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Surface plasmon resonance imaging coupled to on-chip mass spectrometry: a new tool to probe protein-GAG interactions
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Biosensor device for the detection and characterization of proteinglycosaminoglycan interactions is being actively sought and constitutes the key to identifying specific carbohydrate ligands, an important issue in glycoscience. Mass spectrometry (MS) hyphenated methods are promising approaches for carbohydrates enrichment and subsequent structural characterization. In the study herein, we report the analysis of interactions between the glycosaminoglycans (GAGs) heparin (HP) and heparan sulfate (HS) and various cytokines by coupling surface plasmon resonance imaging (SPRi) for thermodynamic analysis method and MALDI-TOF MS for structural determination. To do so, we developed an SPR biochip in a microarray format and functionalized it with a self-assembled monolayer of short poly(ethylene oxide) chains for grafting the human cytokines stromal cell-derived factor-1 (SDF-1α), monocyte chemotactic protein-1 (MCP-1), and interferon-γ. The thermodynamic parameters of the interactions between these cytokines and unfractionated HP/HS and derived oligosaccharides were successively determined using SPRi monitoring, and the identification of the captured carbohydrates was carried out directly on the biochip surface using MALDI-TOF MS, revealing cytokine preferential affinity for GAGs. The MS identification was enhanced by on-chip digestion of the cytokine-bound GAGs with heparinase, leading to the detection of oligosaccharides likely involved in the binding sequence of GAG ligands. Although several carbohydrate array-based assays have been reported, this study is the first report of the successful analysis of protein-GAG interactions using SPRi-MS coupling.

