sorbents with which the majority of the sample was found in the elution 1 fraction is a proof of the specificity of the Con A sorbents towards uhCG. 

Glycoform fractionation of uhCG by Con A SPE

In the beginning of the development of the Con A sorbents, it was mentioned that they can serve as tools for the fractionation of the glycoforms of hCG that exhibit affinity towards the lectin and the ones that do not. Thanks to the high performance of our analytical method, the data were contemplated from this point of view and led to Venn diagrams showing the number of hCGα and hCGβ glycoforms detected in the SPE fractions (Figure 25C). Using home-made or commercial Con A sorbent, 9 hCGα glycoforms were present only in the washing fractions. Their spectrum is reported in Figure S11 in the analysis using the home-made Cartridge H6. A similar spectrum was obtained for the analysis with the commercial sorbent (data not shown). They could correspond to glycoforms with N-glycans having tetra-antennary structures and two phosphorylated structures as seen in Table S20 (supplementary information), i.e. glycans known to have no affinity with Con A, even if the low intensity of their isotopes and bad peak shape did not allow their unequivocal identification, as their identification by accurate mass measurement gave an error of about 16 ppm. More importantly, they were not detected by analysing uhCG in nanoLC-HRMS without Con A SPE. Indeed, the identification of the detected glycoforms without prior Con A SPE indicated that no tri-or tetra-antennary glycans in both glycosylation sites could be attributed to any of the hCGα detected glycoforms. However, recent studies concerning the glycosylation of hCG have described the presence of tetra-antennary structures in pregnancy urine, but in a much lower abundance compared to bi-antennary structures or monoantennary and oligo mannose structures [56,[START_REF] Ibeto | Insights into the hyperglycosylation of human chorionic gonadotropin revealed by glycomics analysis[END_REF]. Analysis of cancer samples from e.g. choriocarcinoma where glycans of higher antennarity have been reported, could also support this hypothesis [START_REF] Valmu | Site-specific glycan analysis of human chorionic gonadotropin β-subunit from malignancies and pregnancy by liquid chromatography--electrospray mass spectrometry[END_REF].

Further validation of the nature of these glycoforms could be performed by a MS/MS verification and/or glycan release approach and/or enzymatic digestion followed by LC-MS/MS. Finally, it should be highlighted that those glycoforms could not be detected without prior Con A SPE as they would have been "masked" by the highly abundant isotopes of the other glycoforms of uhCG. Therefore, they

were not considered for the calculation of the recoveries that are mentioned in the previous sections.

In the chromatogram of the washing fraction, some other peaks were also detectable with retention time ranges of roughly 27-28 min, 29-30.5 min, 35 -35.8 min (supplementary information, Table S21).

However, identification of these structures could not be performed due to low intensity and bad peak shape. Further complementary studies are needed to verify their nature. Nevertheless, the Con A SPE exhibited potency to differentiate those structures from the main uhCG glycoforms.

Comparison between home-made and commercial sorbents in terms of affinity

Both home-made and commercial sorbents showed the expected affinity with the uhCG sample according to its glycosylation, a fractionation being achieved between the washing and elution 1 fractions, which allows the detection of hCGα glycoforms with potentially tetra-antennary N-glycans.

Those are the 9 glycoforms seen exclusively in the washing fraction in the Venn diagrams represented in Figure 25C. Therefore, from a qualitative aspect both were successful for the intended purpose. As seen in the Venn diagrams depicted in Figure 25C, 20 out of the 29 main glycoforms were detected in the washing fraction of the home-made sorbent. However, as seen in Table 20, this represents only 2.9% of the total sample. Therefore, a relatively small percentage of the sample was observed in the washing fraction of the home-made sorbent due to a slight overloading of the column. In contrast, none of the forms were detected in the washing fraction of the commercial sorbent. This may be due to the higher amount of Con A that should be present in the commercial cartridges compared to homemade ones (1.56 mg and 1.20 mg, respectively).

The average extraction recoveries obtained during inter-assay evaluation with their standard deviations of 6 hCGα and 6 hCGβ glycoforms with high peak areas measured on their own XIC are reported in Figure 28A and Figure 28B, respectively. The home-made sorbents seem to always lead to higher extraction recoveries than the commercial ones. It should be highlighted however, that the drop in recovery for the commercial sorbents is mainly attributed to the performance of Cartridge C2, determined at its first use after the extensive pre-conditioning. When comparing the values obtained with the Cartridge H6 and with cartridges C1 or C3 at their third use, no statistical significance was observed in a paired t-test (p<0.05). In conclusion, similar performances between the home-made and commercial sorbents were obtained for the Con A SPE of uhCG. 

Glycoform fractionation of rhCG by Con A SPE

The SPE protocol 3 was used with an hCG of different origin using the rhCG sample. This experiment was performed with the scope of investigating the ability of the lectin to fractionate the hCG glycoforms in different preparations. As mentioned in section 8.3.1, the signal in the TIC of rhCG was higher than that of uhCG. Therefore, to avoid overloading the column, a lower sample amount of 5 μg was selected. The TICs corresponding the nanoLC-HRMS analysis of the concentrated washing, elution 1, and elution 2 fractions are depicted in Figure 29A and Figure 29B, with the use of a home-made and a commercial Con A sorbent, respectively. In both cases, most of the sample was detected in the elution 1 fraction. The data processing was performed by using the hCGα and hCGβ glycoforms presented in supplementary information (Table S13 and Table S14).

Qualitatively, the glycoform hCGα + HexNAc(10)Hex( 12)NeuAc( 5), which could correspond to two triantennary N-glycans with 5 NeuAc overall, was only detected in the washing fraction obtained with the commercial sorbent (see Figure 5C). This is in line with the selectivity of the lectin, which does not have affinity with the high antennarity forms. Additionally, no unique glycoform was detected in the elution 2 fraction in comparison to the elution 1 fraction, meaning that any part of the sample detectable in this fraction is the result of non-specific interactions.

As seen in Table 22, the average relative recovery of the hCGα glycoforms in the washing fraction was 3.5%. However, by excluding the hCGα + HexNAc(10)Hex( 12)NeuAc( 5) glycoform from the overall calculations (relative recovery of 100% of in the washing fraction), the percentage found in the washing fraction is less than 1%, demonstrating that the capacity of the column was not exceeded and the difference in the relative distribution is a result of the specific affinity of the glycoforms with the lectin..

For the hCGβ forms, practically 0% was detected in the washing fraction while 84.0% and 16.0% was found in the elution fractions 1 and 2. Regarding the average recoveries, they were equal to 41.2% and 42.4% for the hCGα and hCGβ glycoforms, respectively, in the elution 1 fraction and around 10%. in the elution 2 fraction (the detailed extraction recoveries are presented in Tables S22 andS23). Slightly lower recoveries were thus obtained with the rhCG sample than with the uhCG sample.

Regarding the results obtained with the home-made Con A sorbent, and more especially the Venn diagrams in Figure 5C, 3 hCGα glycoforms were detected only in the washing fraction: hCGα +HexNAc(10)Hex( 12)NeuAc( 5), hCGα + HexNAc(10)Hex( 12)NeuAc(4), and hCGα +HexNAc(10)Hex( 12)NeuAc(3). Therefore, the home-made sorbent led here to a better fractionation according to glycosylation, isolating 3 hCGα glycoforms with tri-antennary N-glycans, known for having no affinity with Con A. In Table 22, the relative average recovery in the washing fraction is 10.4% for the hCGα glycoforms when a relative recovery of 100% is considered for the 3 glycoforms with the tri-antennary N-glycans mentioned above. However, it drops to less than 1% again when those forms are not included in the calculations, meaning that the capacity of the cartridge was not exceeded and Venn diagram results from the specific affinity of the glycoforms with the lectin. Likewise, the average relative recoveries of the hCGβ glycoforms were 0% in the washing, 87.8% in the elution 1, and 12.2% in the elution 2 fractions.

Finally, the average extraction recovery was 45.0% in elution 1 fraction for the hCGα glycoforms, when excluding the 3 hCGα glycoforms with the tri-antennary N-glycans. It was 10.4% in the elution 2 fraction, as previously observed with the commercial sorbent and also with the uhCG sample.

Concerning the average extraction recovery of the hCGβ glycoforms, a value of 49.5% in the elution 1 and 9.6% in the elution 2 fractions were obtained. Once again, the detailed extraction recoveries are presented in Tables S12 andS13). Those results obtained for both subunits are similar to ones when using the commercial cartridge.

Conclusions

In this study, an off-line analysis of uhCG and rhCG with a nanoLC-HRMS method after SPE with lectin Con A sorbents was evaluated. Using an in-house immobilization process that generated high grafting yields, sorbents with a wide range of lectin densities were made. First, the capacity of the sorbents was estimated, to use as little sample and sorbent amount as possible and still be within the detection and quantification limits of the analytical method. Although in the past, sorbents with a volume of over 1 ml were mostly used, we demonstrated that even 120 µl were adequate to analyse 12.5 µg of uhCG and 5 µg of rhCG. Moreover, with the capacity investigation, we verified that any sample detected in the washing fraction would be due to lack of affinity with the sorbent and not from overloading the cartridge. In addition, optimization of the extraction parameters led to a minimized analysis time and improvement of the recovery (up to 70%). A comparison with the corresponding commercial lectin sorbents showed that those good values of extraction recovery could only be achieved after multiple usage or extensive pre-conditioning of the sorbent to remove the residual non-grafted lectins that could potentially bind a part of hCG and prevent its retention by the lectin sorbent. Moreover, the inter-and intra-repeatability of the extraction process was evaluated with satisfactory results for both the home-made and commercial sorbents. This is the first time that such a detailed characterization of the lectin sorbents for the extraction of specifically hCG is performed combined with a highperformance analytical method. Finally, a potency for fractionation of the sample was observed, which can allow the better detectability of low abundancy forms. Especially for the uhCG sample, hCGα glycoforms that are hypothesized to have two tetra-antennary N-glycans and which could not be detected without this fractionation process were revealed. This is specifically important, since more complex glycosylated structures are potential biomarkers for various pathologies. Overall, the Con A sorbents can benefit the glycosylation profiling of hCG in combination with more sophisticated analytical techniques like the nanoLC-HRMS for intact protein analysis. To our knowledge, this is the first study combining lectin fractionation protocols in general with such an analytical technique.

Chapter 9. Evaluation of Jacalin lectin sorbents for the extraction of the glycoforms of the human chorionic gonadotropin followed by analysis with nano liquid chromatography-high resolution mass spectrometry

In this chapter, the evaluation of the commercially available Jacalin Sepharose sorbents for the extraction of hCG according to glycosylation is reported. As for Con A, they were coupled off-line to the nanoLC-HRMS for intact protein analysis of the same purified preparations of hCG. This chapter is written in the form of an article: A. [START_REF] Valmu | Site-specific glycan analysis of human chorionic gonadotropin β-subunit from malignancies and pregnancy by liquid chromatography--electrospray mass spectrometry[END_REF][START_REF] Cole | hCG, five independent molecules[END_REF]. However, glycosylation has a direct impact on the functions of the hormone; it can affect its stability, renal clearance, interaction with its receptors etc., while it can also be an indication of pathologies during pregnancy or of certain malignancies when abnormal glycosylation patterns are observed [32,[START_REF] Talbot | Detection of maternal serum hCG glycoform variants in the second trimester of pregnancies affected by Down syndrome using a lectin immunoassay[END_REF]. Finally, since this hormone is used in assisted fertility treatments, as for example by the administration of recombinant hCG (rhCG), the characterization of the glycosylation state is also crucial for batch-to-batch consistency [29].

Nonetheless, the study of the glycosylation of hCG with a total of 8 glycosylation sites remains a challenging goal. Various studies have been performed, including bottom-up approaches that incorporate a digestion step before liquid chromatography-mass spectrometry (LC-MS) analysis of the generated glycopeptides [18,[START_REF] Perchepied | Development of Immobilized Enzyme Reactors for the characterization of the glycosylation heterogeneity of a protein[END_REF][START_REF] Liu | Mass Spectrometric Characterization of the β-Subunit of Human Chorionic Gonadotropin[END_REF][54][START_REF] Valmu | Site-specific glycan analysis of human chorionic gonadotropin β-subunit from malignancies and pregnancy by liquid chromatography--electrospray mass spectrometry[END_REF][56]. Glycan release approaches have also been carried out as complementary to bottom-up applications [56,[START_REF] Gervais | Glycosylation of human recombinant gonadotrophins: characterization and batch-to-batch consistency[END_REF][START_REF] Ibeto | Insights into the hyperglycosylation of human chorionic gonadotropin revealed by glycomics analysis[END_REF][START_REF] Thennati | Analytical characterization of recombinant hCG and comparative studies with reference product[END_REF]. Intact protein analysis with LC-MS [18,[START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms by nano-LC-(Orbitrap)MS: application to the α-subunit of human chorionic gonadotropin and follicle-stimulating hormone[END_REF]62] or capillary electrophoresis-MS [START_REF] Thakur | Profiling the Glycoforms of the Intact α Subunit of Recombinant Human Chorionic Gonadotropin by High-Resolution Capillary Electrophoresis-Mass Spectrometry[END_REF]20] has offered additional information concerning the macro-heterogeneity of the hormone and/or the possibility of a glycan profiling of the relative abundance of the glycoforms in a sample [START_REF] Camperi | Separation methods hyphenated to mass spectrometry for the characterization of the protein glycosylation at the intact level[END_REF]. This is why, recently in our lab, an optimized nano liquid chromatography (nanoLC) with reversed phase mode combined with high resolution mass spectrometry (HRMS) method has been developed for the analysis of the hCG glycoforms at the intact level [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF]. With this method, multiple glycoforms of both hCGα and hCGβ of a rhCG-based drug were detected and characterized in a semi-quantitative manner. However, the glycoform mixture was so complex that the data treatment was time-consuming and it is questionable whether some glycoforms were not masked by LC co-elution or ionization defect at the spectrometer inlet.

However, another complementary tool that contributed on the knowledge of the glycosylation state of hCG concerned the use of lectin proteins. Lectins can bind specific carbohydrates of glycoproteins and since each lectin exhibits affinity for certain glycosylation pattern(s), they can capture selectively the glycoforms according to their glycosylation [START_REF] Iskratsch | Specificity analysis of lectins and antibodies using remodeled glycoproteins[END_REF]. Regarding hCG, lectin immunoassays have been used for the profiling of the hCG glycosylation in samples of various origins [13,[START_REF] Riccetti | Heterogeneous hCG and hMG commercial preparations result in different intracellular signalling but induce a similar long-term progesterone response in vitro[END_REF][START_REF] Riccetti | Glycosylation Pattern and in vitro Bioactivity of Reference Follitropin alfa and Biosimilars[END_REF][START_REF] Talbot | Detection of maternal serum hCG glycoform variants in the second trimester of pregnancies affected by Down syndrome using a lectin immunoassay[END_REF][START_REF] Kelly | Lectin immunoassays using antibody fragments to detect glycoforms of human chorionic gonadotropin secreted by choriocarcinoma cells[END_REF][START_REF] Kelly | Determination of hyperglycosylated human chorionic gonadotropin produced by malignant gestational trophoblastic neoplasias and male germ cell tumors using a lectin-based immunoassay and surface plasmon resonance[END_REF][START_REF] Kobayashi | Glycan profiling of gestational choriocarcinoma using a lectin microarray[END_REF].

Another interesting application of lectins for the study of the hCG glycosylation concerns a technique called lectin affinity chromatography. It is in fact rather a pre-treatment step, since the sample of interest is subjected to a solid phase extraction (SPE) process using a support functionalized with a lectin. Briefly, the sample is percolated through a cartridge or column that contains the sorbent functionalized with a lectin. Afterwards, the non-retained fraction of the sample that does not contain the specific glycosylation patterns that have affinity for the lectin, is removed from the sorbent by application of a washing solution. Then, the retained glycoforms are eluted with a buffer containing a competitive sugar [START_REF] Kobata | Immobilized lectin columns: useful tools for the fractionation and structural analysis of oligosaccharides[END_REF]. Among the most popular solid supports for lectin immobilization are agarosebased materials, such as Sepharose, since they have a relatively low cost and are macroporous and hydrophilic polymers that exhibit stability over a wide range of pH [START_REF] Zucca | Agarose and Its Derivatives as Supports for Enzyme Immobilization[END_REF]. Consequently, many companies propose sorbents based on lectins immobilized on Sepharose that can be used in SPE processes for glycoprotein fractionation.

Among the various lectins that have so far been applied for the study of hCG, Jacalin, which is derived from Artocarpus integrifolia (jackfruit seeds), has been used for the investigation of the Oglycosylation. Indeed, Jacalin binds to some of the most common O-glycosylation patterns. More specifically, it has affinity toward the Tn antigen (N-acetylgalactosamine (GalNAc) attached to the Ser or Thr amino acid), the T antigen (Core 1, the Tn antigen extended by the addition of a galactose (Galβ 1-3GalNAc α-Ser/Thr), and to the sialyl T antigen (Neu5Ac α2-3Galβ 1-3GalNAc α-Ser/Thr). It binds also to the less commonly encountered Core 3 (N-acetyl glycosamine (GlcNAc) in a β 1-3 position (GlcNAcβ 1-3GalNAc α-Ser/Thr)). However, when the 6 th carbon of the initial GalNAc sugar is occupied, the affinity is impeded and structures like the core 2 type O-glycans and the disialyl T antigen are not expected to have affinity [START_REF] Tachibana | Elucidation of binding specificity of Jacalin toward O-glycosylated peptides: quantitative analysis by frontal affinity chromatography[END_REF]. Finally, Jacalin can also bind high mannose N-linked structures [START_REF] Durham | Targeted glycoproteomics: Serial lectin affinity chromatography in the selection of O-glycosylation sites on proteins from the human blood proteome[END_REF].

Jacalin SPE has been used for the study of the glycosylation patterns of hCG derived from urine of healthy pregnant women [START_REF] Hortin | Lectin affinity chromatography of proteins bearing O-linked oligosaccharides: Application of jacalin-agarose[END_REF] and from urine of patients with benign endometrioma or Ia, IIa or advanced stages of cervical cancers with and without metastases [START_REF] Sakai | Sugar Chain Heterogeneity of Human Urinary Chorionic Gonadotropin Determined by Serial Lectin Affinity Chromatography: Difference between Benign and Malignant Disease[END_REF]. In these studies, measurement of the hCG content in the collected fractions after lectin SPE was performed with radioimmunoassay or immunoassay, but no further structural characterization was performed. Interestingly, Jacalin SPE has also been used for the enrichment of the O-GalNAc glycopeptides obtained after tryptic digestion, N-deglycosylation and partial O-deglycosylation of a purified commercial hCG, with the lectin fractions analysed off-line with LC-MS/MS [START_REF] Bai | From individual proteins to proteomic samples: characterization of O-glycosylation sites in human chorionic gonadotropin and human-plasma proteins[END_REF]. In this study, hCG was used as a model glycoprotein to confirm the potency of the Jacalin sorbent to isolate the glycopeptides from the overall tryptically digested mixture. Still, it concerned a bottom-up approach followed by partial deglycosylation prior to lectin SPE to obtain only the glycopeptides with the Tn antigen, with the objective to reveal possible novel O-glycosylation sites rather than identifying the attached glycans. To our knowledge, this is the only study found in literature where lectin SPE and LC-MS analysis were coupled for the characterization of hCG, and it was done at the bottom-up level.

Regarding applications of lectin SPE coupled with LC-MS for the characterization of hCG at the intact level, only one study can be found, which we have recently published [START_REF] Goumenou | Characterization of Concanavalin A-based lectin-sorbents for the extraction of the human chorionic gonadotropin glycoforms before their analysis by nano liquid chromatography-high resolution mass spectrometry[END_REF]. It involved lectin SPE using a different lectin, Concanavalin A (Con A), coupled off-line with nanoLC-HRMS for the analysis of the fractions containing glycoforms present in two different hCG samples. It was the first demonstration that the combination of lectin SPE with intact protein analysis by nanoLC-HRMS can contribute to a more detailed glycosylation profiling of hCG since it allowed the detection of hCGα with two tetraantennary N-glycans that couldn't be detected by direct analysis in nanoLC-HRMS without Con A SPE.

In the current paper, the same approach was used, but with the Jacalin lectin. First, the capacity, meaning the amount of hCG in μg that can be captured per ml of a commercial Jacalin-based sorbent was investigated. In addition, the SPE protocol was modified to improve the extraction recoveries of the glycoforms present in two hCG samples (rhCG and a hCG of urinary origin (uhCG)). Lastly, the potential of Jacalin SPE was investigated for the fractionation of the hCG glycoforms. hexafluorophosphate, bicinchoninic acid (BCA) protein assay reagent, disposable polypropylene cartridges (SPE tubes of 1 ml and 3 ml), polyethylene frits (20 μm porosity) and Amicon® Ultra

Centrifugal Filters with 10 kDa molecular weight cut-off (MWCO) were all purchased from Sigma Aldrich (Saint-Quentin Fallavier, France). Potassium dihydrogen phosphate, di-sodium hydrogen phosphate dihydrate, sodium bicarbonate and boric acid were ordered from VWR (Fontenay-sous-Bois, France). Artocarpus integrifolia lectin (Jacalin) -Separopore® 4B with a density of 4.5 mg of Jacalin per ml of solid support was ordered from Coger (Paris, France). Ultra-pure water was acquired from a Milli-Q purification system (Millipore, Molsheim, France).

The human chorionic gonadotropin from human urine (uhCG) was purchased as a lyophilized powder (10,000 International Units (IU)) from Sigma Aldrich (Saint-Quentin Fallavier, France). A final concentration at 1,000 IU ml -1 was achieved by diluting the powder with 10 ml of LC-MS grade water as recommended by the provider. After this reconstitution the formulation also contained 0.1 M sodium phosphate buffer (pH approx. 7.2) and 10 mg ml -1 of mannitol, as stated by the provider. Taking into account that 1 IU equals to 0.092 μg [START_REF] Berger | The molecular relationship between antigenic domains and epitopes on hCG[END_REF], the solubilized drug equals to a concentration of 92 μg

ml -1 .
The recombinant human chorionic gonadotropin (rhCG)-based drug, Ovitrelle®, was purchased from Organon (Oss, The Netherlands). Before use, the additives and excipients of the drug formulation were removed by filtering with the Amicon® Ultra Centrifugal Filters with a 10 kDa MWCO. The filtration and two additional steps of washing with LC-MS grade water was performed with centrifugation at 13,300 rpm for 10 min. The drug was recovered by inverting the filter and performing a final step of centrifugation for 2 min at 10,000 rpm. The final concentrated solution after the filtration process was further diluted with LC-MS grade water at a final concentration of 500 μg ml -1 of rhCG.

