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Cell wall polysaccharides (CWPs) and phenolic substances, e.g., procyanidins, widely co-exist in fruit and vegetables and interact in complex patterns during chewing, food processing and in vivo digestion, impacting the food physicochemical and nutritional qualities. Interactions were characterized between two procyanidins and heterogeneous CWPs (four native and twelve modified) from apple, beet and kiwifruit presenting various chemical compositions and physical structures.

ATR-FTIR discriminated the complexes from the initial purified procyanidins and CWPs. Langmuir isotherms and ITC indicated that native CWPs, from all botanical origins, had a higher affinity for procyanidins than the modified ones, which were all poorer in pectins. The CWPs that interact more with procyanidins were characterized by their high pectin content and linearity, and high porosity. Increasing the molecular size of procyanidins increased their complexation with CWPs. This work is an important guide to the encapsulation and controlled release of active compounds and the subsequent respective digestive behavior and human health.

Introduction

Cell walls and polyphenols are important components of the dietary fiber complexes in plant-based foods. They coexist in plants in a separated cell compartment [START_REF] Renard | Interactions between polyphenols and polysaccharides: Mechanisms and consequences in food processing and digestion[END_REF]. The interactions between cell walls and polyphenols may occur during chewing, pre-consumption food processing and subsequent digestion, which modify their structure and composition, thereby affecting their bioefficacy or modulating gut microbiota [START_REF] Loo | Modulation of the human gut microbiota by phenolics and phenolic fiber-rich foods[END_REF]. There seems to be a lack of understanding of the interactions between the different components in the food matrix. This may limit the possibility of linking the specific components to the potential effects of diet, particularly the role of macromolecular polyphenols such as procyanidins. These procyanidins can spontaneously and quickly bind to the cell walls through hydrogen bonding or hydrophobic interaction [START_REF] Liu | Interactions between cell wall polysaccharides and polyphenols: Effect of molecular internal structure[END_REF][START_REF] Renard | Interactions between apple cell walls and native palle polyphenols/quantification and some consequences[END_REF][START_REF] Renard | Interactions between polyphenols and polysaccharides: Mechanisms and consequences in food processing and digestion[END_REF]. However, the knowledge of the influence of different types of cell walls (plant origin or processing modification) on the interactions is still lacking.

Plant cell walls are the extracellular matrices surrounding plant cells, which determine the texture of plant-based food [START_REF] Carpita | Structural models of primary cell walls in flowering plants: Consistency of molecular structure with the physical properties of the walls during growth[END_REF]. The dominant thin, hydrophilic and highly hydrated type I cell wall of fruit and vegetables [START_REF] Waldron | New approaches to understanding and controlling cell separation in relation to fruit and vegetable texture[END_REF]) is one of the major source of dietary fiber in human food. It consists of a network of cellulose microfibrils, tethered by hemicelluloses such as xyloglucans, xylans and mannans, embedded in an amorphous matrix constituted mostly of pectins. These cell walls are very diverse, depending on the composition, size distribution, shape, charge, extractability and combination of their constituent components. They are susceptible to physiochemical transformation reactions during food processing, thereby changing their structure and leading to changes in their functional characteristics. For example, textural alterations related to changes in cell wall porosity impact affinity for procyanidins (Le [START_REF] Bourvellec | Non-covalent interaction between procyanidins and apple cell wall material. Part III: Study on model polysaccharides[END_REF]. In addition, the presence of polyphenols can also change the functional properties of cell wall polysaccharides. For example, feruloylated arabinans can inhibit the softening of radishes during thermal processing [START_REF] Li | Ferulic acid pretreatment alleviates the decrease in hardness of cooked Chinese radish (Raphanus sativus L. var. longipinnatus Bailey)[END_REF]. The polysaccharide-polyphenol aggregation may decrease the viscosity of a polysaccharide solution [START_REF] Tudorache | Phenolic compounds mediate aggregation of water-soluble polysaccharides and change their rheological properties: Effect of different phenolic compounds[END_REF]. Therefore, the application of these interactions could improve the development of functional polysaccharides in the food industry.