Introduction

Glycosaminoglycans (GAGs) are sulfated polysaccharides found in the extracellular matrix and at the cell surface where 30 they are anchored to a protein core and constitute the proteo-31 glycans assemblies [START_REF] Bishop | Heparan sulphate proteoglycans fine-tune mammalian physiology[END_REF]. They mediate cell-cell and cell-matrix 32 interactions involved in a variety of physiological and patho-33 logical functions such as in embryonic development, cell 34 growth and differentiation, homeostasis, inflammatory re-35 sponse, tumor growth, and microbial infection [START_REF] Bishop | Heparan sulphate proteoglycans fine-tune mammalian physiology[END_REF][START_REF] Linhardt | Role of glycosaminoglycans in cellular communication[END_REF][START_REF] Sasisekharan | Glycomics approach to structure-function relationships of glycosaminoglycans[END_REF]. Most 36 of these GAG functions are mediated by the binding to protein 37 effectors such as growth factors and cytokines whose biolog-38 ical activities are in turn regulated by modulating their avail-39 ability, stability, structure, and reactivity [START_REF] Sasisekharan | Glycomics approach to structure-function relationships of glycosaminoglycans[END_REF][START_REF] Capila | Heparin-protein interactions[END_REF][START_REF] Spillmann | Glycosaminoglycan-protein interactions: a question of specificity[END_REF][START_REF] Ricard-Blum | Protein-glycosaminoglycan interaction networks: focus on heparan sulfate[END_REF][START_REF] Rogers | Elucidating glycosaminoglycan-protein-protein interactions using carbohydrate microarray and computational approaches[END_REF]. These protein-40 GAG interactions are driven at an electrostatic level by the 41 overall sulfation of the GAG chains [START_REF] Capila | Heparin-protein interactions[END_REF][START_REF] Saesen | Insights into the mechanism by which interferon-γ basic amino acid clusters mediate protein binding to heparan sulfate[END_REF], and also by the sulfate code that remains to be cracked [START_REF] De Paz | Deciphering the glycosaminoglycan code with the help of microarrays[END_REF][START_REF] Gama | Chemical approaches to deciphering the glycosaminoglycan code[END_REF][START_REF] Gama | Sulfation patterns of glycosaminoglycans encode molecular recognition and activity[END_REF]. Other fea-47 tures, such as epimerization and distribution of sulfated do-48 mains along the GAG chains, are also involved [START_REF] Gandhi | The structure of glycosaminoglycans and their interactions with proteins[END_REF][START_REF] Faham | Heparin structure and interactions with basic fibroblast growth factor[END_REF][START_REF] Gallagher | Heparan sulfate: growth control with a restricted sequence menu[END_REF][START_REF] Khan | Semi-rigid solution structures of heparin by constrained X-ray scattering modelling: new insight into heparin-protein complexes[END_REF][START_REF] Khan | The solution structure of heparan sulphate differs from that of heparin: implications for function[END_REF][START_REF] Li | Structure of the antithrombin-thrombin-heparin ternary complex reveals the Surface plasmon resonance imaging coupled to on-chip mass spectrometry: a new tool to probe protein-GAG[END_REF][21][22]. [START_REF] Ziarek | Heparin oligosaccharides inhibit chemokine (CXC motif) ligand 12 (CXCL12) cardioprotection by binding orthogonal to the dimerization interface, promoting oligomerization, and competing with the chemokine (CXC motif) receptor 4 (CXCR4) N terminus[END_REF] Therefore, the study of non-covalent protein-GAG com-50 plexes has raised increasing interest with the aim of Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00216-019-02267-2) contains supplementary material, which is available to authorized users.
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determining the structure of the carbohydrate ligand and designing GAG-like drugs targeting these complexes for potential therapeutic applications [23,24]. However, the large structural diversity of GAGs owing to their incomparable variety of combinations and regioselective modifications of their constitutive monosaccharides represents a major stumbling block in the study of structure-activity relationships [25]. Furthermore, the biologically active GAG sequences involved in molecular recognition are most often available in low amounts and in heterogeneous mixtures. Because GAG biosynthesis is not template-driven, no procedure is available for the amplification and the over-expression of a specific oligosaccharide sequence [START_REF] Sasisekharan | Glycomics approach to structure-function relationships of glycosaminoglycans[END_REF]. Therefore, deciphering the mechanism of the protein-GAG interactions and structural identification of the carbohydrate ligands is both a major scientific goal and a tremendous analytical challenge. In response to the aforementioned bottlenecks, significant progress has been made during the last decade by using mass spectrometry (MS) and MS hyphenated methods, which offer highly sensitive detection and powerful structural resolution [26,27]. We have previously reported the coupling between affinity capillary electrophoresis to mass spectrometry (ACE-MS) as an efficient method for probing protein-GAG interaction [28,29]. ACE-MS coupling offers the advantage of requiring a minimal amount of sample for analysis, a definite benefit owing to the low bioavailability of GAG samples. Nevertheless, ACE does not allow multiplexed parallel measurement of interactions, a major goal in the current "omics" era. In 2002, glycan array approaches were introduced to develop the high-throughput detection of carbohydrate ligands [30][31][32]. Unlike glycan arrays, surface plasmon resonance (SPR) can probe biomolecular interactions at the thermodynamic level and offers the advantages of real-time and label-free measurement of reaction rate constants (k on , k off ) from which equilibrium constants (K A , K D ) can be deduced [33]. Furthermore, following the pioneering works of Nelson et al. [34,35], the recent introduction of SPR in array format provides access to a multiplexed analysis that is of great interest for "omics" approaches, but unfortunately does not give structural information on the captured ligand(s). In this context, we and others have recently reported the hyphenation of SPR imaging (SPRi) on a biochip in an array format compatible with MS detection [36][37][38]. The hyphenation of SPRi with MS relies on two well-established stand-alone methods for the analysis of biomolecular interactions and biostructural characterization, respectively. We have introduced an SPR sensor biochip in a microarray format that is easily interfaced with a MALDI mass spectrometer to carry out a direct on-chip structural analysis by MS. The coupling relies on the functionalization of the biochip surface by a self-assembled monolayer of short poly(ethylene oxide) chains, which-unlike the commonly used alkane thiol chains-greatly minimize non-specific binding and improve selective isolation and MS detection on the 104 SPR biochip, even for complex biological matrices such as 105 biological fluids [START_REF] Anders | SPRi-MALDI MS: characterization and identification of a kinase from cell lysate by specific interaction with different designed ankyrin repeat proteins[END_REF]. Using this experimental set-up, we pre-106 viously carried out SPRi-MS coupling for probing protein- 

Surface functionalization of biochips

The biochip surface was cleaned using a UV-ozone treatment (UVO-Cleaner, Jelight, CA, USA) before functionalization. A self-assembled monolayer (SAM) formed of a short poly(ethylene oxide) chains was grafted on the gold surface of the biochips by immersion in ethanol solution of 2.5 mmol L -1 O-(2-carboxyethyl)-O′-(2-mercaptoethyl) heptaethylene glycol for 6 h. The grafted biochips were then washed with ethanol and could be either stored at 4 °C or activated for the immobilization of protein probes. The SAM was activated through 1 h incubation with 0.2 mol L -1 DCC and 0.2 mol L -1 NHS in DMSO containing 0.02 mol L -1 4pyrrolidinopyridine. After washing with DMSO and ultrapure water, the activated biochips were air-dried and stored at 4 °C, ready for the covalent attachment of chemokines.