Preparation of SPE cartridges

For the extraction of rhCG, 200 μl or 400 μl of the Jacalin sorbent were packed between two polyethylene frits in a 1 ml polypropylene cartridge, which was then stored in a 0.05 M Tris buffer pH 7.0 containing 0.15 M NaCl and 0.02% NaN3 until usage. For the application to uhCG, 800 μl of the Jacalin sorbent were packed between two polyethylene frits in a 3 ml polypropylene cartridge, which was stored in the same storage buffer.

A control sorbent with a volume of 400 μl of cyanogen bromide activated-Sepharose and the same total amount of protein (1.8 mg) of BSA as of the sorbent of Jacalin in this volume, was synthesized following an immobilization process previously developed in our lab [START_REF] Bonichon | Development of immobilizedpepsin microreactors coupled to nano liquid chromatography and tandem mass spectrometry for the quantitative analysis of human butyrylcholinesterase[END_REF][START_REF] Goumenou | Characterization of Concanavalin A-based lectin-sorbents for the extraction of the human chorionic gonadotropin glycoforms before their analysis by nano liquid chromatography-high resolution mass spectrometry[END_REF]. Briefly, the immobilization was performed by swelling 233 mg (about 400 μl) of Sepharose with 2 ml of 1 mM HCl under rotation (6 rpm for 15 min), which was then washed twice with 2 ml of a 0.1 M bicarbonate buffer pH 8.3 plus 0.5 M NaCl. Then, 900 μl of a 2 mg ml -1 BSA solution in the bicarbonate buffer were added to the Sepharose and incubated for 18 h at 18 °C under rotation (6 rpm). The control sorbent was placed between two polyethylene frits in 1 ml cartridges and conditioned with 48 ml of 0.1 M Tris buffer pH 8.0 (solution S4), 8 ml of 0.1 M acetate buffer pH 4.0 plus 0.4 M NaCl (solution S5), and 8 ml of 0.1 M bicarbonate buffer pH 8.3 plus 0.5 M NaCl (solution S6). The supernatant after the immobilization was kept for the estimation of the grafting yield as calculated with a BCA assay [START_REF] Perchepied | Development of Immobilized Enzyme Reactors for the characterization of the glycosylation heterogeneity of a protein[END_REF][START_REF] Bonichon | Development of immobilizedpepsin microreactors coupled to nano liquid chromatography and tandem mass spectrometry for the quantitative analysis of human butyrylcholinesterase[END_REF],

by plotting a calibration curve with 5 concentration points in a range of 0.1 to 2 mg ml -1 of the BSA solution in the bicarbonate buffer and comparing the absorption at 562 nm of the standard curve with the one of the collected supernatant.

SPE protocols

First, the solution used for the percolation and washing steps was the same and will be called washing solution in the manuscript. For all the procedures described below, the initial sample amount was diluted with the appropriate volume of the washing solution, to reach the final cartridge volume (Vc),

i.e. 200 μl, 400 μl or 800 μl. Unless stated otherwise, conditioning of the cartridge was performed with 10 Vc of the washing solution, as it also the percolated one.

All the tested protocols are summarized in supporting information (Table S24). The initial protocol (protocol 1) was the following: after conditioning of the cartridge and percolation of the sample, 2 ml of the washing solution S1, which is a 0.05 M Tris buffer pH 7.0 plus 0.15 M NaCl were used. Elution was performed with 2 ml of the elution solution (solution S1 plus 0.5 M Gal). This protocol was applied using a pressure (estimated flow rate of 1.2 ml min -1 ) or under gravity (estimated flow rate of 0.1 ml min -1 ). PBS was next used as the washing buffer (1 ml) and elution was attempted with 2 ml of 0. 

NaCl (Solution S3

). Then, the sample was percolated (10 µl of the 500 µg ml -1 stock of rhCG (i.e. 5 µg) diluted to 400 µl with the Solution S3), the washing was performed with 2 ml of the Solution S3. A first elution step was performed with 2 ml of the Solution S3 plus 0.5 M Gal and a second elution step with 2 ml of the solution S3 plus 0.5 M Gal plus 15% v/v of ACN. The same protocol was used for the extraction of uhCG with some slight modifications; firstly, a 800 µl sorbent was used and the estimated flow rate was 1.8 ml min -1 with the process performed again under gravity. Secondly, 136 µl of the 92 µg.ml -1 stock of uhCG (i.e. 12.5 µg) were used that were diluted to 800 µl with the Solution S3). After each SPE, the sorbent was regenerated by applying 8 ml of 0.1 M acetate buffer pH 4.5 plus 0.5 M NaCl and 8 ml of 0.1 M borate buffer pH 8.5 plus 0.5 M NaCl before storage.

The collected SPE fractions were filtered through the Amicon® Ultra Centrifugal Filters for 30 min at 4000 rpm and then washed twice with LC-MS grade water for 30 min at 4000 rpm followed by a final washing for 55 min at 4000 rpm. The final volume was about 50 μl and it was measured each time accurately before the nanoLC-HRMS analysis. Each time, a hCG sample with a concentration corresponding to a recovery of 100% in a given fraction was also analyzed in nanoLC-HRMS to calculate the extraction recovery of the lectin SPE process. It was prepared by a dilution to 2 ml of the same amount of hCG stock as the one used in the SPE experiment with the appropriate elution buffer and a concentration with the Ultra Centrifugal Filter.

NanoLC-HRMS analysis

In order to analyze the SPE fractions, the previously developed nanoLC-HRMS method for the analysis of the hCG glycoforms at the intact level was used [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF]. The nanoLC system (NC 3500 RS, ThermoFisher Scientific, Courtaboeuf, France) with a trapping C18 pre-column (Acclaim PepMap300, 0.3 mm i.d. x 5 mm, 5 μm, 300 Å, ThermoFisher Scientific, Le Pecq, France) and an Opti Solv biocompatible nano filter (0.5 μm, ThermoFisher Scientific) placed after the trapping column at the 10-port valve of the LC system, was connected to an EASY-Spray PepMap RSLC C18 column (Acclaim PepMap300, 150 mm i.d.

x 0.075 mm, 5 μm, 300 Å, ThermoFisher Scientific). The injected sample was front-flush transferred to the EASY-Spray column for separation before analysis with the Orbitrap mass analyser (Exactive plus, ThermoFisher Scientific). LC parameters were: mobile phase (A), H2O/ACN (98/2; v/v) + 0.05% TFA; mobile phase (B), H2O /ACN (1/9; v/v) + 0.05% TFA; linear gradient, 10-65% (B) in 54 min (1.02%/min); column temperature, 60 °C; injection volume; 1 μl; flow rate, 300 nl min -1 . To avoid carry-over, a blank injection was performed between each run.

The ionization parameters were: capillary voltage, 1.7 kV; drying temperature, 280 °C; sheath, auxiliary, and sweep gas flows were not operated. Analyses were conducted at a positive full MS mode with a scan range from m/z 1000 to 4000 at a scan rate of 1 spectrum/s. The mass resolution was 140,000 at m/z 200, the AGC target 3e6 and the maximum injection time 200 ms. The MS system was calibrated using clusters of a salt of ammonium hexafluorophosphate in the mass range of the analysis (m/z 1000 to 4000). This salt was also used as external calibrant to determine the elemental composition of the detected species due to accurate mass measurements performed on the maximum isotopic of protonated glycoforms peaks. All the measurements were associated with an error expressed in ppm reflecting the accuracy of the experimental value compared to the theoretical value.

The software Excalibur 4.1 (ThermoFisher Scientific) was used for the data acquisition and instrument control. Treatment of the data was carried out using the Freestyle 1.3 SP2 (ThermoFisher Scientific) software. The extracted ion chromatogram (XIC) of each peak of a given glycoform was generated by the software by setting an error at 30 mDa.

Results and discussion

Analysis of uhCG and rhCG by nanoLC-HRMS

Before evaluating the potential of lectin SPE for the fractionation of hCG glycoforms, it was first necessary to determine the ones present in the two hCG samples used in this study by analyzing them in nanoLC-HRMS, using the method previously developed [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF]. The resulting total ion chromatograms (TICs) obtained for uhCG and rhCG are depicted in Figure S12 of the supplementary data. As seen in this figure and as explained in the previous studies conducted in our lab, the glycoforms of the hCGα and hCGβ subunits were eluted as distinct chromatographic peaks [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF][START_REF] Goumenou | Characterization of Concanavalin A-based lectin-sorbents for the extraction of the human chorionic gonadotropin glycoforms before their analysis by nano liquid chromatography-high resolution mass spectrometry[END_REF]. The signal intensity in the TIC of uhCG was lower than that of rhCG, although they are assumed to have been injected at similar concentrations. This observation was made also in past studies and could be the result of an incorrect conversion of concentration from IU to µg ml -1 [20].

The detected forms in both preparations were identified as the non-modified glycoforms, the oxidized forms with one to three oxidized methionine amino acids and finally the TFA adducts of the nonmodified or oxidized glycoforms. In uhCG, some phosphorylated structures were also detected. The TFA adducts were not considered for the calculations described in the next sections, as they were induced by the presence of the additive in the mobile phase and their corresponding glycoforms are already considered.

For both rhCG and uhCG, the oxidized forms elute often early in the chromatogram. Indeed, the hCGα glycoforms of uhCG with 3 oxidized methionine amino acids are detected within 19-20 min, with 2 between 20-23 min, with 1 oxidation within 21-23 min, and the non-oxidized within 22-24 min. Some oxidized forms of hCGβ were found within 22-23 min, while the non-oxidized were within 25-27 min.

However, it is worthwhile to notice that some oxidized forms have a retention time similar to their corresponding non-oxidized ones. Therefore, they were detected as more than one chromatographic peak. The oxidation with an early retention time is hypothesized to correspond to the modification happening before analysis, while oxidation appearing next to the retention time of the unmodified form can be generated during separation or in the source during ionization. For rhCG, similar observations were made. For the rest of the manuscript, only the non-oxidized glycoforms were considered to process the data.

Therefore, the identified glycoforms of hCGα and hCGβ, whose elemental composition has been determined by accurate mass measurements, are reported in Tables S25 andS26 for uhCG and Tables S27 andS28 for rhCG in the supplementary data. These are the same forms as those mentioned in our previous work [START_REF] Goumenou | Characterization of Concanavalin A-based lectin-sorbents for the extraction of the human chorionic gonadotropin glycoforms before their analysis by nano liquid chromatography-high resolution mass spectrometry[END_REF]. In these tables, the hexose (Hex) can correspond to either a mannose or a galactose, while the N-Acetyl hexosamine (HexNAc) could correspond to either a N-Acetylglucosamine or a N-Acetylgalactosamine monosaccharide.

Estimation of the capacity of the Jacalin sorbent

After the determination of the hCGα and hCGβ glycoforms that could be detected by a direct analysis of the sample in nanoLC-HRMS, the potential of lectin-based SPE for fractionation according to glycosylation before the analysis step was investigated. To reach this objective, a commercial sorbent, based on Jacalin immobilized on Sepharose was selected. The characterization of this sorbent in terms of affinity towards the hCG glycoforms requires the percolation of an hCG amount that does not exceed the capacity of the sorbent, but which must also be quantifiable in the fractions analyzed by LC-MS.

Regarding the Jacalin sorbent, the supplier mentioned a density of 4.5 mg of lectin per ml of gel that could bind 1-3 mg of Immunoglobulin A (IgA) per ml of gel. By considering the molecular weight of the dimeric IgA, which is approximately 385 kDa, and converting the amount of this protein that can be retained by the sorbent from mg to mol, the range was 2.6-7.8 nmol per ml of gel. Then, by considering the molecular weight of hCG, which is at max 40 kDa for the hyperglycosylated forms, a theoretical capacity of 100-300 μg of hCG per ml of gel was estimated. A second parameter to consider for the subsequent SPE experiments is that the volume of the fractions from the lectin-SPE step is reduced, by passing through a filter, to a volume of approximately 50 µl (accurately measured after each filtration), and that these fractions must contain a final concentration of at least 12.5 μg ml -1 of hCG, to be greater than the LOQ of the nanoLC-MS method [START_REF] Al Matari | Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry[END_REF].

The initial experiments for the estimation of the capacity were performed by using the protocol described in section 9.2.3 and presented in supporting information (Table S24). The composition of the selected buffers, meaning a 0.05 M Tris buffer with a pH of 7.0 containing 0.15 M NaCl for percolation and washing and the same buffer plus 0.5 M Gal (competitive sugar for affinity towards the Jacalin lectin) for elution were the recommended ones by the manufacturer. Using 200 μl of gel, a theoretical amount of 20-60 μg of hCG could be captured by the lectin. Therefore, 25 μg of rhCG were percolated, followed by a washing and an elution step using the protocol 1. Each SPE fraction was next concentrated and analyzed in nanoLC-HRMS. A relative recovery of each glycoform in each fraction was calculated by integrating the peak area of the glycoform in its corresponding XIC in the fraction and then divided it by the sum of the areas of this glycoform in all SPE fractions. For theses preliminary investigations, data processing was only performed using the 5 hCGα and 5 hCGβ glycoforms with the highest peak area on their own extracted ion chromatogram (XIC) (forms are highlighted in grey in the Tables S25-S28). and the values were averaged to calculate the average relative recovery, i.e. the distribution of either hCGα or hCGβ glycoforms in each fraction. The results are presented in Table 23.

It can be seen that when 25 μg of rhCG were percolated on a 200 µl cartridge at a flow rate of 1.2 ml min -1 , a great amount of the sample was detected in the percolation fraction. As a high flow rate was applied during percolation, this overloading could be due to a kinetic limitation. Repeating the SPE process but under gravity (flow rate of about 0.1 ml min -1 ) resulted in not detecting the sample in the percolation fraction anymore, but mostly in the washing fraction, which was not expected in view of the affinity of the Jacalin and the already published results related to its use for hCG [START_REF] Hortin | Lectin affinity chromatography of proteins bearing O-linked oligosaccharides: Application of jacalin-agarose[END_REF]. Therefore, this lack of retention should be a consequence of an overloading of the Jacalin sorbent. The capacity of this sorbent was thus inferior to the theoretical calculated one, as it was already previously observed with Con A sorbents [START_REF] Goumenou | Characterization of Concanavalin A-based lectin-sorbents for the extraction of the human chorionic gonadotropin glycoforms before their analysis by nano liquid chromatography-high resolution mass spectrometry[END_REF]. This may be due to a lack of accessibility to some interaction sites because of lectin orientation and steric hindrance. It was then decided to keep the percolation of the sample under gravity for all the rest of the study and to use a cartridge containing a double amount of sorbent (400 µl, theoretical capacity of 40-120 µg of hCG) and to reduce 5 times the hCG amount (5 µg). In this case, about 100% of the sample was detected in the elution fraction, confirming that the capacity was not reached. Thus, the experimental capacity was estimated to be between 12.5 and 100 µg of hCG per ml of Jacalin sorbent.

Improvement of the extraction recovery

Using the data obtained with the previously described preliminary experiments, the SPE extraction recovery was next calculated, to estimate the sample loss due to the SPE. For each experiment, the recovery of a glycoform in a SPE fraction was calculated by dividing (i) its peak area measured on its XIC when analyzing in nanoLC-HRMS the fraction from Jacalin SPE after its concentration with an ultracentrifugal filter until a volume of about 50 µl with (ii) its peak area on its XIC when analyzing directly hCG that has only been subjected to the same filtration process but without SPE (filtered hCG sample).

It is worthwhile to notice that in this last case, the hCG sample was injected after its concentration with the filter to a value corresponding to a recovery of 100% in 50 µl, i.e. a volume similar to the one of the concentrated SPE fractions.

The extraction recoveries were calculated for the most intense 5 hCGα and 5 hCGβ glycoforms and the average value in the elution fraction was around 5%, indicating a problem in the SPE process.

Therefore, an optimization of the extraction protocol for the improvement of the extraction recovery was deemed necessary. Starting from the hypothesis that low recoveries are related to insufficient conditioning of the cartridge, the volume used during conditioning was increased by applying 25 Vc (10 ml) instead of 10 Vc (4 ml). It is worthwhile to notice that the solution used for conditioning is also the percolation media and the washing one, which explained why it was used for the conditioning step.

The results are depicted in Table 24. It was observed that the recovery remained similarly low.

It is also known that parameters like the pH of the buffers used during extraction can affect the dissociation constants of the lectins complexed with glycoproteins [START_REF] Ek | Affinity titration curves Determination of dissociation constants of lectin-sugar complexes and of their pH-dependence by isoelectric focusing electrophoresis[END_REF]. Since a strong retention was next hypothesized to explain the low extraction recovery previously observed, application of acidic conditions with a considerably lower pH (2.2 instead of 7.0) were tested for elution (protocol 2) [START_REF] Bonichon | Development of immunosorbents coupled on-line to immobilized pepsin reactor and micro liquid chromatography-tandem mass spectrometry for analysis of butyrylcholinesterase in human plasma[END_REF].

In this case, PBS was used for the cartridge conditioning, percolation and washing, and the elution was performed with 0.5 M formic acid. Still, as seen in Table 24, no great improvement in the average extraction recoveries was observed. Then, the protocol 3 was tested, that included the application of the Solution S2 (0.05 M Tris, pH 8.0 plus 0.15 M NaCl, 0.2% L-arginine and 0.2% L-glutamic) during conditioning, percolation, and washing. Importantly, the elution buffer had the same composition as the washing solution plus 0.5 M Gal and especially 15% v/v of ACN, to attempt to improve the elution of the glycoforms with this strong eluent and thus the extraction recovery if this hypothesis is correct.

Indeed, an improvement of the extraction recoveries was observed, with average values of 37.4% for hCGα and 29.5% for hCGβ (Table 24), which may result from a better elution due to the addition of the organic solvent and/or a slightly higher basic pH (a value of 8 here).

Figure 30 presents the TICs resulting from the nanoLC-HRMS analysis of the elution fractions obtained applying the protocol 1 or 3. Different peaks corresponding to hCG glycoforms appear between 18 and 25 min. Comparing the protocols 1 and 3, it is worthwhile to notice that the protocol 3 included 0.2% of L-arginine and L-glutamic acid in the used solutions to try to reduce protein aggregation and/or oxidation, especially with the presence of the organic solvent in the elution buffer. Still, the oxidation rate was high, with some of the double and triple oxidized forms having a total extraction recovery of more than 100%, which may indicate that some oxidation occurred during the SPE process. Therefore, conditions that can result in lower oxidation rate were next investigated. However, also other very intense peaks were detected between 42 and 49, which were identified as Jacalin monomers and their oxidation products. This is an indication of some loss of the Jacalin lectin at each use of the commercialized sorbent. As seen in the TIC of the elution fraction corresponding to the application of solution 3 containing 15% v/v of ACN, it seems that this loss was even more important when an organic solvent is present. 212 In our previous work dealing with home-made and commercial Con A-based sorbents, a lectin loss was also observed [START_REF] Goumenou | Characterization of Concanavalin A-based lectin-sorbents for the extraction of the human chorionic gonadotropin glycoforms before their analysis by nano liquid chromatography-high resolution mass spectrometry[END_REF]. It corresponded on the one hand to ungrafted lectins that were not well removed after the immobilization step and on the other hand to a much lower loss of grafted lectins at each use of the support. It was observed that good recoveries for the commercial sorbent can be achieved when the non-grafted residuals of Con A were sufficiently removed from the sorbent, either by multiple uses of the same sorbent or by an extensive pre-conditioning procedure before its first use. When these non-grafted residuals of Con A lectins are not removed, they can interact with the hCG glycoforms, reducing their retention by the grafted Con A on the sorbent, and thus their extraction recoveries.

To evaluate if a similar phenomenon occurred here, a pre-conditioning step as described in section 9.2.3 was applied to a Jacalin cartridge (400 µl) before its first use, using 48 ml of a 0.1 M Tris buffer Finally, to investigate if the elution was completed, a second elution step with the same elution solution used before but also containing 15% v/v of ACN was applied. A low sample amount was detected in this fraction (4.8% for the hCGα glycoforms and 1.8% for the hCGβ). The detailed recovery values for all glycoforms are given in Tables S29 andS30 in supporting information.

The SPE protocol 4 was also applied to a cartridge that had been used multiple times (5 th use) but was not subjected to the pre-conditioning process. Results regarding the extraction recovery were again satisfactory, with values of 35.8% and 44.5% for the hCGα and hCGβ glycoforms, respectively.