Polyphenols are broadly distributed in fruit and vegetables, and have a positive effect on human health. Some unesterified phenolic acids and glucosylated monomeric polyphenols are easily absorbed in the upper digestive tract, while macromolecular polyphenols, e.g., procyanidins, are poorly absorbable [START_REF] Santhakumar | Dietary polyphenols: Structures, bioavailability and protective effects against atherosclerosis[END_REF][START_REF] Saura-Calixto | Non-extractable Polyphenols and Carotenoids[END_REF] and reach the colon. However, many studies have shown that the cell wall-polyphenol complexes can improve the metabolization of polyphenols in the colon (Le [START_REF] Bourvellec | Procyanidin-cell wall interactions within apple matrices decrease the metabolization of procyanidins by the human gut microbiota and the anti-inflammatory effect of the resulting microbial metabolome in vitro[END_REF][START_REF] Loo | Modulation of the human gut microbiota by phenolics and phenolic fiber-rich foods[END_REF][START_REF] Phan | Independent fermentation and metabolism of dietary polyphenols associated with a plant cell wall model[END_REF][START_REF] Tarko | Influence of Food Matrix on the Bioaccessibility of Fruit Polyphenolic Compounds[END_REF]. Microbiological enzymes in the colon can promote the metabolism of the polyphenols from the complexes, and further bioprocess them from a non-absorbable form to a bioavailable one. Simultaneously, the interactions between polyphenols and cell walls and commensal microorganisms during the digestion process can adjust the balance between the growth of beneficial bacteria and pathogenic microorganisms [START_REF] Dobson | Impact of molecular interactions with phenolic compounds on food polysaccharides functionality[END_REF]. A comprehensive understanding of the cell wall-macromolecular polyphenol interactions may enable food manufacturers to take full advantage of these beneficial effects.

Cell wall-procyanidin interactions can be mediated by their morphology, chemical composition and molecular architecture, that is, their porosity, the characteristics of their constitutive pectins, such as side-chains and branching ratios, molar mass, degree of esterification, functional groups, and conformation [START_REF] Liu | Interactions between cell wall polysaccharides and polyphenols: Effect of molecular internal structure[END_REF]Liu, Renard, Rolland-Sabaté, & Le Bourvellec, 2021). Cell walls with high pectin contents have higher affinities for procyanidins, as in the case of pear tissues where the affinity decreases in the order: parenchyma cells > mesocarp (i.e., flesh) hypanthium > stone cells > epidermis [START_REF] Brahem | Pear ripeness and tissue type impact procyanidin-cell wall interactions[END_REF]. Cell walls are complex and composed of heterogeneous polymers, of which, pectins have the highest affinity for procyanidins (Le Bourvellec & Renard, 2005;[START_REF] Bourvellec | Impact of processing on the noncovalent interactions between procyanidin and apple cell wall[END_REF]. Moreover, high affinities are typically observed between highly methylated pectins and highly polymerized procyanidins [START_REF] Watrelot | Interactions between pectic compounds and procyanidins are influenced by methylation degree and chain length[END_REF].

Concerning branching of pectins, the general rule can be summarized as follows: the more linear the structure and the less branching areas of pectins in the cell walls, the better their association with procyanidins (P. A. R. Fernandes et al., 2020;Liu, Renard, Rolland-Sabaté, & Le Bourvellec, 2021;[START_REF] Watrelot | Neutral sugar side chains of pectins limit interactions with procyanidins[END_REF]. This result also applies to the interaction with anthocyanins [START_REF] Koh | Binding kinetics of blueberry pectin-anthocyanins and stabilization by non-covalent interactions[END_REF]. For polyphenols, highly polymeric procyanidins with more hydroxyl and aryl rings bind more tightly to cell walls [START_REF] Bindon | Interaction between grape-derived proanthocyanidins and cell wall material. 1. effect on proanthocyanidin composition and molecular mass[END_REF][START_REF] Renard | Interactions between polyphenols and polysaccharides: Mechanisms and consequences in food processing and digestion[END_REF][START_REF] Tang | Structure-Activity Relationships in the Hydrophobic Interactions of Polyphenols with Cellulose and Collagen[END_REF]. However, what happens when these influencing factors are placed in the same cell wall-procyanidin interaction system? Do they act as antagonists or synergists? This still remains to be elucidated.

Although the interactions between the cell walls and procyanidins have been the focus of previous research [START_REF] Brahem | Pear ripeness and tissue type impact procyanidin-cell wall interactions[END_REF]Le Bourvellec et al., 2005;[START_REF] Bourvellec | Non-covalent interaction between procyanidins and apple cell wall material: Part I. Effect of some environmental parameters[END_REF]Le Bourvellec & Renard, 2005;[START_REF] Renard | Interactions between apple cell walls and native palle polyphenols/quantification and some consequences[END_REF], to date, there does not appear to be systematic interaction studies which investigate the impact of botanical origins, processing and maturity modifications and evolutions of cell walls in the establishment of cell wall-procyanidin associations. We are now interested in identifying the cell wall factors, that is, their spread and diversity of structures and composition, that may influence their interactions with procyanidins. In the current work, we examined the capacity of sixteen cell walls, from apple, beet and kiwifruit at two maturity stages (ripe and overripe) differing in both their physical and chemical characteristics to adsorb procyanidins. Interactions were quantified via Langmuir isotherms, as well as isothermal titration calorimetry to measure thermodynamic changes caused by non-covalent binding. A better understanding of the interactions between plant cell wall polysaccharides and polyphenols (especially procyanidins, important macromolecular antioxidants) is crucial for the development of plant-based food industry.