Cytokine attachment on biochips

Before immobilization on the biochip, the 75 μM chemokine solution in 75 mM ammonium acetate, pH 6.5 was evaporated and re-suspended in the same volume of 10 mM ammonium acetate pH 7.5, 1% (v/v) glycerol. The activated biochip was then arrayed with this 75 μM chemokine solution by dropping 0.1-0.15 μL per spot. The spot-array pattern (4 × 4) was 500-μm diameter spots with a 3.5-mm inter-spot distance.

Inactivation of the remaining free ester active groups on the biochip surface was performed by injecting 100 μM lysine in 10 mM ammonium acetate, pH 7.5, for 2 × 10 min (50 μL min -1 flow). Each injection of lysine was followed by an injection of 100 μM glycine, pH 2 at a 50 μL min -1 flow rate for 10 min. Reflectivity variation (RV) was measured on each spot and converted into bound ligand quantities per surface unit (0.02% of RV = 5 pg/mm 2 [START_REF] Zhao | On the distribution of protein refractive index increments[END_REF]. Nevertheless, obtained values were for protein/DNA according to equation S1 (Electronic Supplementary Material (ESM)), whereas the heparin-based saccharides studied here required a lower refractive index (0.13 instead of 0.19). The values of bound amounts were corrected accordingly (% of RV × 1.46) [START_REF] Tumolo | Determination of the refractive index increment (dn/dc) of molecule and macromolecule solutions by surface plasmon resonance[END_REF].

The density values were averaged over all spots of the same species, after subtraction of a negative control. Sensorgrams were acquired on each cytokine spot by subtraction of the SPR signal recorded on the lysine passivated biochip surface. A constant spot diameter of 300 μm was used for captured amount calculation.

On-chip digestion

After SPRi detection and GAG capture, the SPRi biochip was removed from the SPRi-Plex imager and the gold surface was air-dried. Then, on-chip depolymerization of affinity-captured GAG polysaccharides was performed by dropping heparinase solutions on each spot. HP depolymerization was carried out with both sulfated polysaccharides (Fig. 1), while the negative control aprotinin showed a weak interaction (K D = 873 ± 30 μM), consistent with the HP-binding properties of these cytokines. K D values (K D = k off /k on ) were determined in the nanomolar range for both cytokines (Table 1), corroborating data in the literature for IFN-γ (1.4-5 nM) [START_REF] Saesen | Insights into the mechanism by which interferon-γ basic amino acid clusters mediate protein binding to heparan sulfate[END_REF][START_REF] Lortat-Jacob | High-affinity binding of interferon-gamma to a basement membrane complex (matrigel)[END_REF] and for SDF-1α (1-30 nM) [START_REF] Friand | Glycosaminoglycan mimetics inhibit SDF-1/ CXCL12-mediated migration and invasion of human hepatoma cells[END_REF][START_REF] Ziarek | Heparin oligosaccharides inhibit chemokine (CXC motif) ligand 12 (CXCL12) cardioprotection by binding orthogonal to the dimerization interface, promoting oligomerization, and competing with the chemokine (CXC motif) receptor 4 (CXCR4) N terminus[END_REF][START_REF] Sadir | Characterization of the stromal cell-derived factor-1-heparin complex[END_REF]. The affinity of IFN-γ and SDF-1α was slightly higher for HS than for HP (Table 1), despite the higher sulfate content of HP, indicating that interaction is not solely charge driven. The interaction likely involves specific sequences within HS, keeping in mind that HS is a physiological ligand of cytokines at the cell surface and in the extracellular matrix. In order to determine the GAG molecules captured on the biochip surface, the arrayed surface of the cytokine biochip was probed using MALDI-TOF MS after the SPR experiment.

However, due to their high and disperse molecular weights and negative charge density, the whole HP and HS molecules (13.6-16 kg mol -1 ) cannot be analyzed as such by MS. To overcome such limitations, we performed on-chip depolymerization of captured GAGs using heparinase I or a mixture of heparinase I, II, and III (see "Methods"). Afterwards, the chip was directly analyzed using MALDI-TOF MS to carry out onchip detection of the oligosaccharides produced by enzyme digestion. The capture of GAG molecules by the grafted cytokines IFN-γ and SDF-1α increased with the increasing concentrations of HP and HS loaded on the chip during the SPR experiment, reaching a maximal surface density of several fmol/mm 2 for both HP and HS (Fig. 2).