Therefore, it seems consistent with our hypothesis, as the non-grafted lectin would have been eliminated during the repetitive uses of the same cartridge. Moreover, when the protocol 4 was carried out with a new cartridge without a preliminary extensive pre-conditioning, low extraction recoveries were again obtained (average extraction recovery of 13.4% for hCGα and 12.6% for hCGβ), confirming our previous hypothesis that the removal of the non-grafted lectin residuals is required. In practice though, even if multiple use leads to similar results, it is recommended to carry out the intensive preconditioning of the cartridge before any first SPE use to attain satisfactory extraction recovery values. The extraction on the Jacalin sorbent was also attempted using a urinary based hCG (uhCG). Since the signal in the TIC of the uhCG in MS is lower than the one of rhCG in the similar theoretical concentrations (section 9.3.1), it was decided to work with 12.5 μg of sample, as we did in our previous study [START_REF] Goumenou | Characterization of Concanavalin A-based lectin-sorbents for the extraction of the human chorionic gonadotropin glycoforms before their analysis by nano liquid chromatography-high resolution mass spectrometry[END_REF]. Initially, the extraction protocol 1 was applied and 12.5 µg of uhCG were introduced onto a 400 μl cartridge. According to our previous estimation, the cartridge capacity should be between 5

and 40 µg of hCG. However, an overloading of the cartridge was observed with average relative recoveries of 66.4% and 58.8% for the hCGα and hCGβ glycoforms, respectively, in the washing fraction. On the other hand, when reducing the sample at 5 µg, the glycoforms were no longer detected, in agreement with the lower MS signal obtained with uhCG than the one with rhCG. To solve this issue, a higher amount of gel of 800 μl was then used and the 12.5 µg of uhCG did not exceed the capacity of this cartridge in this case. Next, this experiment was performed again but using the protocol 4 and after the extensive pre-conditioning of a new Jacalin sorbent (800 µl) before its first use. The resulting TICs of the nanoLC-HRMS analysis of the concentrated SPE fractions are represented in Figure 32, where it is evident that most of the sample was detected in the elution 1 fraction. Data processing showed that the relative average recovery of the hCGα and hCGβ glycoforms in the elution 1 fraction was 81.3% and 79.5%, respectively (Table 25). Moreover, the average recovery for the hCGα glycoforms was 48.1% in the elution 1 fraction and 9.2% in the elution 2 fraction, leading to an overall value of 57.3%. For the hCGβ glycoforms, the average recovery was 58.8% and 12.0% in the elution 1 and elution 2 fractions, respectively, leading to an overall value of 70.8%. These values were thus satisfying. The recovery values of all the hCGα and hCGβ glycoforms can be found in Table S31 and Table S32, respectively. In the TICs of the SPE process (Figure 32), it is worthwhile to notice that some loss of the Jacalin from the sorbent was again observed (peak at retention time of about 46 min), but mainly in the elution 2 fraction, when 15% of ACN were used. This Jacalin loss did not prevent from a high retention of the hCG glycoforms and should correspond to some grafted ones, since the removal of the non-grafted lectin residuals was done before the first use of the cartridge. To ensure that the retention of the hCG glycoforms on the Jacalin sorbent previously observed was due to a high affinity with the immobilized Jacalin rather than by non-specific interactions, a homemade control sorbent was synthesized. The BSA protein was selected as the control protein since it has a MW of 66.5 kDa, which is similar to that of the tetrameric two-chain structure of Jacalin (66 kDa).

BSA was then covalently grafted on CNBr-activated Sepharose, as the one used in the commercial sorbent, with a procedure often used by our group [START_REF] Bonichon | Development of immobilizedpepsin microreactors coupled to nano liquid chromatography and tandem mass spectrometry for the quantitative analysis of human butyrylcholinesterase[END_REF][START_REF] Goumenou | Characterization of Concanavalin A-based lectin-sorbents for the extraction of the human chorionic gonadotropin glycoforms before their analysis by nano liquid chromatography-high resolution mass spectrometry[END_REF][START_REF] Bonichon | Development of immunosorbents coupled on-line to immobilized pepsin reactor and micro liquid chromatography-tandem mass spectrometry for analysis of butyrylcholinesterase in human plasma[END_REF]. The BSA amount to be immobilized was calculated by considering the density value of 4.5 mg of Jacalin per ml of sorbent given by the supplier in order to get a control sorbent as close as possible to that of Jacalin in terms of protein density. The grafting yield of the BSA immobilization was estimated to be 90.4% with a BCA assay, which was considered as satisfactory.

The SPE protocol 4 was then applied on this control sorbent, using 5 µg of rhCG. As illustrated on Figure 33, the sample was mainly detected in the washing fraction and not in the elution 1 fraction with the control sorbent, confirming the specificity of the retention on the lectin sorbent as rhCG was mainly detected in the elution 1 fraction. A small part was detected in the elution 2 fraction, coming from the non-specific interactions with the control sorbent, as no unique glycoforms were detected in this fraction as compared to the washing fraction. S24).

SPE conditions: see section 9.2.3. LC-MS parameters: see section 9.2.4.

Fractionation of glycoforms in the rhCG and uhCG samples

It was previously demonstrated that the developed SPE procedure (protocol 4 after an extensive preconditioning of the cartridge before its first use) led to good extraction recoveries without overloading the cartridge and that retention was specific. Therefore, it was next possible to contemplate one of the objectives of this study, i.e. to explore whether the lectin sorbent can be used for the fractionation of the hCG glycoforms. A treatment of the data from this point of view was thus performed. Regarding rhCG, unfortunately, none of the glycoforms was uniquely detected in the washing fraction as seen in the Venn diagrams in Figure 34A. In addition, no new glycoform was revealed due to the lectin SPE pre-treatment.

Regarding uhCG, some differences already appeared in the chromatograms of the SPE fractions (Figure 32). Firstly, at the retention time range of 19.7-19.9 min, a low intensity peak in the chromatogram of the washing fraction was observed. In the average corresponding MS spectrum (Figure S13), some hCGα glycoforms were detected. In Table S33, their suggested glycan composition and elemental composition can be found. Those glycoforms were not detected in the average spectrum at the same retention range of the elution 1 and 2 fractions but were detected in the direct nanoLC-HRMS analysis of the filtered uhCG sample. Moreover, at the retention time range of 22.9-23.0 min, in the average spectrum of the washing fraction (Figure S14), three glycoforms that could potentially be hCGβ glycoforms were detected. Their suggested overall glycan composition and the elemental composition as determined by accurate mass measurements are presented in Table S34. Those glycoforms, even if present, were not well ionized when analyzing the filtered sample, without Jacalin SPE, which may be due to the presence of other co-eluting glycoforms and therefore there were not considered for the calculations in the previous sections. Finally, at the retention time range of 24.0-24.3 min, where the majority of the hCGα glycoforms elute, two glycoforms that correspond to phosphorylated or sulphated hCGα were only detected in the washing fraction (Table S33). Thus, it seems that some fractionation occurred.

After the full data treatment, the number of hCGα and hCGβ glycoforms detected in the fractions from the SPE extraction of uhCG are summarized in the Venn diagram (Figure 34B). Finally, 12 hCGα and 3 hCGβ glycoforms were poorly retained by the Jacalin sorbent and thus detected only in the washing fraction, whereas 12 hCGα glycoforms were highly retained and detected only in the elution 1 fraction.

In between, 16 hCGα and 12 hCGβ glycoforms are detected in both the washing and elution 1 fractions, which means that they should have an intermediate affinity for the Jacalin sorbent. Therefore, it was observed that for uhCG, the Jacalin SPE could provide the fractionation of some glycoforms and the detection of some low abundance ones. It also reflects a difference in the glycosylation profiles of the two tested hCG samples.

Since the Jacalin lectin exhibits affinity towards O-glycosylation but also towards the mannose sugar in the N-glycans [28], the interpretation of these results according to the nature of the glycans potentially present on a given glycoform can be complex. Moreover, the accessibility of some glycans towards the binding sites of the immobilized lectin on the solid support might not be optimal. Therefore, it would be particularly interesting to extract separately the dissociated hCGα and hCGβ subunits, before and after an additional PNGase treatment to release the N-glycans before SPE. Considering that Jacalin lectin has affinity towards core 1 but does not have towards complex Core 2 O-glycans [27], this additional pre-treatment could also lead to a better fractionation according to O-glycosylation. Finally, since some studies also suggest the existence of O-glycosylation sites on the hCGα and free α subunit [START_REF] Sakai | Sugar Chain Heterogeneity of Human Urinary Chorionic Gonadotropin Determined by Serial Lectin Affinity Chromatography: Difference between Benign and Malignant Disease[END_REF][START_REF] Nishimura | Free alpha subunits of glycoprotein hormone with dissimilar carbohydrates produced by pathologically different carcinomas[END_REF][START_REF] Cole | An oligosaccharide of the O-linked type distinguishes the free from the combined form of hCG alpha subunit[END_REF][START_REF] Bai | From individual proteins to proteomic samples: characterization of O-glycosylation sites in human chorionic gonadotropin and human-plasma proteins[END_REF], the same application could reveal some masked glycoforms of this subunit as well. 

Conclusion

In this work, a more detailed evaluation as compared to the studies found in the literature of the Jacalin lectin sorbents applied to the extraction of hCG of different origins was performed. As a first step, to prevent overloading of the lectin-SPE sorbent, its capacity was estimated. Secondly, it was again observed that the elimination of the residuals of the non-grafted lectin from the sorbent by an extensive pre-conditioning before the extraction was necessary to ensure good recoveries. Moreover, for the first time, SPE with Jacalin sorbents was coupled off-line with a nanoLC-HRMS for intact protein analysis. A fractionation was achieved for the uhCG sample, which led to a better detectability of some low abundancy hCGβ glycoforms. In conclusion, the use of lectin sorbents can expand the knowledge of the glycosylation of the hCG protein by analysis at the intact level. This would be particularly interesting when applying lectin SPE protocols to fractionate biological samples before their analysis with the nanoLC-HRMS method to reveal glycoforms of low abundancy.

Chapter 10. Development of Lectin SPE protocols using WGA and

PHA sorbents for hCG characterization

The results presented in the two previous chapters of this manuscript were promising regarding the use of lectin sorbents combined with off-line nanoLC-HRMS analysis for the characterization of the hCG glycoforms at the intact level. For this reason, two additional lectins were investigated: WGA and PHA-L. As previously stated, the WGA lectin can offer information regarding the sialyation of the sample [START_REF] Chandrasekaran | Novel interactions of complex carbohydrates with peanut (PNA), Ricinus communis (RCA-I), Sambucus nigra (SNA-I) and wheat germ (WGA) agglutinins as revealed by the binding specificities of these lectins towards mucin core-2 O-linked and N-linked glycans and related structures[END_REF][START_REF] Gallagher | Identification of two binding sites for wheat-germ agglutinin on polylactosamine-type oligosaccharides[END_REF]. In Table 14, which includes the summary of the studies performed using lectin proteins with hCG, only one study is mentioned in the SPE format for WGA [12]. Still, it was used in most of the immunoassay studies to explore whether differences in sialylation can be observed in biological samples. In addition, as seen in supplementary information (Table S5-S8) and from the data in literature, hCG is a highly sialylated protein. On the other hand, the PHA-L lectin preferably binds higher complexity glycans, mostly tera antennary structures [START_REF] Kaneda | The High Specificities of Phaseolus vulgaris Erythro-and Leukoagglutinating Lectins for Bisecting GlcNAc or β1-6-Linked Branch Structures, Respectively, Are Attributable to Loop B[END_REF]. In Table 14 again, only one study is found with a lectin of the same family (PHA-E) in the SPE format [START_REF] Sakai | Sugar Chain Heterogeneity of Human Urinary Chorionic Gonadotropin Determined by Serial Lectin Affinity Chromatography: Difference between Benign and Malignant Disease[END_REF] . Even if their use is not so extensive as the one of Con A, both WGA and PHA-L can potentially be useful for the fractionation of the sample according to different glycosylation patterns, especially when biological samples from different pathologies are analysed. The preliminary investigation for the utility of those lectin sorbents for hCG is presented in this chapter.

10.1. Materials and methods

Reagents and analytes

All the reagents used for the preparation of the mobile phases for the nanoLC-HRMS analysis are described in a previous section of this manuscript (section 8.2.1). All the reagents for the preparation of the buffers used for the lectin immobilization and the SPE process are described in previous sections of this manuscript (section 8.2.1 and 9.2.1). The lyophilized powder of the PHA-L lectin and the sugar N-acetyl glucosamine (GlcNAc) was provided from Sigma Aldrich (Saint-Quentin Fallavier, France). The WGA lectin already immobilized on Separopore 4B® was provided by Coger (Paris, France). Finally, the same rhCG and uhCG samples were used and prepared as described in previous sections of this manuscript (section 8.2.1). Preparation of the WGA sorbents was performed by packing 400 μl of gel between two polyethylene frits in a 1 ml polypropylene cartridge. After packing and after each use, 8 ml of a 0.05 M Tris buffer pH 7.0 containing 0.15 M NaCl and 0.02% NaN3 (storage buffer) were passed through the cartridge. In total three cartridges were prepared, WGA(1)-WGA(3).

Home-made PHA-L sorbent

The immobilization of PHA-L on activated-CNBr Sepharose was performed in an analogous manner as for Con A lectin (section 8.2.2). Briefly, 70 mg of Sepharose were swollen by the addition of 2 ml of HCl (1 mM) under rotation (6 rpm for 15 min). After swelling, the Sepharose was washed twice under rotation (6 rpm for 10 min) with 2 ml of a 0.1 M bicarbonate buffer pH 8.3 containing 0.5 M NaCl and 0.2 M GlcNAc. After these washing steps, 600 μl of a 2 mg ml -1 PHA-L solution in the same bicarbonate buffer containing the protective sugar were incubated with the Sepharose for 18 h at 18 °C under rotation (6 rpm). The final volume of the swollen Sepharose with the grafted lectin was about 120 μl.

The lectin sorbent was then packed between two polyethylene frits in 1 ml polypropylene cartridges.

Estimation of the grafting yield was performed as previously described, implementing the BCA assay (see section 8.2.2).

SPE protocols

Commercial WGA sorbent

Different protocols were tested to find the optimized extraction procedure. All the experiments were performed under gravity. The investigation in all cases was performed by using 10 µl of the stock of the 500 µg ml -1 (i.e. 5 µg) of rhCG, which were diluted in 390 µl of the corresponding percolation buffer of each protocol. It should be clarified that the percolation buffer is the same as the washing buffer.

The volumes of the washing and elution 1 and 2 fractions were in all cases 2 ml.

The selected buffers for protocol A1 were the ones recommended by the provider, meaning that for the cartridge conditioning a 0.05 M phosphate buffer, pH 7.0 plus 0.2 M NaCl was selected. The column was conditioned with 10 Vc (4 ml) of this buffer. The percolation and washing buffers were the same as the conditioning solution, while for elution, a 0.1 M acetate buffer, pH 4.5 plus 0.2 M NaCl and 0.5

M GlcNAc was used. The buffers in protocol A2 were the same as protocol A1 with the sole difference of the addition of 15% v/v of ACN in the elution buffer. The final protocol A3, was the following: the cartridge was initially pre-conditioned with 48 ml of 0.1 M Tris buffer pH 8.0 and then twice with 4 ml of 0.1 M acetate buffer pH 4.0 plus 0.4 M NaCl and 4 ml of 0.1 M bicarbonate buffer pH 8.3 plus 0.5 M NaCl the previous day of the experiment. The day of the extraction, the cartridge was initially conditioned with 4 ml (10 Vc) of the percolation/washing buffer, which is a 0.02 M Tris buffer, pH 7.4 plus 0.15 M NaCl. After percolation of the sample, 2 ml of the Tris buffer were used to wash the unbound fraction. Then, elution of the bound glycoforms was performed with 2 ml of the elution buffer 1, which was a 0.1 M acetate buffer, pH 4.5 plus 0.2 M NaCl and 0.5 M GlcNAc and then 2 ml of the elution buffer 2, which had the same composition as of the elution buffer 1 plus 15% v/v of ACN and was used to remove the strongly retained fraction of the sample.

All SPE washing and elution fractions were concentrated using the Amicon® Ultra Centrifugal Filters with a 10 kDa MWCO to a volume of about 50 μl before their analysis in the same manner as described in section 8.2.3. A filtered hCG sample was made in a similar way as described that section too.

Home-made PHA-L sorbent

A few protocols were tested for PHA-L sorbent as well, with all the procedures performed under gravity. In protocol B1, the recommended buffers in literature were applied. Briefly, column conditioning was performed with 2 ml of a 0.01 M Tris pH 7.5 with 0.15 M NaCl and 1 mM of the metal ions (Mg 2+ , Mn 2+ and Ca 2+ ). Then, 136 µl (i.e. 12.5 µg) of the stock of the 92 µg ml -1 were directly percolated through the column. It should be clarified that in this case the stock was applied directly and not further dilution was performed; therefore the percolation medium is the same as the reconstitution solution (see section 8.2.1). With this protocol however, half the amount of sample (i.e.

6.25 µg) was also tested, by percolating 68 µl of the stock that were first diluted with 68 µl of the percolation medium, which is the same as the conditioning buffer. Therefore, the final volume of percolation was again 136 µl. Then, 2 ml of the washing buffer, which has the same composition as the conditioning buffer, were used to remove the non-retained glycoforms of the sample (washing step).

Elution was performed with a 0.1 M acetate buffer pH 4.5 plus 0.15 M NaCl and 0.5 M GlcNAc. In protocol B2, the same washing and elution buffer 1 were applied but with an additional interaction time of 30 min after percolation and before washing. Moreover, a second elution step was introduced, which was performed with 2 ml of an 0.1 M acetate buffer pH 4.5 plus 0.15 M NaCl and 0.5 M N-GlcNAc plus 15% v/v ACN. In protocol B3, an interaction time after percolation and before washing of 1 h was introduced. Washing and elution buffers were the same as of protocol B2.

The SPE washing and elution fractions were concentrated using the Amicon® Ultra Centrifugal Filters with a 10 kDa MWCO to a volume of about 50 μl before their analysis in the same manner as described in section 8.2.3. Moreover, a filtered sample of hCG was created in the same way as described in that section as well.

NanoLC-HRMS analysis

The nanoLC-HRMS analysis was performed as described in Section 8.2.4.

Results and discussion

Commercial WGA sorbent

The lectin density of the WGA sorbent as stated by the provider was 5 mg ml -1 ; however, the binding capacity of the sorbent was not indicated in the product specifications. Making the same assumption as for Con A that one molecule of lectin binds one molecule of hCG and given the molecular weight of the lectin which is 36 kDa, a theoretical capacity of about 5.5 mg of hCG per ml of sorbent was estimated. However as discussed in detail before, the experimental capacity can be much lower than the theoretical one. Considering the evaluation performed for the previous lectin sorbents and given that the WGA sorbent had a density of 5 mg ml -1 , which was very similar to the one of Jacalin (4.5 mg ml -1 ), the selected amount of sample was 5 µg of rhCG to be percolated through 400 µl of lectin sorbent.

The recommended buffers for the extraction process of the hCG glycoforms on the WGA sorbent by the provider were the ones presented in protocol A1, meaning a 0.05 M phosphate buffer, pH 7.0 plus 0.2 M NaCl for washing and a 0.1 M acetate buffer, pH 4.5 plus 0.2 M NaCl and 0.5 M GlcNAc for elution. As seen in the Tables S5 andS6, the glycoforms of the rhCG are almost entirely sialylated.

Therefore, the affinity of the hCG glycoforms with the sorbent is expected to be high. The SPE protocol A1 was carried out with application of 5 µg of rhCG and the washing and elution fractions after filtration were analysed in nanoLC-HRMS. The same calculations for the average relative recovery in each SPE fraction (see section 8.3.2.2) and for the average recovery compared to the filtrated SPE sample (see section 8.3.2.3) were performed. As seen in Table 26, for the first use of the sorbent, the sample was detected only in the washing fraction (average relative recovery of 100%) and a very low average recovery of 3% was measured. In protocol A2, harsher elution conditions with the addition of 15% v/v of ACN were implemented, using the same cartridge WGA(1) (2 nd use). This time, a portion of the sample was retained and thus detected in the elution fraction; still, the average recovery is low. This seems to indicate a problem of retention rather than elution. Since it was concluded from the previous developments (see chapters 8 and 9) that an extensive preconditioning of the sorbent before its first use promoted retention by removing the potential residual non-grafted lectins, this approach was tested also for the WGA sorbent. Therefore, the same process with the application of the Tris, acetate, and borate buffers (see section 10.1.3.1) was performed for the cartridge WGA(1) between its second and third use (data from the second use are not shown) and the cartridge WGA(3) before its first use. The results showed that for both WGA(1) and WGA(3), the extraction was successful, with the majority of the sample detected in the elution fraction 1, as seen in Figure 35 and in Table 26. Moreover, the recovery compared to the sample injected without SPE (filtered hCG sample) was 46.4% and 46.5% for the hCGα and hCGβ glycoforms, respectively, when using the WGA(1) cartridge, and 45.6% and 30.3% when using the WGA(3) cartridge, meaning quite similar high values for both. Finally, a small (1-10%) additional percentage of the sample was eluted with the harsher conditions of the eluent, i.e., with the organic solvent. This allows to conclude that once again an extensive washing step of the sorbents was required before their first use to promote the retention of the hCG glycoforms.

Regarding the potential for fractionation when applying an SPE protocol with the WGA sorbents, it should be noted that, qualitatively, there was no glycoform detected only in the washing fraction, meaning that with these conditions, fractionation according to glycosylation was not successful. The percentage detected in the washing fraction was therefore attributed to some overloading of the cartridge. 

PHA-L home-made sorbent

Regarding the PHA-L lectin, three home-made sorbents were synthesized. Those sorbents are hereby referred as PHA-L(1), PHA-L(2) and PHA-L(3). The grafting yield was measured and values of 43% for the first cartridge, 41% for the second one and 69% for the last one were obtained, which are lower than the ones measured for the Con A sorbents (section 8.3.2.2). Therefore, considering that 120 μg of lectin were added initially for immobilization to 120 μl of Sepharose, the densities were 4.3 mg ml -1 , 4.1 mg ml -1 , and 6.9 mg ml -1 , respectively. It is important to highlight that after the immobilization of the lectin on Sepharose, the extensive pre-conditioning of the sorbent with the Tris, carbonate and acetate buffer is directly applied and thus, any interfering free lectin is removed from the cartridge immediately after preparation (see section 10.1.2.1).

The characterisation of the PHA-L sorbents was conducted by using the uhCG sample. Since this lectin has a theoretical affinity towards higher complexity N-glycans, it was hypothesized that it could bind the structures that have been identified as tetra-antennary ones occupying both sites of glycosylation of hCGα (Table S20), which were revealed during the application of the uhCG sample on the Con A sorbents (see section 8.3.6.) Moreover, as mentioned in the previous chapters of this manuscript, all the other glycans identified on the hCGα and which are compiled in Table S7 could not correspond to tri or tetra-antennary glycans occupying both N-glycosylation sites. Therefore, lack of affinity for those glycoforms was expected with this lectin at the application of the uhCG sample.