Material and methods

Standard

Sugar standards (arabinose, mannose, fucose, xylose, rhamnose, and galactose) and phloridzin were purchased from Fluka (Buchs, Switzerland). Methanol-d 3 was from Acros Organics (Geel, Belgium). 4-Coumaric acid was provided from Extra synthese (Lyon, France). All other reagents and solvents were of analytical grade.

Procyanidins extraction, purification and analysis

Procyanidins of DP12 and DP39 were prepared from apple fruits (Malus × domestica Borkh.) of the 'Marie Menard' and 'Avrolles' cider cultivars, respectively, as described in [START_REF] Liu | Modification of apple, beet and kiwifruit cell walls by boiling in acid conditions: Common and specific responses[END_REF]. Briefly, this included extraction by aqueous acetone from the freeze-dried apple powders after washing by hexane and methanol, purification on a LiChrospher 100 RP-18 (12 μm, Merck, Darmstadt, Germany) column, concentration and storage under vacuum at -80 °C.

Purified procyanidins were characterized by high-performance liquid chromatography with diode array detection (with/without thioacidolysis) on a Shimadzu Prominence system (Kyoto, Japan) as described in principle by [START_REF] Guyot | Direct thiolysis on crude apple materials for high-performance liquid chromatography characterization and quantification of polyphenols in cider apple tissues and juices[END_REF]. The separation condition were as described by [START_REF] Bourvellec | Phenolic and polysaccharidic composition of applesauce is close to that of apple flesh[END_REF].

Preparation and characterization of cell wall polysaccharides

Sixteen cell walls were prepared as described by [START_REF] Liu | Modification of apple, beet and kiwifruit cell walls by boiling in acid conditions: Common and specific responses[END_REF]. In brief, Alcohol-Insoluble Solids (AIS) were first prepared from apple, beet and kiwifruit (ripe and overripe) parenchyma, and named native apple cell wall (ACN), native beet cell wall (BCN), native kiwifruit cell wall ripe (KCRN), native kiwifruit cell wall overripe (KCON). Then the four native cell walls modified by heating in a citrate-phosphate solution (0.1 mol/L) at pH 2.0, 3.5 or 6.0, and the insoluble cell wall residues were retained; the extracted pectins have been used in another study (Liu, Renard, Rolland-Sabaté, & Le Bourvellec, 2021). The modified insoluble cell wall residues were used for the following experiments, i.e., apple cell walls modified at pH 2.0/3.5/6.0 (named AC2/3/6, respectively), beet cell walls modified at pH 2.0/3.5/6.0 (named BC2/3/6, respectively), kiwifruit cell walls ripe modified at pH 2.0/3.5/6.0 (named KCR2/3/6, respectively) and kiwifruit cell walls overripe modified at pH 2.0/3.5/6.0 (named KCO2/3/6, respectively).

Cell wall compositions were analyzed as described by [START_REF] Liu | Modification of apple, beet and kiwifruit cell walls by boiling in acid conditions: Common and specific responses[END_REF]. Approximately 10 mg of cell walls were prehydrolyzed with 72% sulfuric acid (250 μL) for 1 h at room temperature [START_REF] Saeman | Techniques for the determination of pulp constituents by quantitiative paper chromatography[END_REF]. Neutral sugars were analyzed as alditol acetates [START_REF] Englyst | Determination of the non-starch polysaccharides in plant foods by gas-liquid chromatography of constituent sugars as alditol acetates[END_REF] by GC-FID HP 5890 Series II (Agilent, Inc., Palo Alto, USA). Galacturonic acid was measured by the meta-hydroxyl-diphenyl assay using a spectrophotometer (V-530 Jasco, Tokyo, Japan). The methanol content was measured by stable isotope dilution assay using headspace-GC-MS (QP2010 Shimadzu, Kyoto, Japan) after saponification. The acetic acid content was measured by the acetic acid assay kit (K-ACET, ACS Manual Format, Megazyme International, Ireland). Ferulic acid was released by saponification according to the method of [START_REF] Micard | Studies on Enzymic Release of Ferulic Acid from Sugar-Beet Pulp[END_REF] by spectrophotometry (V-530Jasco, Tokyo, Japan).

Brunauer-Emmett-Teller (BET) isotherms [START_REF] Brunauer | Adsorption of Gases in Multimolecular Layers[END_REF] were used to determine the surface area of the cell walls by nitrogen adsorption isotherms at -196 °C using the Micromeritics AZAP 2010 system and monitored by AZAP 2010 version 5.01 (Micromeritics, Norcross, GA, USA).

The water-binding capacity was measured by filtration method using approximately 250 mg (dry weight) of cell walls left to soak with 10 mL of water containing NaN 3 (1 g/l) for 1 h at room temperature, then filtered and dried (103°C, overnight). The water binding capacity (WBC) was calculated as follows: WBC (g/g) = (M2 -M3) / (M3 -M1) × 100 %.