Considering that 1 mol of HP polysaccharide can theoretically yield on average 25 mol of trisulfated HPdp2 based on the molecular weight of the full-size heparin, it is expected that the amount of captured HS is enough to produce several dozen of fmol/mm 2 of sulfated disaccharides. MALDI-TOF-MS analysis revealed the presence of heparin hexa-, tetra-, and disaccharides captured on IFN-γ spots. No oligosaccharide was detected on the surface biochip without grafted cytokines (background area, ESM Fig. S1). The HP disaccharide was detected in its fully S2). This result suggests that the tetra-and hexasaccharides detected on the cytokine plots are protected from heparinase through tight protein-GAG interactions. These oligosaccharides may thus be part of the heparin sequences that are specifically involved in the cytokine binding (Fig. 3). In contrast, we were unable to detect highly sulfated diand tetra-oligosaccharides from HS molecules captured on IFN-γ and SDF-1α spots. Although somewhat lower than the captured HP level, the amount of captured HS was still sufficient to allow MS detection of derived oligosaccharides.

Heparinase I exhibits a strong specificity for the -GlcNS6S-IdoA2S-linkage [START_REF] Xiao | Heparinase 1 selectivity for the 3,6-di-O-sulfo-2-deoxy-2sulfamido-α -D-glucopyranose (1,4) 2-O-sulfo-α -Lidopyranosyluronic acid (GlcNS3S6S-IdoA2S) linkages[END_REF]. This saccharide sequence being less encountered in HS, the on-chip depolymerization of HS 
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Fig. 1 Surface-subtracted sensorgrams for the interaction between cytokines and a heparin injected at 1 mg mL -1 (≈ 73.5 μM) or c heparan sulfate injected at 1 mg mL HPdp10 (Fig. 4c). The arrayed biochip surface was probed To further exemplify the SPRi-MS coupling on cytokine biochip, an oligosaccharide with a well-defined sequence was used. For that purpose, we studied the interaction of the synthetic pentasaccharide Fondaparinux with the immobilized cytokines. This compound is the sole marketed synthetic GAG mimetic (Arixtra®) used as an antithrombotic agent targeting antithrombin and thereby inhibiting proteases such as the activated factor X (FXa). This pentasaccharide has eight sulfate groups, including a rare 3-O sulfo group on the central glucosamine residue. Fondaparinux was designed to bind antithrombin with high affinity [START_REF] Guerrini | Antithrombin-binding octasaccharides and role of extensions of the active pentasaccharide sequence in the specificity and strength of interaction. Evidence for very high affinity induced by an unusual glucuronic acid residue[END_REF]. It can also bind MCP-1 [START_REF] Schenauer | An ion mobility-mass spectrometry investigation of monocyte chemoattractant protein-1[END_REF][START_REF] Crown | Heterodimerization of CCR2 chemokines and regulation by glycosaminoglycan binding[END_REF], but no data are available for SDF-1α or IFN-γ. SPRi HPdp10, which may explain the decreased affinity for this 457 oligosaccharides mixture. In contrast, IFN-γ showed a quite similar affinity for both HPdp10 and the synthetic pentasaccharide Fondaparinux, although somewhat higher for the pentasaccharide. This result suggests that IFN-γ can form an affinity complex either with a short sequence comprising unique structural determinants, or with heterogeneous, but longer oligosaccharide sequences. Several fmol mm -2 of synthetic pentasaccharide were captured upon injection of increasing concentrations of Fondaparinux, leveling out at values ranging from 13 for SDF-1α to 28 fmol mm -2 for IFN-γ (Table 2).
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When 20 fmoles of pentasaccharide were directly spotted in the running buffer on the biochip, the pentasaccharide could be detected as an intact, fully sulfated species [M-Na] -at m/z 1703.8, in addition to ions corresponding to a pentasaccharide species with sulfate loss (-102 mass units) (Fig. 7a). The 
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was observed on the IFN-γ spots (Fig. 7d), while only partially sulfated species with 1 to 6 sulfate losses were detected on the MCP-1 spots (Fig. 7b). The non-detection of intact pentasaccharide on MCP-1 spots can be due to an insufficient amount captured and less efficient energy dissipation during laser shots while soft ionic liquid matrix was used.