Initially, since the lectin density of the obtained sorbents was lower than the one measured for the Con A home-made sorbents, two sample amounts were tested. In the application of protocol B1 on PHA-L(1) , 12.5 µg were applied, while in the application on PHA-L(2) , 6.25 µg were used. The relative distribution evaluation showed that at the application of the 12.5 µg of the sample on the PHA-L(1) sorbent, all of the hCGα glycoforms presented in Table S7 were detectable in the washing fraction, which is in good agreement with the specificity of the lectin. However, the structures hypothesized as tetra-antennary ones (Table S20) were not detected in the elution fraction 1. All hCGβ forms (Table S8)

were detectable in the washing fraction as well. The recovery compared to the filtered hCG at the first use of the cartridge was about 50% for both subunits, which was quite satisfactory. Therefore, unlike the commercial sorbents, the synthesis and cartridge preparation protocols used in the lab allow the direct use of the cartridge, without lack of retention. The experiment performed on cartridge PHA-L (2) using half sample amount showed similar results in terms of the relative recovery. However, the recovery compared to the filtered hCG sample was substantially lower and below 20% for both subunits. Reduced sample amount therefore only leads to decrease in the detectability of hCG. Again, the tetra-antennary structures were not detected in the elution fraction. Variations in the extraction protocol were explored to investigate whether the lectin sorbent could allow the detection in the elution fractions of the glycoforms having tetra-antennary glycans as previously hypothesized. An interaction time was introduced during the percolation and before washing when applying protocol B2 plus the addition of a second elution step having the same composition as elution 1 plus 15% v/v of ACN. No fractionation was seen between the different fractions of the lectin SPE. Lastly, an interaction time of the sample with the sorbent after percolation and before washing of 1 h was selected (protocol B3). Still, the glycoforms in Table S20 were not detected in the elution fraction 1 or elution fraction 2. A part of the sample is found in the elution fraction 1, which was not the case with the previous experiments. This might be an indication that affinity with the lectin is increasing with addition of interaction time. Still this hypothesis should be further investigated. The TIC of the application of this protocol is depicted in Figure 36. 

Conclusions and perspectives

After the exploration of the affinity of the rhCG with the WGA-based commercial sorbents, it appears again that the process of extensive pre-conditioning was the key parameter for the extraction recovery improvement, as seen for the commercial Con A sorbents. It remains to be investigated whether some parameters like the use of buffers with higher ionic strength, the application of flow rate, the use of lower amount of sample etc. can improve the recovery and/or diminish the loss in the washing fraction.

It would also be interesting to test the uhCG preparation with this sorbent to investigate whether a fractionation could be achieved in this sample. It should be highlighted however that the WGA lectin, apart from the NeuAc, has also affinity with the GlcNAc sugar [START_REF] Chandrasekaran | Novel interactions of complex carbohydrates with peanut (PNA), Ricinus communis (RCA-I), Sambucus nigra (SNA-I) and wheat germ (WGA) agglutinins as revealed by the binding specificities of these lectins towards mucin core-2 O-linked and N-linked glycans and related structures[END_REF]. Therefore, the selectivity can be affected also by this sugar and the affinity can be governed by both the existence of NeuAc and/or GlcNAc in hCG. A desialylation process can be adopted prior to the lectin SPE process to investigate this hypothesis.

Concerning the PHA-L sorbent, further investigation should be conducted to explore the potential of this sorbent in capturing the glycoforms that were hypothesized as tetra-antennary structures in the uhCG sample. For example, more extended interaction times, i.e. 3 h [START_REF] Sakai | Sugar Chain Heterogeneity of Human Urinary Chorionic Gonadotropin Determined by Serial Lectin Affinity Chromatography: Difference between Benign and Malignant Disease[END_REF] or overnight incubation [START_REF] Liu | Glycosylation patterns and PHA-E-associated glycoprotein profiling associated with early hepatic encephalopathy in Chinese hepatocellular carcinoma patients[END_REF] have been reported in literature. The use of biological samples, like those from choriocarcinoma [START_REF] Valmu | Site-specific glycan analysis of human chorionic gonadotropin β-subunit from malignancies and pregnancy by liquid chromatography--electrospray mass spectrometry[END_REF],

where tetra-antennary structures are expected could also reveal the potency of this lectin for fractionation according to glycosylation. Finally, application of the rhCG sample could also be interesting to explore whether a differentiation between the SPE fractions is revealed. Overall, more investigation is required for both lectin sorbents.

General conclusion and future perspectives

Glycosylation can greatly impact the structural and functional characteristics of a translated protein.

This post-translational modification leads to a high number of coexisting glycoforms with only very subtle structural differences between them according to the presence of different glycans on the sites of glycosylation. Human chorionic gonadotropin, which is the most essential pregnancy hormone, is a dimeric, highly glycosylated protein. Variations in glycosylation are associated with pregnancy complications or gestational and non-gestational tumours; still, further exploration of the glycosylation patterns in those pathologies can consolidate the use of certain glycosylation patterns as biomarkers.

This is why we decided to further explore the glycosylation of this hormone.

The development of efficient analytical methods for the characterization of the structurally related glycoforms of the same protein can be a highly challenging goal. In addition, the complexity of the glycans attached on each site makes the study of glycosylation even more difficult. To meet this goal, we developed and then optimized a nanoLC-HRMS method for the analysis of the glycoforms of the hormone at the intact level. The use of the nano LC setup along with some adaptations like the incorporation of a pre-concentration step, the optimization of the mobile phase composition and the linear gradient etc. coupled with a very high-resolution MS increased the sensitivity of the method and allowed the detection of the glycoforms of both subunits. The figures of merit of the method were very satisfactory and demonstrated the potential of the method for its use for the semi-quantification of the detected glycoforms. This approach can be used for the profiling of different biological samples or to evaluate batch-to-batch consistency of pharmaceutical hCG preparations, firstly by assessing if the same glycoforms are detected and secondly by recording the relative abundance of them in the tested samples.

In addition, the use of the Orbitrap MS resulted in the good resolution of the isotopic profiles of the hCGα and consequently, their identification was performed by accurate mass measurements within the tolerated error in ppm, leading to a validation of the obtained results. Moreover, the detection of a high number of hCGβ glycoforms was achieved with this method. Still, the existence of 6 glycosylation sites in this subunit leads to many isobaric species that are hypothesized to co-elute in the chromatogram. Consequently, the isotopic profiles were not adequately resolved in the MS spectrum.

Some suggestions were made for the detected glycoforms, but a fractionation of the isobaric glycoforms could further increase the confidence in those identifications if a baseline resolution is achieved in the future.

One of the most useful tools for fractionation according to glycosylation are lectin proteins. In this study, we selected initially two lectins, the Con A and the Jacalin lectins, which were used for SPE of purified hCG of two origins, the rhCG and the uhCG. Importantly, analysis of the fractions of the lectin SPE was made with the previously optimized nanoLC-HRMS method. To our knowledge, no other study has been conducted with the combination of lectin SPE with this kind of analytical method for the study of the hCG glycosylation at the intact level.

Con A was immobilized on Sepharose with an ''in-house'' protocol or was purchased already grafted on the solid support. The Con A sorbents, commercial or home-made, were firstly characterized in terms of their capacity. An improvement of the extraction yields was achieved with the optimization of the SPE protocol. The intra and inter repeatability assessment was also performed. The Con A sorbents were additionally compared to a control sorbent to verify the specificity of the retention of most of the hCG glycoforms. This overall detailed characterization was necessary to assure that the SPE process is governed by the affinity towards the lectin and not by factors like overloading the cartridge or by non-specific interactions. Moreover, qualitative results were particularly interesting when analysing the uhCG preparation, meaning the purified hormone from urine. In this case, SPE with the Con A sorbents revealed some hCGα glycoforms which are potentially occupied by two tetraantennary N-glycans and which were previously not detected by direct analysis in nanoLC-HRMS without SPE, due to the existence of other highly abundant glycoforms. Since higher complexity glycans are associated with pathological conditions, the application of the Con A SPE would be even more informative upon the analysis of biological samples.

Similarly, the evaluation of a commercialized Jacalin sorbent, which has affinity mainly towards Oglycosylation, was performed. Results showed again a fractionation of the uhCG sample, with some low abundance hCGβ glycoforms that could be better detected due to the fractionation with the lectin.

However, no fractionation of the hCGβ glycoforms in the main elution area between 25-27 minutes was achieved. Since the affinity of Jacalin is defined not only towards the O-glycosylation but also towards the mannose structures of the N-glycans, it is uncertain which of the two played a role during SPE. Additionally, the Jacalin lectin has affinity towards the core 1 but not towards the complex Core 2 O-glycans. Therefore, it would be informative to apply the dissociated hCGβ subunit, with or without a PNGase treatment to release the N-glycans, on this sorbent to explore whether a fractionation of the isobaric co-eluting hCGβ glycoforms could be achieved according to their O-glycosylation after subunit dissociation. This can potentially lead to a better resolution of their isotopic profiles, which has not been achieved yet. So far in this study, the application of the dimmer was only performed and as a future perspective, the analysis of the dissociated subunits can offer more details potentially for the O-glycosylation profile.

Two more lectins were tested during this study, the WGA lectin with specificity towards the sialic acid and the PHA-L lectin with specificity towards the higher antennarity forms. Albeit good extraction yields that were achieved by improving extraction protocols, no fractionation was observed in these preliminary studies. However, the identified glycoforms in the purified hCG preparations had neither a great variation in the content of sialic acid nor in high antennarity glycoforms. Therefore, the selection of biological samples of pathological states could be more appropriate for those two lectins, where a higher variation in these types of glycosylation is expected.

In the future, performing serial lectin SPE protocols with application of the fractions of one lectin to the other could also increase the information obtained by each fractionation. More importantly, lectins should be combined with affinity immunosorbents. Those supports contain immobilized antibodies with affinity towards specific parts of the amino acid sequence of the hCG. The development of immunosorbents has already started in our lab and will be used for the extraction of the hormone from biological samples. The combination of those two sample pre-treatment approaches with intact protein analysis could be the key for the identification of novel biomarkers in pathological states after analysis of a large number of biological samples. Finally, another interesting perspective of this work would be the development of miniaturized affinity supports, for example of lectins immobilized on monoliths. This could facilitate the on-line coupling of the affinity supports to the LC system leading to a more automated and less time-consuming procedure. Overall, lectin solid supports are useful and versatile tools that in combination with intact protein analysis can provide further information for the glycosylation of hCG. S1).

Mobile phase: 2% FA in H2O/ACN mixture (v/v). hCG at 100 µg ml -1 . Injection volume: 1 µl with partial loop mode. Other conditions: see section 3.2.3. Table S3: Compilation of all the detected hCGβ glycoforms with their average retention time (<tR>) and average relative area (<relative area>) measured on the XIC with their corresponding RSD values obtained with the analysis by nanoLC-HRMS of rhCG at 100 µg ml -1 in triplicate with the optimized conditions. The grey line corresponds to the glycoform leading to the most abundant signal in MS. Table S5: Compilation of all the detected hCGα glycoforms of the rhCG when analysed with the method containing TFA (CF3COOH) as the mobile phase additive. In the table the maximum isotope mass, the monoisotopic mass, the monosaccharide composition with n1*oxy and/or n2* CF3COOH (n1, n2=0-4), the theoretical m/z of the maximum at charge state 8 + and 7 + (if experimentally detected) and the TR range that the isotopes were detectable are represented. If the form was detectable chromatographically as more than one peak, the second (other) TR is recorded. The non-oxidised glycoforms are highlighted with bold. Table S6: Compilation of all the detected hCGβ glycoforms of the rhCG when analysed with the method containing TFA (CF3COOH) as the mobile phase additive. In the table the maximum isotope mass, the monoisotopic mass, the monosaccharide composition with, if applicable, n1*oxy and/or n2* CF3COOH (n1=0-1 and n2=0-3), the theoretical m/z of the maximum at charge state 10 + and 9 + and the TR range that the isotopes were detectable are represented. The non-oxidised glycoforms are highlighted with bold. Table S7: Compilation of all the detected hCGα glycoforms of the uhCG when analysed with the method containing TFA (CF3COOH) as the mobile phase additive. In the table the maximum isotope mass, the monoisotopic mass, the monosaccharide composition with n1*oxy and/or n2* CF3COOH (n1, n2=0-4), the theoretical m/z of the maximum at charge state 8 + and 7 + (if experimentally detected) and the TR range that the isotopes were detectable are represented. If the form was detectable chromatographically as more than one peak, the second (other) TR is recorded. The non-oxidised glycoforms are highlighted with bold. Table S8: Compilation of all the detected hCGβ glycoforms of the uhCG when analysed with the method containing TFA (CF3COOH) as the mobile phase additive. In the table the maximum isotope mass, the monoisotopic mass, the monosaccharide composition with n1*oxy and/or n2* CF3COOH (n1, n2=0-4), the theoretical m/z of the maximum at charge state 10 + and 9 + (if experimentally detected) and the TR range that the isotopes were detectable are represented. The non-oxidised glycoforms are highlighted with bold. Table S9: Compilation of all the detected hCGα glycoforms of the rhCG when analysed with the method containing FA as the mobile phase additive.

Elemental composition

In the table the maximum isotope mass, the monoisotopic mass, the monosaccharide composition with n1*oxy (n1,=0-3), the theoretical m/z of the maximum at charge state 8 + and 9 + (if experimentally detected) and the TR range that the isotopes were detectable are represented. If the form was detectable chromatographically as more than one peak, the second (other) TR is recorded. The non-oxidised glycoforms are highlighted with bold. S13: Compilation of the detected hCGα glycoforms when analyzing the rhCG preparation at a concentration of 100 μg ml -1 by nanoLC-HRMS detected in the average MS spectrum with a retention time range of 22.7-23.0 min. The error (in ppm) was calculated after accurate mass measurements performed at the maximum isotopic peak of the [M+7H] 7+ species. Table S14: Compilation of the detected hCGβ glycoforms when analyzing the rhCG preparation at a concentration of 100 μg ml -1 by nanoLC-HRMS detected in the average MS spectrum with a retention time range of 25.0-25.3 min. Some forms were detected in the average MS spectrum with a retention time range of 25.6-25.9 min and are indicated in bold. The error (in ppm) was calculated after accurate mass measurements performed at the maximum isotopic peak of the [M+107H] 107+ species. analysed by nanoLC-HRMS after Con A SPE following protocol 3 with 12.5 µg of uhCG and their average relative area (<relative area>) measured on the XIC with their corresponding RSD on three different home-made cartridges (H6, H7, H8) or commercial cartridges (C1, C2, C3). Semi-quantification was performed by the normalization to the highest area value highlighted in grey. S24) for the extraction of 12.5 µg of uhCG on an 800 µl Jacalin sorbent. SPE conditions: see section 9.2.3. LC-MS parameters: see section 9.2.4. S24) for the extraction of 12.5 µg of uhCG on an 800 µl Jacalin sorbent. SPE conditions: see section 9.2.3. LC-MS parameters: see section 9.2.4.

Table S24: SPE conditions of the tested protocols for the extraction of rhCG and uhCG on the Jacalin sorbents. Table 24 : Average relative recoveries and average recoveries calculated for the hCGα and hCGβ glycoforms measured in the concentrated percolation (P), washing (W) and elution (E) fractions by nanoLC-HRMS applying different SPE protocols with 5 μg of rhCG on 400 μl of Jacalin sorbent used sometimes after an extensive pre-conditioning (Pre-C) step (n=3). Note that for the protocols 1 and 2, the calculations were performed only for the most intense 5 hCGα and 5 hCGβ glycoforms. .......... 212 10)NeuAc(0) (yellow). Normalization was performed so that the most intense peak is 100 percent. LC-MS conditions: see section 4.1.2.......... 74 Figure 16 : TIC obtained by nanoLC-HRMS analysis of rhCG at 250 μg ml -1 with the mobile phase additive(s) of (A) 0.05% TFA (black), 0.05% TFA + 0.5% FA (light red) and 0.05% TFA + 2.0% FA (green) and (B) Venn diagrams comparing the number of hCGα and hCGβ glycoforms detected after the analysis with each mobile phase additive. LC-MS conditions: see section 4.1.2. ................................. 76 Figure 17 : (A) TIC obtained by nanoLC-HRMS analysis using FA at 2.0% as the mobile phase additive for the analysis rhCG at 100 μg ml -1 (black), rhCG at 50 μg ml -1 (red) and rhCG at 25 μg ml -1 (green). (B) TIC obtained by nanoLC-HRMS analysis using TFA at 0.05% as the mobile phase additive of the analysis of rhCG at 100 μg ml -1 before (black) and after (red) the cleaning of the MS instrument. LC-MS conditions: see section 4.1. Initially the sample, which is a mixture of molecules with and without affinity for the lectin sorbent, is percolated through the cartridge. Percolation is followed by washing of the components that do not have affinity and finally elution of the target glycoproteins or glycopeptides by disrupting the lectin-sugar bonds. (B) General workflow of lectin dSPE. Initially the sample is mixed "in solution" with the lectin-functionalized sorbent in order to capture those molecules that have affinity with the lectin. After centrifugation or the application of a magnetic field, the compounds that do not have affinity are collected from the supernatant. Additional washing steps can be implemented to remove all non-retained compounds. The final desorption of target glycoproteins or glycopeptides is performed under the appropriate conditions (Table 9). ................. 90 Numbers in the black, red, green, and blue ovals show the proteins identified from LEL, HPA, anti-LexAb, and anti-sLexAb columns, respectively. A total of 102 proteins were identified. (B) Numbers of proteins identified from antisLexAb → anti-LexAb → HPA → LEL SAC. Numbers in the black, red, green, and blue rectangles show the proteins identified from LEL, HPA, anti-LexAb, and antisLexAb columns, respectively. A total of 86 proteins were identified. LEL: Lycopersicon esculentum lectin. HPA: Helix pomatia lectin. anti-LexAb: Anti-Lewis x antibody. anti-sLexAb: anti sialyl Lewis x antibody. SAC: serial affinity chromatography [START_REF] Jung | Serial Affinity Chromatography as a Selection Tool in Glycoproteomics[END_REF] S24). SPE conditions: see section 9.2.3. LC-MS parameters: see section 9.2.4. . 216 
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Figure 1 :

 1 Figure 1 : A stereo representation of the complex of the two subunits of the hCG protein. Blue: hCGα. Green: hCGβ.

Figure 2 :

 2 Figure 2 : (A) Representation of the structure of the most common N-glycans classified to high mannose, hybrid type, or complex type with two, three or four antennas; all classes can be sialylated and/or core fucosylated; Bisected GlcNAc forms contain the characteristic GlcNAcβ1-4Man residue. (B) Representation of the most common O-glycans of secreted proteins, including the Tn antigen, the T antigen (Core 1), Core 2 and complex core 2 and their sialylated analogues.

Figure 3 :

 3 Figure 3 : Different sources of hCG production: production of hCG by the syncytiotrophoblast and hCG and hCG-H by invasive extravillous cytotrophoblast. Figure adapted from [7].

Figure 4 :

 4 Figure 4 : Structures and relative intensities of the glycans attached to the Asn-30 of hCGβ purified from the urine (A) of a pregnant woman, (B) of an invasive mole patient and (C) of a testicular cancer patient. The proposed sugar structures were calculated by the mass-matching approach. Tri-antennary glycan structures are shown in black, bi-antennary in gray, and mono-antennary in white [55].

hCGβ 1 (/

 1 Incubation of hCG with 0.1% TFA (3 h at RT)/ RPLC/ hCGβ peak collection and drying/ denaturation/reduction/ alkylation/RPLC separation /tryptic digestion/RPLC-ESI-MS (triple Quad) uhCG (pregnyl and C5297)*: i) Asn-13: disialylated complex bi-antennary ii) 30Asn-30: fucosylated disialylated complex bi-antennary hCGβ (CR 121)*: Asn-13: disialylated complex bi-antennary uhCG (pregnyl and C5297): i) Ser-121: monosialylated Core 1 ii) Ser-127 and Ser-132: Core denaturation/reduction/alkylation/tryps in digestion/reduction and pyridylethylation of peptides/RPLC-ESI-MS (IT) hCGα* (Asn-52 and Asn-78): bi-antennary (±sialylation) and hybrid-type glycans hCGβ*: i) Asn-13: bi-antennary, tri-antennary (±sialylation or fucosylation) ii) Asn-30: sialylated and fucosylated biantennary hCGβ*: i) Ser-121: sialylated complex core 2, core 1 (±sialylation) ii) Ser-127 or Ser-132: -52: Mono-antennary; non sialylated (rhCG & uhCG) ii) Asn-78: bi-antennary (rhCG & uhCG); Mono-antennary (uhCG); Tri-antennary (rhCG) hCGβ: iii) Asn-13: mono-antennary; non-sialylated (rhCG) bi-antennary; non-sialylated (uhCG) iv) Asn-30: bi-antennary; fucosylated (rhCG )/ hCGβ isolated by RPLC/ purity checked by SDS-PAGE/ hCGβ fractions pooled and dried/ tryptic digestion/RPLC ESI-MS (Q-TOF) hCGβ*: i) Asn-13: bi-antennary (regardless the source); Fucosylation: pregnancy (↓), malignancies (↑); sialylation (↑) (regardless the source) ii) Asn-30: bi-antennary (↑) in pregnancy; Tri-antennary and mono-antennary structures (↑) in malignancy; Fucosylation: (↑) regardless the source; sialylation (↑) reduction/alkylation/tryptic digestion /RPLC-ESI-MS/MS (Orbitrap) cancer patients (hCG-H): Asn-13 and Asn-30 of the hCGβ: tetraantennary complex type (↑) Asn-52 of the hCGα: tetra-antennary complex type (↓) alkylation/denaturation/reduction/tryps in digestion/RP-HPLC-ESI-MS/MS (Orbitrap) hCGα: i) Asn-52: bi-antennary (±sialylation) & mono-antennary and high mannose (lower abundance) ii) Asn-78: bi-antennary (±sialylation) & triantennary (lower abundance) hCGβ: iii) bi-antennary N-glycans (mono-and disialylated) (±fucosylation) iv) Asn-30: fucosylated bi-antennary hCGβ: Separation with AEX of the charged Nand O-glycans/ desialylation and separation by RPLC of the neutral glycans / detection MALDI-TOF (N and O glycans) or ESI-MS (IT) (O-glycans) rhCG: bi-antennary (±sialylation or fucosylation) rhFSH/ rhLH: bi-antennary and tri-antennary (±sialylation or fucosylation) + tetra-/ permethylation / RPLC purification/ MALDI-TOF MS i) Normal (early and late) pregnancy: high mannose> bi-antennary > tri-antennary>>tetra-antennary ii) late pregnancy: bisected N-glycans bi-to and O-glycans denaturation/reduction/PNGase F/fluorescent labelling/ clean up with HILIC-SPE/xCGE-LIF bi-antennary (±sialylation or fucosylation)

Figure 5 :

 5 Figure 5 : (A) Total ion chromatogram (TIC) of rhCG analyzed by nano-LC-HRMS. (B) Average mass spectrum corresponding to the totality of the chromatographic peak massif observed (retention time range, 15.5-21 min)

Figure 6 :

 6 Figure 6 : Annotation of dimeric hCG glycoforms. (a) Raw mass spectrum of dimeric hCG obtained by native MS. Charge states are indicated. (b) Deconvoluted mass spectrum of dimeric hCG. The glycoforms contributing most to peak abundance are indicated by colored symbols and represent a combination of glycans present on hCGα (A)and hCGβ (B-G). Numbers above these symbols correspond to the number of sialic acids present[START_REF] Lebede | Exploring the Chemical Space of Protein Glycosylation in Noncovalent Protein Complexes: An Expedition along Different Structural Levels of Human Chorionic Gonadotropin by Employing Mass Spectrometry[END_REF].