(Eq. 1)

With M1: weight of filter, M2 total weight after filtration and M3 after drying. Each sample was analyzed in triplicate.

Procyanidin-cell wall interactions

Binding isotherm methodology

The experiments were performed (duplicate) at 25 °C using buffer (citrate/phosphate system, pH 3.8, ionic strength 0.1 mol/L) according to [START_REF] Renard | Interactions between apple cell walls and native palle polyphenols/quantification and some consequences[END_REF]. The procyanidin solution (from 0.25 to 12 g/L) and the cell wall suspension (5 mg/mL) were incubated under agitation in 8 mL empty Sep-pack preparation columns.

After incubation, the free procyanidins solution and the cell wall-procyanidin complexes were isolated by filtering (20 μm porosity). The free procyanidins content was measured by spectroscopy at 280 nm (JASCO V-730 UV-visible spectrophotometer, Tokyo, Japan). Adsorbed procyanidins were measured by deducting the amount in the supernatant from that in the initial procyanidin solution.

The average degree of polymerization of procyanidins (𝐷𝑃 ̅̅̅̅ 𝑛) was calculated as the molar ratio of all flavan-3-ol units (thioether adduct plus terminal units minus (+)-catechin and (-)-epicatechin naturally present in the samples and determined by analysis of the samples by HPLC-DAD with and without thiolysis) to (+)-catechin and (-)-epicatechin corresponding to the terminal units minus (+)-catechin and (-)-epicatechin naturally present in the samples and determined by analysis of the samples by HPLC-DAD with and without thiolysis.

The binding isotherms were interpreted according to the type-I Langmuir approach [START_REF] Renard | Interactions between apple cell walls and native palle polyphenols/quantification and some consequences[END_REF], which expresses bound solute (procyanidins) PP b (in g/g of adsorbent) as a function of the free solute (procyanidins) concentration [PP f ] at equilibrium.

𝑃𝑃 𝑏 = N max 𝐾 𝐿 [𝑃𝑃 𝑓 ] 1+𝐾 𝐿 [𝑃𝑃 𝑓 ] (Eq. 2)
where N max is the total amount of available binding sites (expressed in g/g adsorbent) and K L is an apparent affinity constant (in L/g).

Isothermal Titration Calorimetry (ITC)

The thermodynamic parameters changes caused by the cell wall-procyanidin interactions were measured by ITC using TAM III microcalorimeter (TA instruments, 

ATR-FTIR spectra

The cell wall samples retained by filtration after the binding isotherm experiment were further analyzed by ATR-FTIR. Cell wall-procyanidin complexes were selected at four concentrations in binding isotherm experiment, i.e., the initial procyanidin concentrations added were 0.25, 1, 6 and 12 g/l. The ATR-FTIR spectra of cell walls, procyanidins and freeze-dried complexes were recorded in triplicate (16 scans per spectrum, 4000 to 600 cm -1 ) using a Tensor 27 FT-IR spectrometer (Brucker Optics, Wissembourg, France) equipped with a single-reflectance horizontal ATR cell (Golden Gate equipped with diamond crystal, Bruker Optics). Spectra were analyzed and controlled by OPUS software Version 5.0 as described by [START_REF] Liu | Modification of apple, beet and kiwifruit cell walls by boiling in acid conditions: Common and specific responses[END_REF].

Statistical analysis

Results were expressed as mean values, and their reproducibility presented as the pooled standard deviation (Pooled SD) [START_REF] Box | Statistics for Experimenters, an Introduction to Design, Data Analysis and Model Building[END_REF]. MATLAB 7.5 software (Mathworks Inc., Natick, MA, USA) with SAISIR package [START_REF] Cordella | SAISIR: A new general chemometric toolbox[END_REF] was used for pre-processing (baseline correction and standard normal variate) and Principal Component Analysis (PCA). Calculated and observed Langmuir curves were fitted by minimizing the sum of the square of the difference between observed and calculated values to obtain the Langmuir parameters (K L and N max )

using the solver package of Microsoft Excel. Moreover, the confidence intervals (P >0.95) of the Langmuir formula's constants were calculated using the Marquardt estimation method of the non-linear regression package of XLSTAT (version 2020.1.1, Addtionsoft SARL, Paris, France). Heatmap was performed with Python 3.5 software using the Seaborn package [START_REF] Waskom | Seaborn: Statistical Data Visualization[END_REF].