The on-chip MS detection was easier for Fondaparinux than for HPdp10, although both were captured at similar surface densities. This difference highlights that, in addition to the low 
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 42 recognition of structural determinants, especially the 43 arrangement of the N-and O-sulfo groups in a given oligo-44 saccharide sequence, as observed in heparan sulfate (HS) [4, 45 9-12]. These structural elements give rise to the so-called
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 2 protein interactions[36, 37]. Affinity-based enrichment and 108 isolation of specific ligands on the SPR biosensor combined 109 with their structural identification by MS also appears a par-110 ticularly welcome and innovative coupling in glycomics field. 111 Therefore, in the study herein, we have investigated the po-112 tential of SPRi-MS coupling for the detection and analysis of 113 protein-GAG interactions. To do so, we designed an SPR 114 sensor biochip arrayed with multiple cytokines, providing ac-115 cess to the thermodynamics parameters of their interactions 116 with HS, heparin (HP) and HP oligosaccharides. This cyto-117 kine biochip was conveniently interfaced with a MALDI-TOF 118 mass spectrometer so as to achieve a first step towards the 119 structural identification of the captured sulfated GAG ligands. Carboxyethyl)-O′-(2-mercaptoethyl) heptaethylene gly-123 col (PEO), N,N′-dicyclohexylcarbodiimide (DCC), 4-124 pyrrolidinopyridine, N-hydroxysuccinimide (NHS), ammoni-125 um acetate, sodium chloride, L-lysine, dimethyl sulfoxide 126 (DMSO), ammonium acetate, 2-(4-hydroxy-phenylazo) tical continuity at their interface was ensured by an oil 176 layer of suitable refractive index, as described elsewhere 177 [36]. 178 SPRi and SPRi-MS coupling experiments 179 SPRi experiments were performed in the running buffer 180 10 mmol L -1 ammonium acetate, pH 7.5, at 50 μL min -1 flow 181 rate. A typical SPR experiment comprised an injection step 182 (4 min) and a dissociation step (4 min) run sequentially for a 183 total run-time of 8 min. A regeneration step was carried out by 184 injection of 1 mol L -1 NaCl for 8 min between each SPRi 185 experiment. This procedure enabled repeated (at least 20 186 times) SPR experiments on the same biochip with signal loss 187 of < 3%. For SPRi-MS coupling experiments, the biochip was 188 removed from the glass prism after SPRi measurements to 189 enable direct on-chip MS analysis (see below). The polysac-190 charides HP, HS, and oligosaccharides HPdp10 and 191 Fondaparinux were injected using a 200-μL sample loop in-192 jection. They were diluted in the running buffer from 1 to 193 1000 or 1176 μg mL -1 for HP and HS, respectively and from 194 1 fg mL -1 to 1 mg mL -1 and 1 pg mL -1 to 1 mg mL -1 for 195 HPdp10 and Fondaparinux, respectively. Affinity constants 196 and kinetics rate were determined by using ScrubberGen soft-197 ware (V1.0, Horiba Scientific, Palaiseau, France).

  Surface plasmon resonance imaging coupled to on-chip mass spectrometry: a new tool to probe protein-GAG... 5 μL of heparinase I working solution (50 μU spotted). 247 HS depolymerization was carried out with 0.2 μL of hepari-248 nase I working solution (20 μU spotted) and 0.4 μL of hepa-249 rinase II and III working solutions (each 20 μU spotted). 250 Then, the on-chip depolymerization reaction was conducted 251 at 25 °C overnight by arranging the biochip in a Petri dish with 252 a plastic cup to maintain a moist environment, and placed in a 253 forced air oven. 254 On-chip mass spectrometry analysis 255 MALDI-time-of-flight (TOF) MS experiments were per-256 formed using a PerSeptive Biosystems Voyager-DE STR 257 mass spectrometer (Applied Biosystems/MDS SCIEX, 258 Foster City, CA, USA) equipped with a nitrogen laser 259 (337 nm wavelength and 20 Hz repetition rate, laser fluence 260 set just above the desorption/ionization threshold). The 261 HABA/TMG 2 ionic liquid, used as the matrix, was prepared 262 as described elsewhere [43-45]. Briefly, HABA was mixed 263 with TMG at a 1:2 molar ratio in methanol, and the obtained 264 solution was sonicated for 15 min at 40 °C. After removing 265 methanol by centrifugal evaporation in a SpeedVac for 3 h at 266 room temperature, the ionic liquid matrix was left under vac-267 uum overnight. Final solutions were then prepared at a con-268 centration of 90 mg mL -1 in methanol, and used as a matrix 269 without further purification. Once prepared, these ionic liquid 270 matrix solutions (ILMs) can be stored at 4 °C for up to 1 week. 271 Then, 0.4 μL of the ILM was spotted on the biochip and left to 272 dry at room temperature and atmospheric pressure for 5 min.