  : Hexose (Mannose or Galactose); HexNAc: N-acetylhexosamine (N-acetylgalactosamine or N-acetylglucosamine); dHex: Deoxyhexose (Fucose); NeuAc: N-Acetylneuraminic (neuramic) acid; Monoisotopic mass is calculated after the removal of the mass of water, which is lost during the formation of the glycosidic bonds Chapter 3. Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry The analysis of glycoproteins at the intact level can provide valuable information concerning the macro heterogeneity of glycoforms and therefore contribute to the determination of their composition. This is why in our lab the development of multiple methods for the analysis of the glycoforms of gonadotropins at the intact level has been attempted. In this next chapter, the optimization of a nanoLC-(Orbitrap)MS method that allowed the detection and semi-quantification of multiple hCGα and hCGβ glycoforms at the intact level is described. It concerns the work performed at the end of the PhD of Dr A. Al Matari and at the beginning of mine and it is in the form of a published article in the Journal of Chromatography A: A. Al Matari, A. Goumenou, A. Combès, T. Fournier, V. Pichon, and N. Delaunay, 'Identification and semi-relative quantification of intact glycoforms of human chorionic gonadotropin alpha and beta subunits by nano liquid chromatography-Orbitrap mass spectrometry', J. Chromatogr. A, vol. 1640, p. 461945, Mar. 2021, doi: 10.1016/j.chroma.2021.461945. Abstract The human chorionic gonadotropin (hCG) protein belongs to a family of glycoprotein hormones called gonadotropins. It is a heterodimer made of two non-covalently linked subunits. The alpha subunit structure, hCGα, has 2 Nglycosylation sites, while the beta subunit, hCGβ, has 2 N-and 4 Oglycosylation sites. This leads to numerous glycoforms. A method based on the analysis of hCG glycoforms at the intact level by nano-reversed phase liquid chromatography coupled to high resolution mass spectrometry (nanoLC-HRMS) with an Orbitrap analyser was previously developed using a recombinant hCG-based drug, Ovitrelle®, as standard. It allowed the detection of about 30

Figure 7 :

 7 Figure 7 : Mean value of peak areas (and standard deviation, n=3 injections) of 6 hCGα glycoforms obtained after injecting 35 ng of rhCG using a 70 nl loop or after the preconcentration of 1, 1.5 or 2 µl of sample on the trapping precolumn. Mobile phase: 2% formic acid in H2O/ACN mixture (v/v). Gradient: from 10 to 30% ACN with a slope of 0.66% ACN/min. Injection mode: µl pickup. Other conditions: see section 3.2.3.

Figure 8 :

 8 Figure 8 : Mean value of peak areas (and standard deviations (n=3)) of 9 hCGα glycoforms analyzed in nano-LC-HRMS by injecting 1 µl of rhCG at 35 µg ml-1 with preconcentration on the trapping precolumn using three different injection modes . Mobile phase: 2% Formic acid in H2O/ACN mixture (v/v). Gradient: from 10 to 30% ACN with a slope of 0.66% ACN/min. Other conditions: see section 3.2.3.

Figure 9 :

 9 Figure 9 : BPCs of rhCG analyzed by nano-LC-HRMS with either FA or TFA as the mobile phase acidifier. Mobile phase: 2% FA, 0.05% TFA, or 0.1% TFA in H2O/ACN mixture (v/v). Gradient slope: 1.02% ACN/min. rhCG at 100 µg ml-1. Injection volume: 1 µl in partial loop mode. Other conditions: see section 3.2.3.

Figure 10 :

 10 Figure 10 : Venn diagram comparing the number of hCGα and hCGβ glycoforms detected after the analysis by nanoLC-HRMS of rhCG according to the nature and content of acidic additive in the mobile phase. Analytical conditions: see Figure 9.

Figure 11 :

 11 Figure 11 : XIC of 4 high intensity hCGα glycoforms, 4 low intensity hCGα and 4 hCGβ glycoforms analyzed by nano-LC-HRMS with all the optimized conditions. Mobile phase: 0.05% TFA in H2O/ACN mixture (v/v). Gradient: from 10 to 65% ACN with a slope of 1.02% ACN/min. rhCG at 100 µg ml -1 . Injection volume: 1 µl in partial loop mode.

Figure 12 :

 12 Figure 12 : TIC obtained by nanoLC-HRMS analysis of rhCG at 250 μg ml -1 with the LC setup of (A) back flush mode (black), forward flush mode (light red) and forward flush mode with the biocompatible nano filter (green) and (B)

Figure 13 :

 13 Figure 13 : Schematic representation of all the possible forms by which the hCGα glycoform leading to the highest area value on its own XIC (hCGα + HexNAc(8)Hex(10)NeuAc(3)) can be detected when analysing the rhCG with the optimized nanoLC-HRMS method. LC-MS conditions: see section 4.1.2. 

Figure 14 :

 14 Figure 14: XIC of the hCGα glycoform HexNAc(8)Hex(10)NeuAc(3) (black) overlayed with (A) the XICs of the oxidised forms of the glycoform with one (red), two (green) or three (blue) oxidised methionine residues. (B) the XICs of the TFA adducts of the glycoform with one (red), two (green), three (blue) or four (yellow) TFA compounds. (C) Overlay of the XIC of the hCGα glycoform HexNAc(8)Hex(10)NeuAc(3) with one oxidised methionine (black) and of the XIC of the TFA adducts of the oxidised glycoform with one (red), two (green) or three (blue) TFA compounds. Normalization was performed so that the most intense peak is 100 percent in each figure. In figure A, a sub figure is presented in the upper right corner that concerns the three individual oxidised forms normalized to the oxidised form with one oxidised methionine. LC-MS conditions: see section 4.1.2.

Figure 15 :

 15 Figure 15 : Overlay of the XICs of the hCGα glycoform HexNAc(8)Hex(10)NeuAc(4) (black) and of hCGα HexNAc(8)Hex(10)NeuAc(3) (red), hCGα HexNAc(8)Hex(10)NeuAc(2) (green), hCGα HexNAc(8)Hex(10)NeuAc(1)(blue) and hCGα HexNAc(8)Hex(10)NeuAc(0) (yellow). Normalization was performed so that the most intense peak is 100 percent. LC-MS conditions: see section 4.1.2. 

Figure 16 :

 16 Figure 16 : TIC obtained by nanoLC-HRMS analysis of rhCG at 250 μg ml -1 with the mobile phase additive(s) of (A) 0.05% TFA (black), 0.05% TFA + 0.5% FA (light red) and 0.05% TFA + 2.0% FA (green) and (B) Venn diagrams comparing the number of hCGα and hCGβ glycoforms detected after the analysis with each mobile phase additive. LC-MS conditions: see section 4.1.2.

Figure 17 :

 17 Figure17 :(A) TIC obtained by nanoLC-HRMS analysis using FA at 2.0% as the mobile phase additive for the analysis rhCG at 100 μg ml -1 (black), rhCG at 50 μg ml -1 (red) and rhCG at 25 μg ml -1 (green). (B) TIC obtained by nanoLC-HRMS analysis using TFA at 0.05% as the mobile phase additive of the analysis of rhCG at 100 μg ml -1 before (black) and after (red) the cleaning of the MS instrument. LC-MS conditions: see section 4.1.2. 

  their ability to form chemical bonds with specific sugars of other glycoproteins. Prior to the presentation of the utility of lectins specifically for the study of the glycosylation of hCG, a comprehensive overview of the state of the art of the use of lectins as affinity sorbents for the study of the glycosylation of proteins is presented in this chapter. This will help the reader comprehend the importance of lectins as analytical tools in a broader spectrum, prior to presentation of their specific application for the study of the glycosylation of gonadotropins. This chapter is in the form of a published article in the journal Frontiers in Molecular Biosciences: A. Goumenou, N. Delaunay, V. Pichon, Recent Advances in Lectin-Based Affinity Sorbents for Protein Glycosylation Studies, Front. Mol. Biosci. 8:746822 (2021). https://doi.org/10.3389/fmolb.2021.746822. Abstract Glycosylation is one of the most significant post-translational modifications occurring to proteins, since it affects some of their basic properties, such as their half-life or biological activity. The developments in analytical methodologies has greatly contributed to a more comprehensive understanding of the quantitative and qualitative characteristics of the glycosylation state of proteins. Despite those advances, the difficulty of a full characterization of glycosylation still remains, mainly due to the complexity of the glycoprotein and/or glycopeptide mixture especially when they are present in complex biological samples. For this reason, various techniques that allow a prior selective enrichment of exclusively glycosylated proteins or glycopeptides have been developed in the past and are coupled either on-or off-line with separation and detection methods. One of the most commonly implemented enrichment methods includes the use of lectin proteins immobilized on various solid supports. Lectins are a group of different, naturally occurring proteins that share a common characteristic, which concerns their affinity for specific sugar moieties of glycoproteins. This review presents the different formats and conditions for the use of lectins in affinity chromatography and in solid phase extraction, including their use in dispersive mode, along with the recent progress made on either commercial or home-made lectin-based affinity sorbents, which can lead to a fast and automated glycosylation analysis.

  F3: Endoglycosidase F3; FA; Formic acid; HILIC; hydrophilic interaction chromatography; IEF: isoelectric focusing; LC: liquid chromatography; LWAC: lectin weak affinity chromatography; MALDI; matrix-assisted laser desorption/ionization; MS; mass spectrometry; N.A: not applicable; N.S: not specified; PNGase F: peptide N-glycosidase F; RP: Reversed phase; RPLC: Reverse phase liquid chromatography; RT: room temperature; SDS-PAGE: sodium dodecyl sulphate-polyacrylamide gel electrophoresis; STn: cell-surface Sialyl-Tn antigen; TBS: trisbuffered saline

Figure 19 :

 19 Figure 19 : (A) Number of proteins identified from LEL → HPA → anti-LexAb → anti-sLexAb SAC. Numbers in the black, red, green, and blue ovals show the proteins identified from LEL, HPA, anti-LexAb, and anti-sLexAb columns, respectively. A total of 102 proteins were identified. (B) Numbers of proteins identified from antisLexAb → anti-LexAb → HPA → LEL SAC. Numbers in the black, red, green, and blue rectangles show the proteins identified from LEL, HPA, anti-LexAb, and antisLexAb columns, respectively. A total of 86 proteins were identified. LEL:Lycopersicon esculentum lectin. HPA: Helix pomatia lectin. anti-LexAb: Anti-Lewis x antibody. anti-sLexAb: anti sialyl Lewis x antibody. SAC: serial affinity chromatography[START_REF] Jung | Serial Affinity Chromatography as a Selection Tool in Glycoproteomics[END_REF] .

  ions/ 0.5 ml (x4) LCA and PSA: 0.2M α-MM &0.2 M α-MG AAL, LTL, UEA I and AOL: : hydrophilic strong anion exchange chromatography; PBS: phosphate buffered saline; RIPA: radioimmunoprecipitation; SAX: strong anion exchange chromatography; SCX: strong cation exchange chromatography TBS: tris-buffered saline

100 μg 3 ) 4 AAL

 10034 mm -vol. 1.5 ml, silica-Con A: 9.8 mg ml -1 , toyopearl-Con A: 9.4 mg ml -1 0.1 M α-MM, 0.5ml min -1 up to 7.4 mg of GOX/ml REC: up to 93% UV (on-line) 10 μl, [C] = 10 mg ml -1fresh egg & human serum / 2 μl, 5 μl and 10 μl, [C]= 0.074 mg ml -1 & 0.095 mg ml -1 10 mM HEPES pH 7.2 + metal ions, 2 ml 0.1 M α-MM (0-100% in 19min), 0.2 ml min -1 42.7 ± 0.5 mg of 1 mm, Con A: 88 ± 6 mg / g, AAL : 29.4 ± 1.7 mg /g AGP / 20 -100 µl, [C] = up to 1.5 mg ml -1 Con A (A): 10 mM Tris pH 7.4 + metal ions, flow rate: 0.05 ml min - 1 , temp:50 °C, total analysis<20min AAL (optimal): 10 mM Tris pH 7.pH 7.4, 600 µl, flow rate: 10 μl min -1 Con A : 0.1-0.2 M α-MM, AAL: 0.1 M Fuc-400 µl, 20 μl/min silica-Con A for HRP: max 75 μg silica-AAL for AGP: max 20 μg 250 µm, Con A: 50 mg g -1 , SNA, UEA-I, PHA-L : 35 mg g -1 human serum / 16 µg, depletion (online) Con A: 10mM Tris pH 7.4 + metal ions SNA, UEA-I, PHA-L, multi lectin: 10mM phosphate pH 7.4 Con A: 0.1 M αmix 10 mM Bis-Tris pH 6.0 + metal ions, 3 ml gradient elution (0.2M α-MM:

Figure 20 :

 20 Figure 20 : Configuration of the serial TPPMRs for online proteolysis and glycopeptide enrichment prior to nLC-ESI-MS/MS, Setup configuration: Operational position 1: on-line digestion and glycopeptides enrichment, Valve positions: I: solid and II: dotted lines. Operational position 2: PNGase F injection and loading to trap column, Valve positions: I: dotted and II: solid lines. Operational position 3: LC/MS run of deglycosylated peptide and reconditioning of TPPMR, Valve positions: I: solid and II: dotted lines. TPPMR: thermoresponsive porous polymer membrane reactor. nLC-ESI-MS/MS: nanoflow liquid chromatography-tandem mass spectrometry. T: Trypsin immobilized TPPMR. L: Lectin immobilized TPPMR[START_REF] Yang | Online Proteolysis and Glycopeptide Enrichment with Thermoresponsive Porous Polymer Membrane Reactors for Nanoflow Liquid Chromatography-Tandem Mass Spectrometry[END_REF].

Figure 21 :

 21 Figure 21 : Electrochromatogram of (A) GO, fetuin, and HT in the presence of non-glycosylated TI, obtained on WGA immobilized on a monolithic column by a three-step process and of (B) AGP, HT, collagen, k-casein, avidin, and fetuin, obtained on coupled monolithic lectin columns (order WGA → LCA). HT: human transferring. TI: soybean trypsin inhibitor. AGP: a1-acid glycoprotein [222].

  serum, saliva, and urine / 50 μg, [C] = 250 μg ml -1 in 200 µl of

Figure 22 : 134 Table 14 :

 2213414 Figure 22 : Lectin affinity chromatography of hCG and free α in late pregnancy urine. hCG and free α moleculeswere each subjected to affinity chromatography on Con A (A) and LCA (B). Fractions (2 ml) were assayed by RIA.[START_REF] Skarulis | Glycosylation changes in human chorionic gonadotropin and free alpha subunit as gestation progresses[END_REF].

Figure 23 :

 23 Figure 23 : N-glycan structures with two antennas occupying the C-2 and C-4 positions of the same α-mannose.

  buffer C6 + 0.01 M α-MG (weakly bound), 7 ml and buffer C6 + 0.25 M α--MM: methyl α-D-mannopyranoside; α-MG: methyl α-D-glucopyranoside; BSA: bovine serum albumin; CDG : congenital disorder of glycosylation I; DELFIA : dissociation-enhanced lanthanide fluorescence immunoassay ; DMEM: Dulbecco′s Modified Eagle′s Medium; IRMA : Immunoradiometric assay ; IRP : International Reference Preparation ; LA : lactational amenorrhoea ; Man : mannose ; MFP : mid-follicular phase; N.S: not specified; PBS : phosphate buffered saline ; GlcNAc : N-acetyl glucosamine ; GnRH : Gonadotropin-releasing hormone ; REC

7. 1 .

 1 Materials and methods7.1.1. Reagents and analytesLC-MS grade acetonitrile (ACN) and LC-MS grade water were obtained from Carlo Erba (Val-de Reuil, France). Trifluoroacetic acid (TFA), Galactose (Gal), sodium chloride, Trizma® base, 1 M hydrochloric acid and 0.1 M sodium hydroxide for pH adjustment and Amicon® Ultra Centrifugal Filters with 10 kDa molecular weight cut-off (MWCO) were all purchased from Sigma Aldrich (Saint-Quentin Fallavier, France). The recombinant human chorionic gonadotropin (rhCG) drug Ovitrelle® from transfected Chinese hamster ovary (CHO) cells was purchased from Organon (Oss, The Netherlands). The human chorionic gonadotropin from human pregnancy urine (uhCG) was purchased as a lyophilized powder (10,000 International Units (IU)) from Sigma Aldrich. Preparation of the stocks was performed as described in section 4.1.1.

Figure 24 :

 24 Figure 24 : Absolute areas of the (A) hCGα and (B) hCGβ glycoforms with the highest peak area on their own XIC of the sample diluted only in water, stability sample and filter sample 1 and 2 generated by dilution to the Jacalin elution buffer (see section 7.1.2. for sample preparation).

  washing and elution fractions by applying different amounts of the uhCG sample on cartridges of differentvolumes and/or lectin densities using SPE protocol 1.

Figure 25 :

 25 Figure 25 : TICs obtained by nanoLC-HRMS analysis of the concentrated washing, elution 1, and elution 2 fractions from Con A SPE with 12.5 μg of uhCG on (A) the home-made Cartridge H6 and (B) the commercial Cartridge C1 with application of the SPE protocol 3 and (C) the resulting Venn diagrams comparing the number of hCG αand hCG βglycoforms detected in each fraction. The TIC obtained by injecting the filtered hCG sample in nanoLC-HRMS at a concentration of 250 μg ml -1 is also represented and its intensity was used to normalize the SPE fraction intensities. SPE conditions: see section 8.2.3. LC-MS parameters: see section 8.2.4.

Figure 26 :

 26 Figure 26 : Histogram representing the loss of Con A from the Con A sorbents (120 µl, cartridges H6, C1, and C2) as a function of the number of uses of the corresponding cartridge. SPE protocol 3.

  recoveries, and relative areas. Regarding the intra-assay variation, the RSD values of the RTs are below 1.2%, showing the high repeatability of the nanoLC separation. The values of RSD of the relative areas did not exceed 31%, with an average of the RSD values around 10%. The extraction recoveries have an RSD range of 1.7-18.8% with an average of 10.0% for the hCGα glycoforms and 2.4-23.9% with an average of 9.3% for the hCGβ ones. Overall, given the complexity of the ionization process during analysis which can introduce many sources of variability along with the variations of the extraction

  and analysis of the concentrated fractions in nanoLC-HRMS on the same home-made Cartridge H6 or on three different commercial cartridges (H6, H7 and H8) and on the same commercial Cartridge C1 and on three different commercial cartridges (C1, C2 and C3). SPE protocol 3 with 12.5 μg of uhCG (n=3).

Figure 27 :

 27 Figure 27 : TICs obtained by nanoLC-HRMS analysis of the concentrated washing, elution 1, and elution 2 fractions from SPE with 12.5 μg of uhCG on the home-made IgG control sorbent (protocol 3). The TIC obtained by injecting the filtered hCG sample in nanoLC-HRMS at a concentration of 250 μg ml -1 is also represented and its intensity was used to normalize the SPE fraction intensities. SPE conditions: see section 8.2.3. LC-MS parameters: see section 8.2.4.

Figure 28 :

 28 Figure 28 : Average extraction recoveries and standard deviations of (A) 6 hCGα glycoforms and (B) 6 hCGβ glycoforms after Con A SPE of uhCG on three home-made (H6, H7, and H8) and three commercial cartridges (C1, C2, and C3) following extraction protocol 3 and analysis in nanoLC-HRMS.

Figure 29 :

 29 Figure 29 : TICs obtained by nanoLC-HRMS analysis of the concentrated washing, elution 1, and elution 2 fractions from Con A SPE with 5 μg of rhCG on (A) the home-made Cartridge H6 and (B) the commercial Cartridge C1 with application of the SPE protocol 3 and (C) the resulting Venn diagrams comparing the number of hCG αand hCG βglycoforms detected in each fraction. The TIC obtained by injecting the filtered hCG sample in nanoLC-HRMS at a concentration of 250 μg ml -1 is also represented and its intensity was used to normalize the SPE fraction intensities. SPE conditions: see section 8.2.3. LC-MS parameters: see section 8.2.4.

9. 2 .

 2 Materials and methods 9.2.1. Reagents and analytes LC-MS grade acetonitrile (ACN), LC-MS grade water and formic acid were obtained from Carlo Erba (Val-de Reuil, France). Trifluoroacetic acid (TFA), galactose (Gal), sodium chloride, Trizma® base, sodium acetate, sodium azide, cyanogen bromide-activated Sepharose 4B, bovine serum albumin (BSA), 1 M hydrochloric acid and 0.1 M sodium hydroxide for pH adjustment, ammonium

5 M

 5 formic acid, pH 2.2 (protocol 2). The protocol 3 used 2 ml of a washing solution S2 (0.05 M Tris pH 8.0 plus 0.15 M NaCl, 0.2% L-arginine and 0.2% L-glutamic acid) and elution was performed with 2 ml of the solution S2 plus 0.5 M Gal plus 15% v/v ACN. With the protocol 4, the extraction of rhCG was performed with 400 µl of the Jacalin sorbent and under gravity, leading to a flow rate of 0.1 ml min -1 . The previous day of extraction, the sorbent was pre-conditioned with 48 ml of 0.1 M Tris buffer pH 8.0 (solution S4), then with 8 ml of 0.1 M acetate buffer pH 4.0 plus 0.4 M NaCl (Solution S5) and 8 ml of a 0.1 M bicarbonate buffer pH 8.3 plus 0.5 M NaCl (Solution S6) and stored in storage buffer. The day of the extraction, the cartridge was conditioned with 10 Vc of a 0.02 M Tris buffer pH 9.0 plus 0.15 M

Figure 30 :

 30 Figure 30 : Overlay of the TICs resulting from the nanoLC-HRMS analysis of the SPE elution fractions carried out with 5 μg of rhCG and the protocol 1 (black) or 3 (red) using a Jacalin-based cartridge of 400 μl. Normalization was performed to the highest peak of both TICs. SPE conditions: see section 9.2.3. LC-MS parameters: see section 9.2.4.