Results

Composition and structure of the macromolecules and cell wall complexes

Procyanidin fractions

The two apple varieties, i.e., 'Marie Ménard' and 'Avrolles', were selected to obtain two procyanidins with different degree of polymerization (Le [START_REF] Bourvellec | Interactions between apple (Malus x domestica Borkh.) polyphenols and cell walls modulate the extractability of polysaccharides[END_REF]. The purified extracts contained about 850 mg/g of phenolic compounds, mainly procyanidins plus traces of other phenolic compounds (Supplementary Table 1). 'Marie Ménard' and 'Avrolles' procyanidins were composed of more than 99 % (-)-epicatechin units and differed by their degree of polymerization (𝐷𝑃 ̅̅̅̅ 𝑛 = 12 and 39, respectively). All the results were in accordance with (Le [START_REF] Bourvellec | Impact of processing on the noncovalent interactions between procyanidin and apple cell wall[END_REF]Liu, Renard, Rolland-Sabaté, & Le Bourvellec, 2021).

Cell wall polysaccharides

Detailed chemical compositions of the cell walls are available in our previous paper [START_REF] Liu | Modification of apple, beet and kiwifruit cell walls by boiling in acid conditions: Common and specific responses[END_REF] and the sugar ratios based on the sugar content, specific surface area and water binding capacity for cell walls were calculated (Table 1). A large diversity was obtained on two major parameters, namely (i) the nature and levels of cell wall polymers and (ii) physical characteristics, which further varied independently in this series of cell walls. Concerning the chemical composition and physical structure, apple cell walls were characterized by high xylose content, signaling presence of xylogalacturonans and fucogalactoxyloglucans (Le [START_REF] Bourvellec | Non-covalent interaction between procyanidins and apple cell wall material: Part I. Effect of some environmental parameters[END_REF][START_REF] Renard | Studies on apple protopectin. IV: Apple xyloglucans and influence of pectin extraction treatments on their solubility[END_REF][START_REF] Renard | Studies on apple protopectin. IV: Apple xyloglucans and influence of pectin extraction treatments on their solubility[END_REF], with intermediate specific surface area and relatively high water-binding capacity. Only beet cell walls contained detectable ferulic acids. They also had the highest content of pectic neutral sugar side-chains, notably arabinans, and the highest acetyl contents, with a high specific surface area. Kiwifruit cell walls appeared to be the richest in homogalacturonans (conservely, contained pectins with the highest linearity), with the lowest side-chain, arabinose/galactose ratio and acetyl content, with a relatively low specific surface area.

All these characteristics were further modulated after processing at different pH values. For example, at pH 2.0, arabinan or galactan side-chains in the cell walls were lost due to acid hydrolysis, while galacturonic acid and DM were retained to the greatest extent possible. β-elimination reduced the content of galacturonic acid and esterification (DM and Ac.A) in the cell walls after modification at pH 6.0. Pectin depolymerization was least significant and structural modification modest (both acid hydrolysis and β-elimination) at pH 3.5. Different pH modifications enhanced or reduced, to varying degrees, the porosity/specific surface area and water-binding capacity of the cell walls. The ferulic acid cross-linked to the cell wall was present only in the beet cell wall.

Therefore, a large diversity of structural features was obtained in the cell wall set for structure linearity, branching degree and length of side-chains, arabinose/galactose ratio, degree of methylation and acetylation, specific surface area and water-binding capacity. In addition, these factors, which were assigned to the cell wall to influence their interactions, showed varying degrees of importance.

Global characterization by ATR-FTIR spectroscopy

ATR-FTIR can be used to detect changes in the main components of cell wall polysaccharides as well as their modification by other components (Liu, Renard, Bureau, & Bourvellec, 2021). On the principal component analysis, the first two principal components (PC1 48.5 % and PC2 22.7 %) explained 71.2% of the total variance (Fig. 1A). Cell walls, cell wall-procyanidin DP12/39 complexes and procyanidins were separated into three distinct groups. Within the cell wall-procyanidin group, complexes constituted two distinct subgroups: cell wall associated with a low procyanidin concentration (0.25 g/l and 1 g/l) and a high procyanidin concentration (6 g/l and 12 g/l). A gradation of the groups was observed along the PC1 from the left to the right with the increasing of procyanidin concentration.

No clear discrimination according to botanical origins, processing conditions or procyanidin sizes was obtained. The loadings on PC1 and PC2 revealed similar patterns and some relevant wavenumbers (Fig. 1B). Along the PC1 axis, the samples were distributed owing to the presence or absence of procyanidins (Fig. 1A). PC1 separated cell walls on the left bottom, cell wall-procyanidin complexes in the middle and purified procyanidins on the right bottom according to the presence of linked procyanidins or/and purified cell wall/procyanidin complexes. The negative loadings of PC1 were characterized by the peaks at 1740 and 1015 cm -1 which could be due to pectic compounds. Positive loadings for PC1 concerned wavenumbers mostly characteristic of procyanidins (1604, 1519, 1440, 1284 and 1196 cm -1 ), which progressively increased from 0.25 g/l to 12 g/l. PC2 allowed discrimination between apple/beet cell wall-procyanidin complexes and kiwifruit cell wall-procyanidin complexes in the middle of plot (Fig. 1A).