  273MALDI-TOF MS analysis was performed in the linear and 274 reflector negative ion modes. In linear mode, the acceleration 275 voltage was + 25 kV, grid voltage was 95%, and extraction 276 delay was 300 ns. In reflector mode, the acceleration voltage 277 was + 20 kV, grid voltage was 70%, and extraction delay was 278 150-300 ns. Each mass spectrum was an average of 200-900 279 laser shots. 280 Results and discussion 281 MS detection of heparin and heparan sulfate 282 on cytokine surface plasmon resonance biochips 283 We previously implemented functionalized SPR biochips to 284 hyphenate SPRi analysis with mass spectrometry [36, 37]. 285 This innovative SPRi-MS coupling can be combined with 286 on-chip enzyme digestion of the captured biomolecule to at-287 tain fine structural characterization using MS. Unfractionated 288 HP and HS solutions ranging from sub-nanomolar to micro-289 molar concentrations were flowed on the SPR biochip de-290 signed for MS coupling and arrayed with the cytokines 291 IFN-γ, SDF-1α. Because these cytokines are basic proteins 292 (pI> 9) [28, 46], aprotinin (pI 10.5) was also grafted on the biochip as a control basic protein. Typical sensorgrams were obtained, showing strong interactions of IFN-γ and SDF-1α
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  trisulfated form (sodiated ions [M-Na] -at m/z 641.91 and [M-2Na + H] -at m/z 619.91) (Fig. 3a, b). The disulfated disaccharide was also detected as [M-Na] -at m/z 539.96 and at trace amounts as [M-2Na + H] -at m/z 517.98. The fully sulfated HP tetrasaccharide was identified at m/z 1306.64 [M-Na] -, as well as the penta-and tetrasulfated forms at m/z 1204.72 and 1102.81, respectively. Hexasaccharides were the highest detected dp under the fully sulfated form (9 sulfate groups) as [M-Na] -at m/z 1971.55, as well as with 8 and 7 sulfate groups at m/z 1869.63 and 1767.71, respectively. Regarding the aprotinin spot, a unique peak of trisulfated HPdp2 was present (Fig. 3c). Some minor ions showing Na + /K + exchanges were also detected. The control experiment in which digested heparin was manually spotted on a Przybylski C. et al. SPRi biochip without grafted cytokines, yielded mainly trisulfated disaccharides (ESM Fig.

360

  molecules catalyzed by heparinase I likely produced a lower 361 proportion of highly sulfated di-and tetra-saccharides, and a 362 higher proportion of longer oligosaccharides that are more 363 difficult to detect by MS. 364 Direct on-chip MS detection of heparin 365 oligosaccharide ligands 366 The SPR-MS experiment was further pursued by loading HP 367 decasaccharides (HPdp10) on a cytokine biochip. Given that 368 this commercial HPdp10 preparation was specified to contain 369 a high level of the disaccharide unit IdoUA,2S-GlcNS,6S, it 370 may be a valuable mimic of the sulfated NS domains of HS 371 (the so-called NS domains), which are well known to be
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 2 Fig. 2 Surface molar density of GAG polysaccharides captured by immobilized proteins IFN-γ (red), SDF-1α (blue), and aprotinin (violet) according to the injected concentrations of a heparin (HP) and b heparan sulfate (HS). Error bars correspond to four different spots on the same biochip

Fig. 3

 3 Fig.3Negative reflector MALDI-TOF spectra of on-chip depolymerized heparin captured by a IFN-γ (14 fmol/mm 2 ), b SDF-1α (5 fmol/mm 2 ), and c aprotinin (1 fmol/mm 2 ). All species are detected as [M-Na] - and size of the dp is indicated in blue, number of sulfates in red, and signal-to-noise ratio (S/N) on the HPdp2 with three sulfates is noted in the top right corner of each spectrum