  : successive elution steps; Gal: galactose; S1 (solution S1): 0.05 M Tris, pH 7.0 + 0.15 M NaCl; S2 (solution S2): 0.05 M Tris pH 8.0 + 0.15 M NaCl, 0.2% L-arginine and 0.2% L-glutamic acid; S3 (solution S3): 0.02 M Tris, pH 9.0 + 0.15 M NaCl; S4 (solution S4): 0.1 M Tris pH 8.0; S5 (solution S5): 0.1 M acetate pH 4.0 + 0.4 M NaCl; S6 (solution S6): 0.1 M bicarbonate pH 8.3 + 0.5 M NaCl. Vc: cartridge volume (400 µl here).

pH 8 .

 8 0, 8 ml of a 0.1 M acetate buffer pH 4.0 plus 0.4 M NaCl followed by 8 ml of a 0.1 M bicarbonate buffer pH 8.3 plus 0.5 M NaCl. In addition, since it was observed that the basic pH of the Tris buffer could potentially lead to better recoveries, a more basic solution at pH 9.0 of 0.02 M Tris plus 0.15 M NaCl (Solution S3) was selected for the conditioning, percolation, and washing. A first elution step with milder conditions using only the competitive sugar to avoid oxidation (Solution S3 plus 0.5 M Gal) was next carried out. The TICs of the SPE fractions after this experiment are represented in Figure31. As a result, the average extraction recovery in the elution 1 fraction for the hCGα glycoforms was 42.0%, while for the hCGβ was 50.2%, which are improved values compared to those previously obtained.

Figure 31 :

 31 Figure 31 : TICs resulting from the nanoLC-HRMS analysis of the concentrated SPE washing and elution fractions carried out with 5 μg of rhCG on a 400 µl sorbent with protocol 4 after the extensive pre-conditioning of the cartridge before its first use. The TIC of the filtered hCG sample corresponds to the analysis of the rhCG sample only with filtration process and was used to normalize all the other TICs. SPE conditions: see section 9.2.3. LC-MS parameters: see section 9.2.4.

Figure 32 :

 32 Figure 32 : TICs resulting from the nanoLC-HRMS analysis of the concentrated SPE washing, elution 1 and elution 2 fractions carried out with 12.5 μg of uhCG on a 800 μl cartridge using protocol 4 after the extensive preconditioning of the cartridge before its first use. The TIC of the filtered uhCG corresponds to the analysis of the rhCG sample only with filtration process and was used to normalize all the other TICs. SPE conditions: see section 9.2.3. LC-MS parameters: see section 9.2.4.

Figure 33 :

 33 Figure 33 : Total ion chromatograms (TICs) resulting from the nanoLC-HRMS analysis of the SPE washing and elution fractions carried out with 5 μg of rhCG on a control BSA-cartridge by application of protocol 4 (TableS24).

Figure 34 :

 34 Figure 34 : Venn diagrams of the number of hCGα and hCGβ glycoforms detected in the concentrated SPE fractions after their nanoLC-HRMS analysis by applying (A) 5 μg of rhCG on a 400 µl cartridge or (B) 12.5 μg of uhCG on a 800 µl cartridge (protocol 4). SPE conditions: section 9.2.3. nano-LC HRMS conditions: section 9.2.4.

Figure 35 :

 35 Figure 35 : TICs obtained by nanoLC-HRMS analysis of the washing, elution 1 and elution 2 fractions from SPE with 5 μg of rhCG on WGA (1) by application of SPE protocol A3. SPE conditions: section 10.2.3.1. LC-MS conditions: section 8.2.4

Figure 36 :

 36 Figure 36 : TICs obtained by nanoLC-HRMS analysis of the washing, elution 1 and elution 2 fractions from SPE with 12.5 μg of uhCG on PHA-L (3) by application of SPE protocol B3. Normalization was perfromed to the TIC of the filtered hCG sample. SPE conditions: section 10.2.3.1. LC-MS conditions: section 8.2.4.

Figure S1 :

 S1 Figure S1: Experimental setup used for the nanoLC-HRMS analysis with the addition of a trapping precolumn.

Figure S2 :

 S2 Figure S2: Schematic representations of the three tested injection modes based on full loop, partial loop or microliter pick-up (blue: sample; black: Mobile phase; red: water).

Figure S3 :

 S3 Figure S3: BPC of rhCG analyzed by nanoLC-HRMS with 5 different gradients (described in TableS1).

Figure S4 :Figure S5 :

 S4S5 Figure S4: Calibration curves for the hCGα glycoform having a MW of 14963.3 Da injected between (Left)6 and 500 µg ml -1 or (Right) 6 and 250 µg ml -1 (n=3 for each concentration).

Figure S6 :

 S6 Figure S6: Experimental setup used for the nanoLC-HRMS analysis in the (A) back flush mode and (B) the forward flush mode at the position inject of the auto sampler. Yellow straight lines represent the position of 10_1 of the 10-port LC valve and orange dotted lines the position 1_2.

Figure S8 :

 S8 Figure S8: Average mass spectrum in the RT 22.3-22.7 min when analysing the rhCG with FA as the mobile phase additive.

Figure S9 :

 S9 Figure S9: (A) TIC obtained by analysing rhCG (100 μg ml -1 ) by nanoLC-HRMS and (B) overlaid zoomed XIC of the hCGα glycoform with a monoisotopic mass of 14307.03842 Da (black line), the oxidised form of this glycoform (red line), the double oxidised form (green line) and the triple oxidised form (blue line). The areas were normalized so that the most intense peak, which was the non-oxidised glycoform, is 100 percent. In the upper right corner, normalization was performed to the double oxidised form. LC-MS parameters: see section 8.2.4.

Figure S10 :

 S10 Figure S10: TIC corresponding to the analysis by nanoLC-HRMS of Con A at three concentration levels. LC-MS parameters: see section 8.2.4.

Figure S11 :

 S11 Figure S11: Average mass spectrum for the retention time range 21.9-22.1 min of the washing fraction after Con A SPE for the extraction of 12.5 µg of uhCG applying protocol 3 on the home-made cartridge HH6 corresponding to the possible hCGα with N-glycans having tetra-antennary structures. SPE conditions: see section 8.2.3. LC-MS parameters: see section 8.2.4

  Compilation of the detected hCGβ glycoforms in the concentrated elution 1 fraction analysed by nanoLC-HRMS after Con A SPE following protocol 3 with 12.5 ug of u-hCG and their average relative area (<relative area>) measured on the XIC with their corresponding RSD values on three different homemade cartridges (H6, H7, H8) or commercial cartridges (C1, C2, C3). Semi-quantification was performed by the normalization to the highest area value highlighted in grey. Suggested overall composition of the glycans occupying the detected isoforms of hCGα present only in the washing fraction at the retention times between 21.9 and 22.1 min after Con A SPE (12.5 µg of uhCG, protocol 3) with either a home-made (H6) or commercial cartridge (C1). Those forms correspond to two tetra-antennary glycans with various degrees of sialylation or phosphorylated structures. The values of the experimental m/z are retrieved from the experiment on the H6 cartridge.

Figure S12 : 4 Figure S13 :

 S124S13 Figure S12: Total ion chromatogram (TIC) obtained by analysing in nanoLC-HRMS (A) uhCG (92 μg ml - 1) and (B) rhCG (100 μg ml -1 ). LC-MS parameters: see section 9.2.4

Figure S14 :

 S14 Figure S14: Zoomed averaged mass spectrum at a retention time range 23.0-23.2 min obtained after analysing in nanoLC-HRMS the washing fraction by application of protocol 5 (TableS24) for the extraction of 12.5 µg of uhCG on an 800 µl Jacalin sorbent. SPE conditions: see section 9.2.3. LC-MS parameters: see section 9.2.4.

  05 M Tris, pH 8.0 + 0.15 M NaCl, 0.2% L-arginine and 0.2% L-glutamic acid, : acetonitrile; E1/E2: successive elution steps; FA: formic acid, Gal: galactose

  : hexose (mannose or galactose); HexNac: N-Acetylhexosamine (N-Acetylglucosamine or N-Acetylgalactosamine); MM: monoisotopic mass; NeuAc: sialic acid; tR: retention time TableS34: Proposed hCGβ glycoforms and their elemental composition as determined by accurate mass measurements detected solely in the washing fraction in the retention time range of 22.9-23.0 min (protocol 4 with 12.5 µg of uhCG on an 800 µl Jacalin sorbent). The error (in ppm) was calculated after accurate mass measurements performed at the maximum isotopic peak of the [M+9H]9+ species.
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Table 2 :

 2 Compilation of the studies performed for the glycosylation analysis of gonadotropins using bottom-up, glycan release or intact protein analysis including native MS.

Table

  

Table

  

Table 3 :

 3 Compilation

of the N-glycans attached to hCG as reported in literature with their structure, the monoisotopic mass and the composition of the monosaccharides.

Table 4 :

 4 Compilation

	Structure	Monoisotopic mass Da *	Composition	Ref.
		203.07	HexNAc1	[18]
		383.14	Hex1 HexNAc1	[18,53,55,58,60]
		512.16	HexNAc2 NeuAc1	[18,58]
		586.19	Hex1 HexNAc2	[55]
		674.21	Hex1 HexNAc1 NeuAc1	[60]
		674.21	Hex1 HexNAc1 NeuAc1	[18,53,55,58,60]
		715.23	HexNAc2 NeuAc1	[58]
		748.27	Hex2 HexNAc2	[53,58]
		789.30	Hex1 HexNAc3	[58]
			(unspecified)	
		877.28	Hex1 HexNAc2 NeuAc1	[55]
		965.33	Hex1 HexNAc1 NeuAc2	[18,55,58,60]
		1039.33	Hex2 HexNAc2 NeuAc1	[53]
		1185.38	Hex2 HexNAc2 dHex1 NeuAc1	[58]

of the O-glycans attached to hCG as reported in literature with their structure, the monoisotopic mass and the composition of the monosaccharides.

Table 5

 5 presents the number of hCGα and hCGβ glycoforms detected with each mobile phase gradient. Despite the difficulty to explain all the observed results, the main observation is that the modification of the gradient slope allowed in some cases the detection

	of hCGβ glycoforms for the first time in nanoLC-(Orbitrap)MS. The best gradient corresponds to the
	slope of 1.02% ACN/min, which enabled the detection of the highest number of both hCGα and hCGβ
	glycoforms, 37 and 19, respectively. Nevertheless, it is also worthwhile to notice that, as expected,
	there is a strong difference in intensity between hCGα and hCGβ glycoforms. Indeed, the intensity of
	the signals for hCGβ glycoforms is similar to those of hCGα glycoforms giving the low intensity signal.
	Indeed, a ratio of 212 was obtained between the highest signal intensity hCGα and lowest signal
	intensity hCGβ glycoforms while a ratio of 200 was obtained between the highest and smallest signal
	intensity hCGα glycoforms. As hCG is a dimeric protein composed of one hCGα and one hCGβ, it means
	that hCGβ glycoforms are less efficiently ionized than hCGα glycoforms, may be due to their higher
	number of glycosylation sites (6 vs 2, respectively).

Table 5 :

 5 Number of detected hCGα and hCGβ glycoforms analysed by nano-LC-HRMS with five different gradient

	slopes. Mobile phase: 2% Formic acid in H2O/ACN mixture (v/v). rhCG at 100 µg ml-1. Injection volume 1 µl in
	partial loop mode. Other conditions: see section 3.2.3.

Gradient slope of ACN/min Number of detected hCGα glycoforms Number of detected hCGβ glycoforms

  

	1.49%	21	0
	1.02%	37	19
	0.86%	23	5
	0.67%	33	0
	0.56%	20	4
	3.3.3. Effect of the nature and content of acidic additive introduced in the mobile phase

Table 6

 6 for hCGα glycoforms and hCGβ glycoforms for the different tested concentrations. It appears that the RSD values are all inferior to 1.1 %. The RSD ranges of relative areas and average for each tested concentration are also reported in

Table 6 for

 6 hCGα and hCGβ glycoforms. In general, the average RSD values are below 20% and there is no correlation between RSD values and injected concentrations, even for the lowest ones.

Table 6 :

 6 RSD range and its average value for the retention times and relative peak areas of the hCGα and hCGβ

	glycoforms detected after the analysis by nano-LC-HRMS with the optimized conditions of rhCG at 8 different
	concentrations, in triplicate for each. Mobile phase: 0.05% TFA in H2O/ACN mixture (v/v). Gradient: from 10 to
	65% ACN with a slope of 1.02% ACN/min. rhCG at 100 µg ml-1. Injection volume: 1 µl in partial loop mode. The
	hCGα glycoforms are said of high intensity is their relative area is above 15% of the relative area of the hCGα
	glycoform giving the highest peak area. Similarly, the hCGα glycoforms are said of low intensity is their relative
	area is below 15%.

The 42 hCGα glycoforms The 7 hCGα glycoforms of high intensity The 35 hCGα glycoforms of low intensity The 33 hCGβ glycoforms rhCG concentration (µg ml -1 ) RSD range (average) of tR (%) RSD range (average) of relative area (%) RSD range (average) of relative area (%) RSD range (average) of tR (%) RSD range (average) of relative area (%) 500

  

		0.17-0.85 (0.50)	4.7-19.7 (12.7)	4.0-66.5 (19.6)	0.07-1.08 (0.38)	0.5-11.7 (6.6)
	250	0.37-0.95 (0.59)	1.6-6.8 (3.3)	0.5-19.6 (7.0)	0.11-0.61 (0.29)	2.0-14.7 (7.2)
	125	0.04-0.61 (0.24)	0.8-7.9 (4.4)	1.6-49.8 (11.2)	0.02-0.49 (0.22)	0.9-17.1 (7.6)
	100	0.04-0.39 (0.18)	1.8-10.7 (3.9)	2.0-40.5 (12.8)	0.01-0.21 (0.10)	1.9-17.7 (7.7)
	50	0.02-0.61 (0.23)	6.4-14.7 (8.7)	4.4-44.2 (17.9)	0.03-0.47 (0.17)	1.2-26.2 (12.1)
	25	0.02-0.48 (0.22)	1.0-17.0 (9.1)	2.0-27.4 (11.1)	0.05-0.37 (0.22)	3.0-30.6 (14.3)
	12.5	0.33-0.72 (0.53)	1.3-9.0 (4.4)	2.3-51.7 (12.4)	-	-
	6	0.40-0.50 (0.46)	4.0-11.3 (6.0)	-	-	-

Table 7 :

 7 MW 

	of the identified hCGα glycoforms detected after nano-LC-HRMS analysis of rhCG in triplicate and
	use of the new optimized method with glycan structure suggestions for some in comparison with bottom-up data
	(marked with *) or with GlyGen (marked with**), while those confirmed by both are marked with ***. The
	notation 1 st and 2 nd glycan is not correlated to their localization on the 2 N-glycosylation sites of hCGα. The

Mass (Da) 1st N-Glycan Proposed structure 2nd N-Glycan Proposed structure Structure identification method

  

	14963.3	Hex5 HexNAc4 NeuAc1	Hex6 HexNAc5 NeuAc3	*
	14672.1	Hex5 HexNAc4 NeuAc2	Hex6 HexNAc5 NeuAc1	**
	14598.1	Hex5 HexNAc4 NeuAc2	Hex5 HexNAc4 NeuAc2	**
	14437.2	Hex4 HexNAc4 dHex1 NeuAc1	Hex5 HexNAc4 dHex1 NeuAc2	*
		Hex4 HexNAc5 dHex1	Hex6 HexNAc5 NeuAc1	**
	14307.1	Hex5 HexNAc4 dHex1 NeuAc2	Hex5 HexNAc4 dHex1	**
	14146.1	Hex4 HexNAc4 dHex1 NeuAc1	Hex5 HexNAc4 dHex1 NeuAc1	*
	14104.1	Hex5 HexNAc4 NeuAc2	Hex5 HexNAc3 NeuAc1	***
	14090.0	Hex5 HexNAc4	Hex6 HexNAc5 NeuAc1	***
	14055.9	Hex4 HexNAc5 dHex1 NeuAc1	Hex4 HexNAc4 dHex1	**
	14048.9	Hex6 HexNAc3	Hex6 HexNAc5 NeuAc1	***
	14016.0	Hex5 HexNAc4 NeuAc1	Hex5 HexNAc4 NeuAc1	**
	13942.9	Hex4 HexNAc5	Hex3 HexNAc6 dHex1	**
	13812.8	Hex5 HexNAc4 NeuAc1	Hex5 HexNAc3 NeuAc1	***
	13741.9	Hex6 HexNAc4	Hex5 HexNAc4 dHex1	*
	13724.9	Hex5 HexNAc4	Hex5 HexNAc4 NeuAc1	***
	13683.8	Hex6 HexNAc3 dHex1	Hex5 HexNAc4	*
	13650.8	Hex5 HexNAc4 NeuAc1	Hex4 HexNAc3 NeuAc1	***
	13609.8	Hex5 HexNAc3 NeuAc1	Hex5 HexNAc3 NeuAc1	***
	13521.7	Hex5 HexNAc4	Hex5 HexNAc3 NeuAc1	***
	13359.7	Hex5 HexNAc4 NeuAc1	Hex3 HexNAc4	*
		Hex6 HexNAc3	Hex3 HexNAc4 NeuAc1	**

Table 8 :

 8 Compilation of the glycoforms identified by the analysis of rhCG with either FA or TFA as the mobile phase additive. Their monoisotopic mass and proposed overall monosaccharide composition are presented.

	Monoisotopic mass	Monosaccharide composition	Present in FA	Present in TFA
	(Da)			
	15619.49365	HexNAc(10)Hex(12)NeuAc(5)	YES	YES
	15441.32063	HexNAc(8)Hex(12)NeuAc(5) + 2*(CF3COOH)	NO	ADDUCT
	15328.39823	HexNAc(10)Hex(12)NeuAc(4)	YES	YES
	15254.63145	HexNAc(9)Hex(11)NeuAc(5)	YES	YES
	15037.30281	HexNAc(10)Hex(12)NeuAc(3)	YES	YES
	14963.26603	HexNAc(9)Hex(11)NeuAc(4)	YES	YES
	14843.13488	HexNAc(8)Hex(11)NeuAc(3)Fuc(1)+ 2*(CF3COOH)	NO	ADDUCT
	14760.18666	HexNAc(8)Hex(11)NeuAc(4)	YES	NO
	14745.13693	HexNAc(8)Hex(12)NeuAc(3) + CF3COOH	NO	ADDUCT
	14744.19175	HexNAc(8)Hex(10)NeuAc(4)Fuc(1)	YES	NO
	14672.17062	HexNAc(9)Hex(11)NeuAc(3)	YES	YES
	14641.12597	HexNAc(9)Hex(11)NeuAc(2)Fuc(1) + CF3COOH	NO	ADDUCT
	14639.16039	HexNAc(9)Hex(9)NeuAc(4)	YES	NO
	14598.13384	HexNAc(8)Hex(10)NeuAc(4)	YES	YES
	14553.10993	HexNAc(10)Hex(11)NeuAc(1)Fuc(1) + CF3COOH	NO	ADDUCT
	14510.11779	HexNAc(9)Hex(10)NeuAc(3)	YES	NO
	14509.04733	HexNAc(7)Hex(10)NeuAc(4) + CF3COOH	NO	ADDUCT
	14503.08438	HexNAc(10)Hex(8)NeuAc(3) + CF3COOH	NO	ADDUCT
	14469.09124	HexNAc(8)Hex(11)NeuAc(3)	YES	YES
	14453.09633	HexNAc(8)Hex(10)NeuAc(3)Fuc(1)	YES	ADDUCT
	14430.11807	HexNAc(11)Hex(7)NeuAc(3)	YES	NO
	14381.07520	HexNAc(9)Hex(11)NeuAc(2)	YES	YES
	14348.06497	HexNAc(9)Hex(9)NeuAc(3)	YES	YES
	14307.03842	HexNAc(8)Hex(10)NeuAc(3)	YES	YES
	14293.05915	HexNAc(10)Hex(11)NeuAc(1)	YES	NO
	14266.01187	HexNAc(7)Hex(11)NeuAc(3)	YES	NO
	14219.02238	HexNAc(9)Hex(10)NeuAc(2)	YES	YES
	14177.99583	HexNAc(8)Hex(11)NeuAc(2)	YES	ADDUCT
	14139.02265	HexNAc(11)Hex(7)NeuAc(2)	YES	NO
	14103.95905	HexNAc(7)Hex(10)NeuAc(3)	YES	YES
	14089.97978	HexNAc(9)Hex(11)NeuAc(1)	YES	YES
	14015.94300	HexNAc(8)Hex(10)NeuAc(2)	YES	YES
	14000.89327	HexNAc(8)Hex(11)NeuAc(1) + CF3COOH	NO	ADDUCT
	13999.94809	HexNAc(8)Hex(9)NeuAc(2)Fuc(1)	YES	YES
	13974.91645	HexNAc(7)Hex(11)NeuAc(2)	YES	YES
	13941.90622	HexNAc(7)Hex(9)NeuAc(3)	YES	YES

Table 9 :

 9 Most commonly used lectins for the enrichment of glycoproteins and glycopeptides.

	Common	Source	Specificity	Competitive sugar or elution conditions/	Ref.
	Abbreviation			metal ions	
	AAL	Aleuria aurantia	Fuc α1-6 [Core Fuc] >Fucα1-3, Fucα1-2	Fuc / -	[138]
	AOL	Aspergillus oryzae	Fuc α1-6 [Core Fuc] >Fuc α1-2 >Fuc α1-3 ;Fuc α1-4	Fuc / -	[138]
	Con A	Canavalia ensiformis (concanavalin A)	high-Man, hybrid type and complex bi-antennary N type	α-MM, α-MG/ Mg 2+ ,Mn 2+ , Ca 2+	[24]
	DSL, DSA	Datura stramonium	β-GlcNAc : 2,6-branched complex tetra/tri-antennary>2,4-	acidic conditions * / -	[140]
			branched complex tetra/tri-antennary N type		
	ECL, ECA	Erythrina Cristagalli		Lac / Ca 2+ , Mn 2+ , Zn 2+	[141]
			Lactosamine: Gal β1-4GlcNAc		
	GNL, GNA	Galanthus Nivalis	Core Man: mono-antennary N type galacto &	α-MM / -	[142]
			agalacto>bi/tri-antennary		
	HPA	Helix pomatia	T antigen	GlcNAc / -	[143]
	AIA	Artocarpus integrifolia (Jacalin)	Tn, T, sialyl T antigen, Core 3	Gal or Mel / -	[25]
	LCA,LCA	Lens culinaris	mono/bi-antennary N-type with Core Fuc [Fucα1-6]	α-MM, α-MG/ Ca 2+ , Mn 2+	[137]
	LEL,TL	Lycopersicon Esculentum	Polylactosamine: [(Gal β1-4GlcNAc)n, n>=3], Lactosamine	acidic conditions / -	[140]
	LTL	Lotus tetragonolobus	Fuc α1-3/-2 (Gal β1-4)GlcNAc	Fuc/ Ca 2+ , Mn 2+	[144]
	MAL I	Maackia Amurensis	sialyllactosamine: Sia α2-3Gal β1-4GlcNAc	Lac/ -	[145]
	MAL II, MAH	Maackia Amurensis	disialyl-Tantigen	acidic conditions / -	[146]

Table 10 :

 10 Lectin solid phase extraction using commercial sorbents.

	Lectin / provider	Format, volume,	Sample type,	Processing	Washing	Elution conditions	Processing after	Objective	Ref.
		flow rate	sample volume or	before and during	conditions		lectin extraction		
			amount	lectin extraction					
	Glycoproteins								
	AAL / Vector labs	cartridge, 600 μl	human serum,300 μl	Depletion, isobaric	20 mM Tris pH	0.2 M Fuc, 4 x VC	tryptic digestion,	Intact protein-level	[154]
				labelling, dilution to	7.5, 5 VC		LC-MS/MS	labelling for	
				1 ml, incubation: 15				quantitative analysis	
				min				of serum	
								glycoproteins	

AAL / Vector labs spin column, 1ml human serum, 300 μl Depletion, dilution to 1.7 ml, incubation: 16 h at

Table 11 :

 11 Lectin dispersive solid phase extraction using commercial sorbents

	Lectin /	Affinity	Sample, sample	Processing before and	Washing conditions Desorption conditions	Processing after	Objective	Ref.
	provider	sorbent	volume or amount	during the extraction on		lectin desorption		
		amount		lectin				
	Glycoproteins							
	AAL, SNA /	60 μl SNA and	human serum	Depletion, incubation:				
	Vector labs	90 μl AAL						

Table 12

 12 

provides a summary of the studies dealing with the development of novel lectin-based affinity sorbents. From this table, it is evident that most of those studies were carried out by using model glycoproteins, mostly in pure media.