Binding isotherms

The binding isotherms of all cell wall-procyanidin complexes (DP12 and DP39)

were obtained by placing the suspended cell walls in contact with procyanidin solutions. The isotherms are illustrated by the Langmuir formulations (Eq. ( 2)) in Fig. 2 and the Langmuir parameters (K L and N max ) were calculated (Table 2), both in the form of per g or per m 2 of adsorbent. The data were fitted satisfactorily (r 2 > 0.85) using the Langmuir isotherm formula. The amount of adsorbed procyanidins increased with their concentration and finally reached a plateau at high concentrations indicating cell wall saturation (Fig. 2).

Interactions with Procyanidins of DP 12

Isotherm curves varied depending on the composition and the structure of the cell walls (Fig. 2). For the isothermal adsorption curve of procyanidin DP12, beet cell walls had the highest saturation level (plateau of the curve) of bound procyanidins and the highest affinity (slope of the curve) together with apple cell walls. Moreover, after processing, two distinct changes could be noted between chemical compositions and physical surface morphology for different cell walls: ACs, BC2/3 and KCOs cell walls were characterized by a decrease of bound procyanidin after modification. This may be attributed to the loss of pectins from the native cell walls. By contrast, affinity increased for KCOs and BC6, which may be due to an increase of their specific surface area after processing, thus increasing their adsorption capacity for the procyanidin DP12. The Langmuir constants (K L and N max ) obtained after fitting confirmed these results (Table 2A).

The different chemical compositions and physical surface morphologies observed between botanical origins and after processing had an impact on both apparent affinity (K L ) and apparent saturation level (N max ). ACN, BC3, KCRN, KCR6 and KCON/2/3 had close K L values between 0.21 L/g and 0.29 L/g, while their apparent saturation level (N max ) ranged from 0.39 to 0.75 g/g. These could be due to two contrasting observations: (i) either all their features were at an intermediate level, e.g., ACN with moderate pectin linearity (homogalacturonan chains), neutral sugar side-chains and specific surface area; or (ii) they combined features at the two extremes, e.g., KCON had the highest pectin linearity and the lowest specific surface area. BC6 with the highest specific surface area (16.7 m 2 /g) had the highest affinity (K L =0.54 L/g). This may be due to the fact that the morphology of large specific surface area favors the stacking of intermediate-size procyanidins. Conversely, AC2/3/6 and KCR2 had relatively low affinity (≤ 0.17 L/g) and high saturation level (≥ 0.70 g/g), which may be explained by the fact that they had at least two of the following features, namely relatively low pectin linearity, low specific surface area, low degree of methylation or high xylose contents.

The apparent Langmuir parameters were also converted as a function of the amount of procyanidins bound per cell wall surface area (Table 2B). This expression had most impact on the relative ranking of cell walls which had a larger specific surface area. An increase of cell wall surface area was accompanied by a decrease of K L and N max related to cell walls with lower surface areas so to their physical characteristics.

Table 2B also provides cell wall-procyanidin interaction characteristics (the amount of bound procyanidins and 𝐷𝑃 ̅̅̅̅ 𝑛 of free procyanidins). The average amount of bound procyanidins varied between 0.061 g/g cell wall (AC6) and 0.091 g/g (BC6), corresponding to 32 % and 53 % of the initial added procyanidins. Different levels of bound procyanidins were found for each cell wall. The binding levels of native cell walls could be ranked: ACN ≈ BCN > KCRN > KCON. For AC2/3/6 and BC2/3, the amount of bound procyanidins decreased after pH modifications, while conversely for BC6, KCR3/6 and KCO2/3/6 it increased. Cell walls with higher specific surface area had a higher affinity for procyanidin DP12. The initial procyanidin fractions were more polymerized (𝐷𝑃 ̅̅̅̅ 𝑛 = 12) than the free procyanidins remaining in the supernatant (3.7 < 𝐷𝑃 ̅̅̅̅ 𝑛 < 4.5) after interaction. Therefore, all cell walls were selective for highly polymerized procyanidins.

Interactions with Procyanidins of DP 39

The binding isotherms for cell walls and procyanidin DP 39 are presented in Fig.

2. Compared to procyanidin DP 12, the amount of bound procyanidins were higher for the highly polymerized fractions (DP 39). Binding isotherms demonstrated the key role of the 𝐷𝑃 ̅̅̅̅ 𝑛 in modulating the interactions between cell walls and procyanidins.