33 aM 333 aM 3 .Fig. 4 a

 34 Fig.4a Surface-subtracted sensorgrams for the interaction between chemokines and a heparin decasaccharides mixture (HPdp10) injected at 1 mg mL -1 (≈ 333.3 μM). Each sensorgram is the average of SPR measurements taken on four spots. b Corresponding real-time array imaging of the interaction between grafted chemokines and injected HPdp10 at 7 min in the aforementioned conditions. c Surface molar density progression of captured HPdp10. Error bars correspond to four different spots on the same biochip

5 . 9 Fig. 6 aFig. 5

 5965 Fig.6a Surface-subtracted sensorgrams for the interaction between chemokines and Fondaparinux injected at 1 mg mL -1 (≈ 579 μM). Each sensorgram results from the averaged SPR measurements on four spots. b Corresponding realtime array imaging of the interaction between grafted cytokines and injected Fondaparinux at 7 min in the aforementioned conditions. c Surface molar density progression of captured Fondaparinux. Error bars correspond to four different spots on the same biochip

Fig. 7 F

 7 Fig. 7 Negative reflector MALDI-TOF spectra of Fondaparinux a directly deposited at 20 fmoles on the chip and after captures by b MCP-1, c SDF-1α, and d IFN-γ after injection of 579 μM Fondaparinux. Asterisks correspond to Na + /K + exchanges

Na] - S/N (641.91) : 52 c

  

	HPdp2 539.96 500 0 50 100 641.91 619.92 [M-Na] -[M-2Na+H] -% y t i s n e t n I 500 0 50 100 % y t i s n e t n I 641.91 619.91 517.98 539.96 [M-Na] -[M-2Na+H] -900 900 b a 50 100 641.91 % y t i s n e t n I 1160.52 1204.62 1182.59 1102.81 1204.72 1262.62 1204.72 1102.81 1300 1306.64 Mass (m/z) 1300 Mass (m/z) 1767.71 1700 1869.63 1700 1306.64 1204.72 1322.54 1284.65 1322.54 1767.71 1306.64 [M-1306.64 1263.10	2100 1971.55 S/N (641.91) : 968 2500 2100 2500 S/N (641.91) : 552 1971.55 1949.57 1847.62 1869.63
	500 0	900	1300	1700	2100	2500
			Mass (m/z)			

Table 2

 2 Kinetic and thermodynamic parameters of the interactions between cytokines and heparin-derived sulfated oligosaccharides ΔG = RT lnK D where R is the gas constant = 8.3144621 J mol -1 K -1 and T is 298 K (25 °C). Binding kinetics fitted using a 1:1 Langmuir model. Values were the average of 4 determinations

	t2:2 GAGs	Cytokine	Surface density (fmol/mm 2 )	k on (M -1 s -1 )	k off (s -1 )	K D = k off /k on (M)	ΔG* (kJ mol -1 )
	t2:3 HPdp10	SDF-1α	17 ± 1	2.3 ± 0.4 × 10 4	30.6 ± 0.5 × 10 -4	133 ± 5 × 10 -9	-39.23 ± 0.04
	t2:4	MCP-1	11 ± 3	2.2 ± 0.2 × 10 4	21.2 ± 0.3 × 10 -4	96 ± 4 × 10 -9	-40.04 ± 0.04
	t2:5	IFN-γ	25 ± 1	1.9 ± 0.4 × 10 5	26.7 ± 0.6 × 10 -4	14 ± 1 × 10 -9	-44.81 ± 0.07
	t2:6 Fondaparinux	SDF-1α	13 ± 1	5.2 ± 0.3 × 10 5	15.6 ± 0.5 × 10 -4	3.0 ± 0.2 × 10 -9	-48.62 ± 0.07
	t2:7	MCP-1	17 ± 5	13.3 ± 0.1 × 10 5	31.9 ± 0.3 × 10 -4	2.4 ± 0.1 × 10 -9	-49.20 ± 0.04
	t2:8	IFN-γ	28 ± 5	7.3 ± 0.5 × 10 6	87.6 ± 0.6 × 10 -4	1.2 ± 0.1 × 10 -9	-50.89 ± 0.08

*

JrnlID 216_ArtID 2267_Proof# 1 -28/11/2019

Proc Natl Acad Sci U S A. 1999;96:3658-63.

ic pentasaccharide and also revealed a strong interaction with 446 IFN-γ and SDF-1α (Fig. 6).
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