Table 12 :

 12 Lectin solid phase extraction using home-made sorbents.

	Lectin(s) Sorbent	Extraction format,	Target / volume or	Washing or	Elution	Capacity	Reusability,	Analysis	Ref.
		ligand density,	amount or	absorption conditions	conditions		stability		
		grafting yield	concentration				/method		
							performance		

Table 13 :

 13 Lectin dispersive solid phase extraction using home-made sorbents

	Lectin(s)	Sorbent

Table 15 :

 15 Summary of the conditioning (equilibration), washing and regeneration buffers used in the studies described in tables14 and 16 

	Buffer Name	Composition 1	Composition 2	Composition 3	Composition 4	Composition 5	Composition 6	Composition 7
	Buffer A	A1) 0.2 M ammonium	A2) 0.2 M ammonium	A3) 0.1 M	A4) 0.2 M	A5) 0.2 M	A6) 0.2 M	
	(ammonium acetate):	acetate, pH 7.0, 0.1 mM	acetate, pH 7.4, 0.1 mM	ammonium	ammonium acetate,	ammonium	ammonium	
		CaCl2, 0.1 mM MgCl2, 0.1	CaCl2, 0.1 mM MgCl2, 0.1	acetate, pH 6.0,	pH 7, 0.5 M NaCl, 1	acetate, 1 mM	acetate, 1 mM	
		mM MnCl2, 0.1% NaN3	mM MnCl2, 0.1% NaN3,	1 M NaCI, 1 mM	mM MgCl2, 1 mM	CaCl2,1 mM	CaCl2, 1 mM	
			0.1% BSA	MgCI2, 1 mM	CaCl2, 1 mM MnCl2,	MnCl2, 0.1%	MnCl2, 0.01%	
				CaCI2, 1 mM	0.3% NaN3	NaN3	NaN3, 0.01% BSA	
				MnCI2, 0.02%				
				NaN3				
	Buffer B	B1) 0.05 M phosphate	B2) 0.05 M sodium	B3) 0.05 M				
	(phosphate buffer):	(N.S), pH 7.4, 0.1% BSA	phosphate, pH 7.4, 0.1%	sodium				
			BSA, 0.2 M NaCl, 0.02%	phosphate, pH				
			NaN3	7.4, 0.14 M NaCl,				
				1 mM MgCl2, 1				
				mM MnCl2, 1				
				mM CaCl2				
	Buffer C	C1) 0.02 M Tris, pH 7.4,	C2) 0.025 M Tris, pH 7.5,	C3) 0.01 M Tris,	C4) 0.01 M Tris, 150	C5) 0.01 M	C6) 0.05 M Tris, pH	C7) 0.01 M Tris, pH
	(Tris buffer):	0.05 M NaCl, 0.01 M	0.5 M NaCl, 0.01 M	pH 7.5, 0.1 M	mM NaCl, 1 mM	Tris, pH 8.0, 1	7.4, 0.5 M NaCl,1	8.0, 0.15 M NaCl, 1
		MgCl2, 0.01 M CaCI2,	MgCl2, 0.01 M CaCI2,	NaCl	MgCl2, 1 mM MnCl2,	mM MgCl2, 1	mM MgCl2, 1 mM	mM MgCl2, 1 M
		0.01% NaN3	0.02% NaN3		1 mM CaCl2	M MnCl2, 1	CaCl2, 1 mM MnCl2	MnCl2, 1 mM
						mM NaCl2		NaCl2
	Buffer D	Potassium phosphate, pH						
		7.4, 0.9% NaCI, 0.02%						
		NaN3						

Table 16 :

 16 Summary of the studies conducted using lectin SPE for the glycosylation profile of LH and FSH

	Sample (amount)	Target	Lectin in Solid

Table 17 :

 17 Summary of the effect on recovery of the different preparations. Recovery values were calculated considering the 5 hCGα and 5 hCGβ glycoforms that had the highest peak area on their own XIC.

	Sample		Recovery range (mean)	Conclusions
			<hCGα, hCGβ>	
	Jacalin elution buffer		
	rhCG	stability sample	90-107% (102%),	Stability of the sample in the elution buffer
			90-105% (96%)	
		filter sample 1	85-105% (91%),	Stability of the sample after filtration with 1
			81-93% (88%)	washing step
		filter sample 2	81-110% (92%),	Sample loss due to filtration with 3 washing
			58-71% (64%)	steps, especially for hCGβ
	uhCG	stability sample	86-112% (103%),	Stability of the sample in the elution buffer
			96-117% (107%)	
		filter sample 1	56-93% (81%),	Sample loss due to filtration
			58-85% (72%)	
		filter sample 2	63-112% (78%),	Sample loss due to filtration
			53-70% (61%)	
	Con A elution buffer		
	uhCG	stability sample	96-113% (95%),	Stability of the sample in the elution buffer
			90-103% (93%)	
		filter sample 1	60-94% (80%),	Sample loss due to filtration
			53-89% (75%)	
		filter sample 2	54-104% (69%),	Sample loss due to filtration
			59-76% (65%)	

Table 18 :

 18 List of the synthesized Con A-Sepharose sorbents with the measured grafting yields and their corresponding lectin density using immobilization protocol 3.

	cartridge	Amount of	Amount of lectin	Amount of lectin	Grafting	Lectin density
	number	Sepharose (μl)	added (mg)	grafted (mg)	yield (%)	(mg ml -1 )
	Cartridge H1	60	0.20	0.195	97.5	3.3
	Cartridge H2	120	0.40	0.392	98.0	3.3
	Cartridge H3	180	1.20	1.194	99.5	6.6
	Cartridge H4	120	1.20	1.182	98.5	9.9
	Cartridge H5	120	1.20	1.192	99.3	9.9
	Cartridge H6	120	1.20	1.200	100.0	10.0
	Cartridge H7	120	1.20	1.172	97.7	9.8
	Cartridge H8	120	1.20	1.187	98.9	9.9
	Cartridge H9	120	1.20	1.038	86.5	8.7
	Cartridge H10	120	1.20	1.200	100.0	10.0
	Cartridge H11	120	1.20	1.200	100.0	10.0
	Cartridge H12	120	1.20	1.165	97.0	9.7
	Cartridge H13	180	2.25	2.250	100.0	12.5
	Cartridge H14	34	0.60	0.600	100.0	17.6
	Cartridge H15	34	0.60	0.600	100.0	17.6

Table 19 :

 19 Theoretical capacity values and relative recovery of the hCGα and hCGβ glycoforms between the

Table 20 :

 20 

Average relative recoveries and average extraction recoveries of hCGα and hCGβ glycoforms after SPE on home-made Con A-based cartridges H5 and H6 (120 µl grafted with a density of about 10 mg of Con A per ml

of gel) with different protocols (12.5 µg of uhCG).

Average relative recovery in the SPE fractions (%) Average extraction recovery (%)

  

				Washing	Elution 1	Elution 2	Elution 1	Elution 2
	Cartridge H5	Protocol 1	hCGα	3.1	96.9	0.0	45.7	0.0
			hCGβ	0.0	100	0.0	43.6	0.0
		Protocol 2	hCGα	12.0	79.3	8.7	46.9	4.8
			hCGβ	16.6	80.9	2.6	48.1	1.8
	Cartridge H6	Protocol 3	hCGα	2.9	85.1	12.1	60.6	9.6
			hCGβ	0.4	84.5	15.1	55.6	1.2

Table 21

 21 compiles the resulting relative standard deviation (RSD) ranges obtained for RT, extraction

Table 21 :

 21 Intra-and inter-assay RSD of RTs, extraction recoveries, and relative areas obtained after Con A SPE

Table 22 :

 22 Average relative recoveries and average extraction recoveries of hCGα and hCGβ glycoforms after SPE on the home-made Con A-based cartridge H6 (120 µl grafted with a density of 10 mg of Con A per ml of gel) and the commercial cartridge C1 (120 µl). SPE protocol 3 with 5 µg of rhCG.

			Average relative recovery in the SPE fraction (%)	Average extraction recovery (%)
			Washing	Elution 1	Elution 2	Elution 1	Elution 2
	Cartridge C1	hCGα	3.5	76.9	19.6	41.2	11.0
		hCGβ	0.0	84.0	16.0	42.4	8.2
	Cartridge H6	hCGα	10.4	78.8	10.8	45.0	6.3
		hCGβ	0.0	87.6	12.4	49.5	7.1

  Goumenou, C. Chendo, A. Combès, T. Fournier, V. Pichon, and N. Delaunay, 'Evaluation of Jacalin lectin sorbents for the extraction of the glycoforms of the human chorionic gonadotropin followed by analysis with nano liquid chromatography-high resolution mass One of the most important hormones secreted during pregnancy is the human Chorionic Gonadotropin (hCG), since it is crucial for the development of the placenta and the growth of the foetus[7]. This hetero-dimeric glycoprotein has two distinct subunits, hCGα and hCGβ, that are non-covalently

	9.1. Introduction
	attached. hCGα consists of 92 amino acids which have a molecular weight (MW) of 10,188 Da, while
	hCGβ is composed of 145 amino acids with a MW of 15,509 Da. Importantly, hCG is a highly
	glycosylated protein: 2 N-glycosylation sites are present on hCGα (Asn-52 and Asn-78), while 2 N-
	glycosylation sites (Asn-13 and Asn-30) and also 4 O-glycosylation sites (Ser-121, Ser-127, Ser-132, and
	Ser-138) are present on hCGβ
	spectrometry'

Table 23 :

 23 Average relative recoveries of the most intense 5 hCGα and 5 hCGβ glycoforms when percolating different amounts of rhCG on different volumes of Jacalin-based sorbents, applying the protocol 1 and analyzingthe concentrated fractions in nanoLC-HRMS.

	Average relative recoveries in the SPE fraction (%)

Table 24 :

 24 Average relative recoveries and average recoveries calculated for the hCGα and hCGβ glycoforms measured in the concentrated percolation (P), washing (W) and elution (E) fractions by nanoLC-HRMS applying different SPE protocols with 5 μg of rhCG on 400 μl of Jacalin sorbent used sometimes after an extensive pre-conditioning (Pre-C) step (n=3). Note that for the protocols 1 and 2, the calculations were performed only for the most intense 5 hCGα and 5 hCGβ glycoforms.

	Average relative recovery (%)	Average recovery (%)

Table 25 :

 25 Average relative recoveries and average recoveries for the hCGα and hCGβ glycoforms measured in the

	concentrated percolation, washing (W) and elution (E) fractions by nanoLC-HRMS applying the protocol 4 with
	12.5 μg of uhCG on a 800 μl Jacalin sorbent after the extensive pre-conditioning before its first use (n=3). No
	sample was detected in the percolation fraction, thus this column is omitted.		
		Average relative recovery		Average recovery	
		W	E1	E2	W	E1	E2
	hCGα	3.0	81.3	15.6	1.9	48.1	9.2,
	hCGβ	4.0	79.5	16.5	3.0	58.8	12.0

Table 26 :

 26 Compilation of the results of average relative recovery and average recovery compared to the filtered hCG sample after application of different extraction protocols on WGA sorbents for the extraction of 5 µg of the rhCG sample.

			Average relative recovery in the SPE	Average recovery	
			fraction <hCGα, hCGβ>		<hCGα, hCGβ>		
	Protocol	Cartridge	Washing	Elution 1	Elution 2	Washing	Elution 1	Elution 2
	No	number/ use						
	A1	WGA (1) / 1 st	100%	0%	N.A	3.5%	0%	N.A
		use						
			100%	0%		3.1%	0%	
	A2	WGA (2) / 1 st	83.9%	16.1%	N.A	8.6%	1.5%	N.A
		use						
			96.7%	3.3%		8.8%	0.3%	
	A3	WGA (1) /	24.6%	67.8%	7.6%	17.2%	46.4%	5.0%
		Extensive						
		washing + 3 rd	18.6%	79.3%	2.1%	10.9%	46.5%	1.2%
		use						
	A3	WGA (3) /	21.4%	62.8%	15.8%	15.8%	45.6%	11.4%
		extensive						
		washing + 1 st	17.8%	76.6%	5.6%	7.2%	30.3%	2.1%
		use						

Table 27 :

 27 Compilation of the results of average relative recovery and average recovery compared to the control sample after application of the uhCG sample and different extraction protocols on PHA-L sorbents.

			Average relative recovery in the SPE fraction	Average recovery	
			<hCGα,hCGβ>			<hCGα, hCGβ>		
	Protocol	Cartridge	Washing	Elution 1	Elution 2	Washing	Elution 1	Elution 2
	No	number/						
		use						
	B1	PHA-L (1)	100%	0.0%	N.A	46.0%	0.0%	N.A
			100%	0.0%		58.9%	0.0%	
	B1	PHA-L (2)	100%	0.0%	N.A	15.9%	0.0%	N.A
			100%	0.0%		12.7%	0.0%	
	B2	PHA-L (2)	81.6%	0.0%	18.4%	47.9%	0.0%	9.8%
			77.9%	0.0%	22.1%	59.6%	0.0%	15.9%
	B3	PHA-L (3)	91.5%	1.8%	6.7%	69.0%	5.0%	9.6%
			85.6%	6.6%	7.8%	70.1%	4.6%	5.4%

Table S1 :

 S1 Five tested gradients for the analysis of rhCG at the intact level by nanoLC-HRMS.

	Gradient slope	Gradient	Equilibration
	1.49%/min	10 to 80% ACN in 47 min, 90% of ACN	return to 10% of ACN and kept for
		within 5 min, 5 min plateau	15 min
	1.02%/min	10 to 65% ACN in 54 min, 90% of ACN	return to 10% of ACN and kept for
		within 5 min	15 min
		5 min plateau	
	0.86%/min	10 to 65% ACN in 64 min, 90% of ACN	return to 10% of ACN and kept for
		within 5 min	15 min
		5 min plateau	
	0.67%/min	10 to 30% ACN in 30 min, 90% of ACN	return to 10% of ACN and kept for
		within 5 min	15 min
		5 min plateau	
	0.56%/min	10 to 40% ACN in 54 min, 90% of ACN	return to 10% of ACN and kept for
		within 5 min	15 min
		5 min plateau	

Table S2 :

 S2 Compilation of all the detected hCGα glycoforms with their average retention time (<tR>) and average relative area (<relative area>) measured on the XIC with their corresponding RSD values obtained with the analysis by nanoLC-HRMS of rhCG at 100 µg ml -1 in triplicate with the optimized conditions. The grey line corresponds to the glycoform leading to the most abundant signal in MS.

	13756.8	23.36	0.25		1.7	14.8
	13741.9	23.32	0.13		8.4	11.7
	13724.9	23.39	0.22		29.0		2.1
	13683.8	23.42	0.16		1.7	14.7
	13650.8	23.52	0.20		3.1	19.3
	13609.8	23.54	0.27	hCGα	1.4		8.4
	13521.7	23.44	0.26		1.8	25.5
	MW (Da) 13449.9	<tR> (min) RSD(tR) (%) 23.69 0.08	<relative 2.8	RSD(relative 7.6
	13434.8	23.42	0.13	area> (%) 3.9	area) (%)	7.9
	15254.4 13359.7	23.67 23.50	0.19 0.35		6.8 0.9	4.3 18.7
	14963.3 13050.6	23.46 23.42	0.04 0.17		21.3 1.8	4.7 15.1
	14688.2 12393.5	23.42 23.41	0.15 0.11		6.8 1.1	7.9 10.9
	14672.1 12102.3	23.41 23.32	0.15 0.07		21.3 1.4	2.2 11.9
	14640.2	23.80	0.21		3.1		8.1
	14614.1	23.67	0.26		13.3	10.7
	14598.1	23.72	0.07		47.5		1.8
	14437.2	23.43	0.09		8.1		6.2
	14397.1	23.36	0.28		4.2		6.9
	14381.1	23.37	0.09		11.4		2.1
	14339.0	23.37	0.11		5.9	15.1
	14323.0	23.40	0.17		28.6	10.7
	14315.2	23.52	0.24		8.7		3.5
	14307.1	23.52	0.11		100		0.0
	14265.1	23.51	0.24		3.9		8.9
	14177.1	23.43	0.17		1.5	21.0
	14146.1	23.38	0.39		8.9		6.1
	14104.1	23.54	0.07		6.6		5.9
	14090.0	23.40	0.34		3.9		8.3
	14061.0	23.52	0.06		2.2	12.0
	14056.1	23.52	0.29		2.5	14.5
	14048.9	22.55	0.30		1.3	30.3
	14032.0	23.31	0.13		1.9		9.8
	14024.1	23.43	0.13		6.3		3.9
	14016.0	23.44	0.16		78.2		2.1
	13974.1	23.51	0.40		3.0	40.5
	13942.9	23.61	0.10		3.4	12.5
	13852.8	23.38	0.12		5.2		5.3
	13812.9	23.48	0.37		4.8	38.8

Table S4 :

 S4 Study of the linearity with the corresponding determined R 2 values and regression equations of the hCGα glycoforms detected with the highest intensity by nanoLC-HRMS analysis with all the optimized conditions. The concentration range was from 6 to either 250 or 500 µg ml -1 .

		Concentration range 6-500 µg ml -1	Concentration range 6-250 µg ml -1
	Mass (Da)	R 2 value	Equation of Regression	R 2 value	Equation of Regression
	14963.3	0.92	y=456076.8x+6781230.2	0.97	y= 501894x+4E+06
	14672.1	0.89	y=422718.4x+7049749.7	0.98	y= 475827.1x+3667679.4
	14598.1	0.92	y=980328.4x+13644799.7	0.98	y= 1081773.9x+7281143.1
	14323.0	0.84	y=323755.1x+18568084.9	0.93	y= 741634.6x+1686055.5
	14307.1	0.84	y=323755.1x+18568084.9	0.96	y=2566797.8x+3400889.4
	14016.0	0.91	y=1511427.8x+24115292.6	0.96	y= 1624890.4x+16163090.3
	13724.9	0.91	y=592251.9x+5329270.9	0.96	y= 588886.7x+4907328.8

Table S12 :

 S12 Compilation of the detected hCGβ glycoforms when analysing the uhCG preparation at a concentration of 92 μg ml -1 by nanoLC-HRMS detected in the average MS spectrum with a retention time range of 25.5-25.8 min. The error (in ppm) was calculated after accurate mass measurements performed at the maximum isotopic peak of the [M+10H] 10+ species. Notes: Fuc: Fucose; Hex: hexose (mannose or galactose); HexNac: N-Acetylhexosamine (N-Acetylglucosamine or N-Acetylgalactosamine); MM: monoisotopic mass; NeuAc: sialic acid

	Elemental	Proposed glycan structure	Theoretical	m/z theo max	error
	composition		MM (Da)	iso (10 + )	(ppm)
	C989H1603N217O437S13	HexNAc(18)Hex(24)NeuAc(3)	23927.62523	2395.17333	0.1
	C984H1596N216O433S13	HexNAc(18)Hex(24)NeuAc(2) Fuc(1)	23782.58772	2380.66958	-4.9
	C978H1586N216O429S13	HexNAc(18)Hex(24)NeuAc(2)	23636.52981	2366.06378	0.5
	C977H1580N220O423S13	HexNAc(19)Hex(17)NeuAc(5)	23578.52567	2360.26335	-3.5
	C970H1573N215O423S13	HexNAc(17)Hex(23)NeuAc(2)Fuc(1)	23417.45553	2344.15634	0.2
	C967H1569N215O421S13	HexNAc(18)Hex(24)NeuAc(1)	23345.43440	2336.95422	0.2
	C964H1563N215O419S13	HexNAc(17)Hex(23)NeuAc(2)	23271.39762	2329.55054	-0.2
	C959H1556N214O415S13	HexNAc(17)Hex(23)NeuAc(1)Fuc(1)	23126.36011	2315.04679	-1.9
	C956H1552N214O413S13	HexNAc(18)Hex(24)NeuAc(0)	23054.33898	2307.84467	-0.4
	C953H1546N214O411S13	HexNAc(17)Hex(23)NeuAc(1)	22980.30220	2300.44099	-0.2
	C941H1523N211O406S13	HexNAc(10)Hex(21)NeuAc(5)Fuc(2)	22691.13843	2271.52460	3.0
	C935H1513N211O402S13	HexNAc(10)Hex(21)NeuAc(5)Fuc(1)	22545.08052	2256.91880	1.8

Table

  

Table S16 :

 S16 Compilation of the detected hCGα glycoforms in the concentrated elution 1 fraction analysed by nanoLC-HRMS after Con A SPE following protocol 3 with 12.5 µg of uhCG and their average extraction recovery (<extraction recovery>) with their corresponding RSD values on three different home-made cartridges (H6, H7, H8) or commercial cartridges (C1, C2, C3).