The calculated apparent constants are given in Table 2. For ACs, BCN/2/3, and KCO3, higher apparent affinities (K L ) were obtained when 𝐷𝑃 ̅̅̅̅ 𝑛 increased. However, for BC6, KCRs and KCON/2/6, lower apparent affinities (K L ) were obtained when 𝐷𝑃 ̅̅̅̅ 𝑛 increased. In these cell walls, high content of neutral sugar side-chains, both low degree of methylation and specific surface area may limit their affinity. Their apparent saturation levels (N max ) were higher than those of procyanidins of low 𝐷𝑃 ̅̅̅̅ 𝑛 (Table 2). These binding isotherms did not reach a stable plateau (Fig. 2), probably due to a lack of data in the high concentration range, i.e., above the limit of procyanidin solubility.

The average amount of bound procyanidins varied between 0.084 g/g cell wall (KCR2) and 0.148 g/g (ACN), corresponding to 46 % and 61 % of the initial used procyanidins (Table 2B). The binding levels of native cell walls decreased in the following order: ACN > BCN > KCON > KCRN. For AC2/3/6, BC2/3/6 and KCR2, the amount of bound procyanidins decreased after pH modifications, while it increased for KCR3/6 and KCO2/3/6. The initial procyanidin fractions were more polymerized (𝐷𝑃 ̅̅̅̅ 𝑛 = 39) than the free procyanidins remaining in the supernatant (12.4 < 𝐷𝑃 ̅̅̅̅ 𝑛 < 21.9). This again indicated that all cell walls were selective for highly polymerized procyanidins.

Isothermal titration calorimetry

Interactions with Procyanidins of DP12

Thermodynamic parameters from ITC titration of cell walls by procyanidins DP12 are shown in Table 3. Typical thermograms were obtained for all cell walls (ca.

8 mg) titrated by procyanidin DP12 (30 mmol/L epicatechin equivalent) with strong exothermic peaks (data not shown). Stoichiometry (defined as ratio of epicatechin/galacturonic acid) was fixed at 0.1 for all cell walls (1 molecule of epicatechin bound 10 units of galacturonic acid) using a one-site model. This value was determine from previous studies [START_REF] Brahem | Pear ripeness and tissue type impact procyanidin-cell wall interactions[END_REF].

The association constant ranged between 1.0 × 10 2 M -1 and 3.2 × 10 3 M -1 and the top three highest affinities decreased in the following order: ACN > KCRN > KCON (Table 3). ACN with a low (Ara+Gal)/Rha ratio (9.5), both medium Gal A/(Rha+Ara+Gal) ratio (1.2) and specific surface area (5.4 m 2 /g), and a high DM (82 %) (Table 1) had the highest affinity for procyanidin DP12, showing that a combination of positive factors contributed to its high interactions. Similarly, KCRN and KCON had a high pectin linearity (homogalacturonan chains) and a low degree of branching, and they also contained a high affinity component, i.e., kiwifruit pectins as shown by [START_REF] Liu | Modification of apple, beet and kiwifruit cell walls by boiling in acid conditions: Common and specific responses[END_REF]. For ACN/2/6, BC6, KCRN and KCON/6, analysis of the thermodynamic contributions (ΔG = ΔH -TΔS) related to the exothermic reactions indicated a strong entropy contribution (-TΔS from -18 to -9 kJ/mol) showing that the interactions were mostly driven by entropy. This indicated that the binding system was mostly driven by hydrophobic interactions. By contrast, the enthalpy contributions were high for AC3, BCN/2/3, KCR2/3/6 and KCO2/3 (ΔH from -46 to -12 kJ/mol) indicating that the interactions were mostly driven by hydrogen bonds.

Interactions with procyanidins of DP 39

Titration of all cell walls by procyanidins DP39 showed complex curves characterized by strong exothermic peaks. Thermodynamic parameters are shown in Table 3. To avoid over-fitting, the stoichiometry (n) was also fixed at 0.1 for all cell walls to allow fit and determination of association parameters.

The association constant K a between cell walls and procyanidins DP39 ranged from 1.0 × 10 2 M -1 to 1.6 × 10 3 M -1 in the decreasing order: KCO2/6 > KCR6 > ACN > AC3 > KCR2 ≈ AC2 > KCRN/3 ≈ KCON/3 > AC6 ≈ BCN/2/3/6. The affinity of the beet cell walls was generally low. Regarding the interactions between all cell walls and procyanidins DP39, contribution of enthalpy (ΔH from -4 to -26 kJ/mol) related to the exothermic reactions indicated that the interactions were mostly driven by hydrogen bonds due to the high number of hydroxyl groups in procyanidins DP39.