	Elemental	Proposed glycan structure	Theoretical	Home-made	Commercial
	composition		MM (Da)	cartridges		cartridges	
				<extract	RSD	<extrac	RSD
				ion		tion	
				recover		recove	
				y>		ry >	
	C611H954N134O260S13	HexNAc(8)Hex(10)NeuAc(4)	14744.19175	63.3%	5.4%	56.2%	28.5%
		Fuc(1)					

Table S17 :

 S17 Compilation of the detected hCGα glycoforms in the concentrated elution 1 fraction

Table S21 :

 S21 Additional structures detected in the washing fraction after Con A SPE for the extraction of 12.5 µg of the uhCG on either the home-made (H6, H7, H8) or commercial cartridges (C1, C2, C3). Those structures are present in other parts of the TIC apart from the main elution areas of hCGα and hCGβ.Their identification by accurate mass measurement with the mass matching approach could not be performed. SPE conditions: see section 8.2.3. LC-MS parameters: see section 8.2.4.

	Number of isoforms	M.W. range (Da)	Elution time range (min)	Fraction
	32	15,300-16,200	27 -28	Washing
	13	16,000 -17,700	29 -30.5	Washing
	6	10,940 -11,500	35 -35.8	Washing

Table S22 :

 S22 Compilation of the detected hCGα glycoforms in the elution 1 fraction analysed by nanoLC-HRMS after the percolation of 5 ug of rhCG on home-made cartridge H5 and on commercial cartridge C1 Con A SPE cartridge following protocol 3.

	Elemental	Proposed glycan structure	MM (Da)	Extraction recovery
	composition		theoretical	Home-made	Commercial
				cartridge	cartridge
	C644H1007N137O284S13	HexNAc(10)Hex(12)NeuAc(5)	15619.49365	N.D	N.D
	C633H990N136O276S13	HexNAc(10)Hex(12)NeuAc(4)	15328.39823	N.D	

Table S23 :

 S23 Compilation of the detected hCGβ glycoforms in the elution 1 fraction analysed by nanoLC-HRMS after the percolation of 5 ug of rhCG on home-made and on a commercial Con A SPE cartridge following protocol 3.

	Elemental composition	Proposed glycan structure	MM (Da)	Extraction recovery
			theoretical	Home-	Commercial
				made	cartridge
				cartridge

Table S31 :

 S31 Compilation of the detected hCGα glycoforms and their extraction recovery in the elution 1 (E1) and 2 (E2) fractions analyzed by nanoLC-HRMS after Jacalin SPE of rhCG following protocol 4 (12.5 µg on an 800 µl cartridge).

	Elemental composition	Proposed overall glycan structure	Theoretical MM (Da)	Extraction recovery (%)
				E1	E2
	C611H954N134O260S13	HexNAc(8)Hex(10)NeuAc(4)Fuc(1)	14744.19175	41.1	0.0
	C605H944N134O256S13	HexNAc(8)Hex(10)NeuAc(4)	14598.13384	48.0	3.2

Table S33 :

 S33 Proposed hCGα glycoforms and their elemental composition as determined by accurate mass measurement detected solely in the washing fraction in the retention time ranges of 19.7-19.9 min and of 24.0-24.3 min (protocol 4 with 12.5 µg of uhCG on an 800 µl Jacalin sorbent). The error (in ppm) was calculated after accurate mass measurements performed at the maximum isotopic peak of the [M+7H] 7+ species.

	Elemental	Proposed overall	Theoretical MM	Experimental m/z	Theoretical	Error
	composition	glycan structure	(Da)	(7 + )	m/z (7 + )	(ppm)
	tR: 19.7-19.9 min					
	C568H884N132O228	HexNAc(7)Hex(7)NeuA	13617.80055	1947.70557	1947.69599	
	S13	c(3)				4.9
	C576H897N133O233	HexNAc(8)Hex(7)NeuA	13820.87992	1976.71521	1976.70733	
	S13	c(3)				4.0
	C579H901N133O236	HexNAc(7)Hex(7)NeuA	13908.85966	1989.29061	1989.28105	
	S13	c(4)				4.8
	C584H910N134O238	HexNAc(9)Hex(7)NeuA	14023.95930	2005.72103	2005.71869	
	S13	c(3)				1.2
	C590H920N134O243	HexNAc(9)Hex(8)NeuA	14186.01212	2028.87821	2028.86909	
	S13	c(3)				4.5
	C593H924N134O246	HexNAc(8)Hex(8)NeuA	1427.028162	2041.45757	2041.44279	
	S13	c(4)				7.2
	C604H941N135O254	HexNAc(8)Hex(8)NeuA	14565.12579	2083.03745	2083.02785	
	S13	c(5)				4.6
	tR: 24.0-24.3 min					
	C561H878N133O228	HexNAc(11)Hex(6)Neu	13634.67795	1949.98537	1949.96389	11.0
	P3S13	Ac(0) + HPO3(3) or	or		or	or
	or	+SO3(3)	13634.64941		1949.95970	13.2
	C561H875N133O228					
	S16					
	C588H921N133O248	HexNAc(10)Hex(10)Ne	14290.93896	2043.87715	2043.85565	
	P2S13	uAc(1) + HPO3(2) or	or		or	
	or	+SO3(2)	14290.91993		2043.85585	
	C588H919N133O248					
	S15					
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  5 or 2 µl of sample on the trapping precolumn. Mobile phase: 2% formic acid in H2O/ACN mixture (v/v). Gradient: from 10 to 30% ACN with a slope of 0.66% ACN/min. Injection mode: µl pickup. Other conditions: see section 3.2.3. ................................................................................................................ 55Figure 8 : Mean value of peak areas (and standard deviations (n=3)) of 9 hCGα glycoforms analyzed in nano-LC-HRMS by injecting 1 µl of rhCG at 35 µg ml-1 with preconcentration on the trapping precolumn using three different injection modes . Mobile phase: 2% Formic acid in H2O/ACN mixture (v/v). Gradient: from 10 to 30% ACN with a slope of 0.66% ACN/min. Other conditions: see section 3.2.3. ...................................................................................................................................................... 56 Figure 9 : BPCs of rhCG analyzed by nano-LC-HRMS with either FA or TFA as the mobile phase acidifier. Mobile phase: 2% FA, 0.05% TFA, or 0.1% TFA in H2O/ACN mixture (v/v). Gradient slope: 1.02% ACN/min. rhCG at 100 µg ml-1. Injection volume: 1 µl in partial loop mode. Other conditions: see section 3.2.3. ......................................................................................................................................... 59

La glycosylation est une modification post-traductionnelle des protéines assez courante. La gonadotrope chorionique humaine (hCG), une protéine essentielle de la grossesse, est fortement glycosylée car elle contient 4 sites de N-et 4 sites de O-glycosylation dans ses deux sous-unités, l'alpha (hCGα) et la bêta (hCGβ), ce qui peut générer un grand nombre de glycoformes de la hCG. Il a été observé que la glycosylation de la hCG change en fonction du semestre de la grossesse, de l'apparition de diverses pathologies liées à la grossesse ou en cas de tumeurs gestationnelles et non gestationnelles. Par conséquent, la caractérisation de la glycosylation de la hCG pourrait révéler l'existence de glycoformes qui seraient des biomarqueurs de certains états pathologiques. Dans ce travail, l'optimisation d'une séparation par nano chromatographie en phase liquide (nanoLC) couplée une détection en spectrométrie de masse à haute résolution (HRMS) a été réalisée pour l'analyse des glycoformes de la hCG à l'échelle intacte. Ceci a été effectué en incorporant une étape de pré-concentration, en optimisant le gradient de la phase mobile et en étudient l'effet d'additifs acides dans la phase mobile sur la séparation et la détection des glycoformes des deux sous-unités. L'ajout d'acide trifluoroacétique a permis de séparer les glycoformes des deux sous-unités hCGα et de hCGβ, permettant la détection de nombreuses glycoformes. La disponibilité de cette méthode a permis d'aborder l'objectif principal de cette thèse qui était le développement d'une étape de traitement de l'échantillons pour fractionner les glycoformes avant leur analyse en nanoLC-HRMS, afin de révéler certaines glycoformes qui seraient potentiellement ''masquées'' par d'autres plus abondantes ou plus facilement ionisées. Par conséquent, des supports d'affinité à base de lectines ont été développés. . En effet, les lectines sont des protéines qui ont de l'affinité avec des glycanes d'autres protéines, mais avec un profil spécifique pour certains glycanes. Tout d'abord, la lectine Concanavaline A (Con A) a été sélectionnée car elle a de l'affinité pour les glycanes riche en mannose et bi-antennés complexes. Des supports ont été préparés en immobilisant la Con A sur de la Sépharose et des valeurs répétables et élevées de rendement de greffage ont été obtenues. Après l'évaluation de la capacité, le protocole d'extraction en phase solide (SPE) couplée hors ligne avec l'analyse en nanoLC-HRMS a été optimisé pour obtenir des rendements d'extraction répétables d'environ 60%. Le potentiel de la SPE avec les supports à base de Con A pour fractionner les glycoformes de la hCG a été évalué avec deux préparations de hCG, un médicament à base de hCG recombinante (rhCG) et un autre d'origine urinaire (uhCG). Les supports synthétisés au laboratoire ont également été comparés à ceux commercialisés et ils ont tous les deux permis un fractionnement des glycoformes de la hCG, puisque certaines avec des N-glycanes plus complexes ont été détectées dans la fraction SPE de lavage. Une deuxième lectine, la Jacaline, qui a une affinité pour certains types de Oglycanes, a été ensuite évaluée de manière similaire en utilisant un support commercialisé. Après l'évaluation de la capacité et l'optimisation de la procédure SPE, un fractionnement de l'échantillon uhCG a de nouveau été obtenu avec quelques glycoformes de hCGα et de hCGβ de faible abondance détectées dans la fraction SPE de lavage. Ainsi, une étape de SPE avec des supports à base de lectine couplée à une analyse en nanoLC-HRMS a permis d'améliorer la caractérisation de la glycosylation de la protéine hCG.
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analysis as non-modified forms, while 8 forms were only detected as adducts and were not present in the FA experiment. On the other hand, 12 glycoforms were detected with FA but not with TFA analysis.

Additionally, 2 glycoforms found in the FA experiment could only be detected as adducts in the TFA experiment and 1 was detected uniquely as the oxidised form in the TFA experiment. As a future perspective, this type of comparison should be performed for both subunits in both rhCG and uhCG and/or biological samples, to better define the complementarity and the advantages of each method.

Even with this preliminary comparison, it can be hypothesized that the analyses offer complementary information. Tel: (+33)1 4079 4651. nathalie.delaunay@espci.fr. ORCID: 0000-0003-3008-0286.
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Abstract

In this study, Concanavalin A (Con A) lectin affinity sorbents were used in solid phase extraction (SPE) to fractionate according to glycosylation the glycoforms of the human chorionic gonadotropin (hCG), a highly glycosylated protein, constituted of the hCGα and hCGβ subunits. For the first time, the lectin SPE fractions were off-line analysed by a nano liquid chromatography -high-resolution mass spectrometry (nanoLC-HRMS) method and keeping the glycoforms intact. Home-made Con A sorbents were obtained by immobilization of the lectin on Sepharose with a mean grafting yield of 98.2% (RSD=3.5%, n=15). A capacity of about 100 μg of purified urinary hCG (uhCG) per ml of sorbent grafted with a density of 10 mg of Con A per ml was estimated. Extraction recoveries with an average of about 60% for both hCGα and hCGβ glycoforms was obtained after optimization of the extraction protocol.

Intra-and inter-assay evaluation led to RSD values with an average of around 10%. Similar results were obtained with commercial Con A-based sorbents but only after their 3 rd use or after an extensive preconditioning step. Finally, the Con A SPE led to the fractionation of some glycoforms between the retained and non-retained portion of uhCG, which allowed the detection of hCGα with two tetraantennary N-glycans that couldn't be detected by direct analysis in nanoLC-HRMS without Con A SPE.

Regarding a recombinant hCG, a fractionation was also observed leading to the detection of nonretained hCGα glycoforms with tri-antennary N-glycans. Therefore, the combination of lectin SPE with intact protein analysis can contribute to a more detailed glycosylation characterization of the hCG protein.

M NaCl in the protocol 3 vs. 0.15 M NaCl in the protocols 1 and 2). It also contained in excess the metal ions necessary to bind the sample to the lectin [START_REF] Talbot | Recombinant human luteinizing hormone: a partial physicochemical, biological and immunological characterization[END_REF]. Additionally, the elution buffer was switched from a Tris buffer of pH 7.4 to an acetate buffer of pH 4.5, since it has been reported that lower pH values may favor elution of glycosylated structures [START_REF] Kullolli | Preparation of a high-performance multi-lectin affinity chromatography (HP-M-LAC) adsorbent for the analysis of human plasma glycoproteins[END_REF]. For the same reason, another sugar, α-MM, with a higher concentration (0.5 M) was selected, instead of the initial 0.2 M of the sugar α-MG, since it was suggested for the elution of firmly bound molecules [START_REF] Sakai | Sugar Chain Heterogeneity of Human Urinary Chorionic Gonadotropin Determined by Serial Lectin Affinity Chromatography: Difference between Benign and Malignant Disease[END_REF][START_REF] Blithe | Carbohydrate Composition of the α-Subunit of Human Choriogonadotropin (hCGα) and the Free α Molecules Produced in Pregnancy: Most Free α and Some Combined hCGα Molecules Are Fucosylated[END_REF][START_REF] Skarulis | Glycosylation changes in human chorionic gonadotropin and free alpha subunit as gestation progresses[END_REF]. In addition, it was seen by the application of protocol 1 that differentiation between weakly and firmly bound fractions could not be achieved by the application of the two different sugars. Moreover, the metal ions were removed from the elution buffer, since it has been reported that their absence can improve recovery [START_REF] Tan | Large-Scale Identification of Core-Fucosylated Glycopeptide Sites in Pancreatic Cancer Serum Using Mass Spectrometry[END_REF]. Finally, to remove all the strongly retained glycoforms from the cartridge, a second elution buffer with the same composition as of the elution buffer 1 but with 15% v/v of ACN was applied. The organic eluent at this concentration is within the specifications for the compatibility for both the Sepharose solid support and the protein concentration filters that are used after fraction collection and before nanoLC-HRMS analysis. Additionally, since there was no clear indication for the necessity of a waiting time before elution, it was decided to remove it. Similarly, as there is no clear evidence that the gravity elution conditions can lead to better binding of the glycoforms to the lectin sorbent, if the sample was still percolated with gravity, a flow rate of 0.4 ml min -1 was applied during the washing and elution process. Moreover, a new cartridge was used (H6, which has the same characteristics as H5) to avoid any losses in the washing fraction due to multiple usages of Cartridge H5 during the preliminary investigations.

The TICs obtained implementing the SPE protocol 3 and analysing the resulting concentrated fractions with the nanoLC-HRMS method are depicted in Figure 25A and the corresponding relative average recoveries and average recoveries for the glycoforms are given in Table 20. It appears that the majority of the sample was detected in the elution 1 fraction, with an improvement of the average extraction recoveries, with values in the elution 1 fraction of 60.6% and 55.6% for the hCGα and hCGβ glycoforms, respectively. The modifications also reduced the total extraction time from 75 to 25 min. Finally, relative average recoveries of 12.1% for the hCGα glycoforms and 15.1% for the hCGβ ones were obtained in the elution 2 fraction, showing that some of them were strongly retained by the Con Abased sorbent and could only be retrieved with the elution buffer 2 containing 15% of ACN. However, since the organic solvent led to an increased sample oxidation (data not shown), it was preferred to keep the two elution buffers with and without ACN.
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Abstract

Human chorionic gonadotropin (hCG) is a dimeric, highly glycosylated hormone with a total of 4 N-and 4 O-glycosylation sites in its two subunits, hCGα and hCGβ. Recently, we developed a novel nano liquid chromatography coupled to high resolution mass spectrometry (nanoLC-HRMS) method for the analysis and thus the detection of the intact glycoforms of hCG. Here, a sorbent functionalized with the Jacalin lectin was evaluated in solid-phase extraction (SPE) for its potential to fractionate the hCG glycoforms prior to their nanoLC-HRMS analysis at the intact level, which may facilitate the detection of lower abundance glycoforms and may lead to a more detailed characterization of the hormone glycosylation. A commercial sorbent based on Jacalin immobilized on Sepharose and having a lectin density of 4.5 mg per ml of gel was selected to carry out SPE and its capacity was estimated to be of some tens of μg of hCG per ml of lectin sorbent. Next, the SPE protocol was modified to improve the extraction recovery. Especially, it was noticed that an extensive pre-conditioning procedure prior to the first use of a cartridge was necessary to remove the residual non-grafted lectins that may bind a part of hCG and prevent its retention by the sorbent, leading to low extraction recoveries (around 10%). After the removal of the residual non-grafted lectins from the sorbent, the average extraction recoveries for both hCGα and hCGβ glycoforms were about 50%, whatever the nature of the two samples tested based on either recombinant or urinary purified hCG. Qualitatively, the fractionation of hCG glycoforms between the washing and elution fractions was achieved with the urinary purified hCG sample, with 12 hCGα and 3 hCGβ glycoforms detected exclusively in the washing fraction and 12 hCGα glycoforms detected only in the elution fraction. Additionally, the 3 hCGβ glycoforms were detected better. The difference between the two tested preparations is indicative of the variation in glycosylation between the hCG of different origin, showing the potential of lectin-based affinity fractionation before nanoLC-HRMS analysis to better characterize the glycosylation state of hCG at the intact level. 16)Hex( 13)NeuAc( 1) Fuc(1) 21302.75250 C885H1433N213O355S13 HexNAc( 16)Hex( 12)NeuAc(1) Fuc(1) 21140.69968 Notes: Hex: hexose (mannose or galactose); HexNac: N-Acetylhexosamine (N-Acetylglucosamine or N-Acetylgalactosamine); MM: monoisotopic mass; NeuAc: sialic acid Table S29: Compilation of the detected hCGα glycoforms in the elution fractions 1 and 2 analysed by nanoLC-HRMS after Jacalin SPE following protocol 4 (Table S24) for extraction of 5 µg of rhCG on a 400 µl cartridge after multiple uses. 
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ABSTRACT

After the translation of a protein, many modifications can occur, the most abundant one being glycosylation. The human chorionic gonadotropin (hCG), the essential pregnancy protein, is a highly glycosylated protein containing 4 N-and 4 O-glycosylation sites in its two subunits, the alpha (hCGα) and the beta (hCGβ), which can generate a large number of glycoforms. Past research suggests that the hCG glycosylation state changes according to the pregnancy semester, the occurrence of some pregnancy pathologies or in the event of gestational and non-gestational tumours. Therefore, the characterization of the hCG glycosylation state can potentially reveal biomarkers associated with pathological states. In the current work, the optimization of a nano liquid chromatography (nanoLC) separation hyphenated with high resolution mass spectrometry (HRMS) detection was initially performed for the analysis of the hCG glycoforms at the intact level. This was achieved by the incorporation of a pre-concentration step in the nanoLC setting, optimization of the mobile phase gradient and exploration of the effect of the mobile phase additives on the separation and detection of the glycoforms of the two hCG subunits. The addition of trifluoroacetic acid resulted in the chromatographic separation of the glycoforms of the hCGα and hCGβ subunits, leading to the detection of a high number of glycoforms. The availability of this method allowed to address the main objective of this thesis which was the development of a sample pre-treatment step to fractionate the glycoforms prior to their analysis in nanoLC-HRMS, to reveal some of them that may be potentially ''masked'' by higher abundant or more easily ionized ones. For this, an approach based on lectin affinity was investigated. Indeed, lectins are proteins that bind to glycans of other proteins but exhibiting only a specific binding profile towards certain glycans. Firstly, the Concanavalin A (Con A) lectin was selected since it has affinity towards the high mannose and complex bi-antennary N-glycans. Home-made sorbents were prepared by immobilizing Con A on Sepharose and repeatable and high values of grafting yields were obtained. After the evaluation of the binding capacity, the protocol of their use in solid phase extraction (SPE) hyphenated off-line with nanoLC-HRMS was optimized to get repeatable extraction recoveries of about 60%. The potential of Con A SPE to fractionate hCG glycoforms was assessed with two hCG preparations, a recombinant hCG (rhCG)-based drug and one of urinary origin (uhCG). The home-made sorbents were also compared to commercially available ones. Both led to fractionation, since some glycoforms with higher complexity N-glycans were revealed in the washing SPE fraction. A second lectin, the Jacalin lectin known for its ability to bind some kinds of O-glycans was similarly evaluated using a commercially available sorbent. After capacity evaluation and optimization of the SPE procedure, fractionation of the uhCG sample was again observed with some low abundancy hCGα and hCGβ glycoforms found solely in the washing SPE fraction. Overall, the combination of lectin SPE with intact protein analysis by nanoLC-HRMS can contribute to a more detailed glycosylation profiling of the hCG protein.
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