Discussion

Comparison of spectroscopy, calorimetry and binding isotherm methods

Using ATR-FTIR, isothermal titration calorimetry and binding isotherm, cell walls with different levels of porosity, pectin linearity (homogalacturonan chains), side-chain abundance, and degree of esterification were shown to interact with procyanidins (DP12 and DP39). The spectra of procyanidins DP12 and DP39 were close, as well as for other procyanidin fractions, e.g., pear procyanidins [START_REF] Brahem | Pear ripeness and tissue type impact procyanidin-cell wall interactions[END_REF]. Therefore, the following characteristic spectra can be used to distinguish between initial cell walls and cell wall-procyanidin complexes. Bands at 1604, 1519

and 1440 cm -1 can be attributed to C=C and C-C stretching bond vibrations in typical aromatic rings [START_REF] Alfaro-Viquez | Antimicrobial proanthocyanidin-chitosan composite nanoparticles loaded with gentamicin[END_REF][START_REF] Edelmann | Rapid method for the discrimination of red wine cultivars based on mid-infrared spectroscopy of phenolic wine extracts[END_REF]. Bands at 1284 and 1196 cm -1 can be assigned to phenolic OH and C-O group deformation vibrations and bending vibrations [START_REF] Velasco | Gamma radiation effects on molecular characteristic of vegetable tannins[END_REF].

Binding isotherms of cell wall-procyanidin interactions were well described by previous research as type I isotherms (the so-called Langmuir isotherms), e.g., apple, pear and grape cell walls [START_REF] Bindon | Tissue-specific and developmental modifications of grape cell walls influence the adsorption of proanthocyanidins[END_REF][START_REF] Brahem | Pear ripeness and tissue type impact procyanidin-cell wall interactions[END_REF][START_REF] Bourvellec | Non-covalent interaction between procyanidins and apple cell wall material: Part I. Effect of some environmental parameters[END_REF]Le Bourvellec & Renard, 2005;[START_REF] Renard | Interactions between apple cell walls and native palle polyphenols/quantification and some consequences[END_REF]. However, this fit is an empirical description and is not equivalent to the same mechanism described by Langmuir [START_REF] Langmuir | The adsorption of gases on plane surfaces of glass, mica and platinum[END_REF] for the adsorption of gases on solid surfaces.

This method can provide some adsorption parameters and behaviors. The amount of procyanidins (DP12 and 39) bound to each cell wall ranged from 61 mg/g cell wall to 148 mg/g cell wall, with an apparent affinity constant range of 0.11 to 0.60 L/g. Their interactions detected by ITC seem to be exothermic, and driven by both entropy and enthalpy contributions, which are caused by hydrophobic interactions (or changes in solvation and conformation) and hydrogen bonds, respectively [START_REF] Leavitt | Direct measurement of protein binding energetics by isothermal titration calorimetry[END_REF][START_REF] Liu | Interactions between cell wall polysaccharides and polyphenols: Effect of molecular internal structure[END_REF][START_REF] Poncet-Legrand | Interactions between flavan-3-ols and poly(L-proline) studied by isothermal titration calorimetry: Effect of the tannin structure[END_REF]. The order of magnitudes of their affinity constant (K a ) ranged from 10 2 to 10 3 M -1 . These three According to Supplementary Fig. 1, some interaction parameters were distributed separately for different procyanidins, implying that the mechanisms of interaction may be different. This was also reflected in the correlation analysis (Fig. 3). To be specific, the linearity of pectin was correlated with K a (by ITC) for procyanidin DP12 and 39. This suggested a significant contribution of homogalacturonan content to the affinity. In addition, porosity/surface area (by BET) showed correlation with bound procyanidin DP12 and their K L (DP12, binding isotherms) and moderate correlation with bound procyanidin DP39 and their K L (DP39, binding isotherms). This inferred that low polymerized procyanidins are more readily bound by porous cell walls, whereas high polymerized procyanidins may be restricted. Although side-chain abundance and ferulic acid content showed some correlation with K L , these factors are detrimental to the interactions. This implied that porosity was probably antagonistic to side-chain abundance and ferulic acid content, but that porosity played a dominant role in cell wall-procyanidin interactions.

Pectin content and linearity in cell walls

Firstly, during heat treatment at different pH, cell walls are modified so that a portion of the soluble polysaccharides are extracted giving extractable pectins. The second point to note is that irrespective of the pectin content of the cell wall starting material, the main goal of our study was to determine the effect of the chemical composition and physical structure of the cell wall on their binding properties for procyanidins. This is because the changes in cell wall adsorption of procyanidins resulting from pectin extraction are already reflected in cell wall modifications. That is, not only the composition changes, but also the porosity of the cell wall increases (i.e., enables more internal cavities) or decreases (i.e., cell wall collapse or shrinkage)

with the difference in the original structure or the treatment conditions.

The higher affinities for procyanidins DP12/39 were obtained for mostly unmodified cell walls, with both higher K a and more bound procyanidins. In contrary, lower affinities were observed for most modified cell walls. This confirms the findings of [START_REF] Ruiz-Garcia | Selective extraction of polysaccharide affects the adsorption of proanthocyanidin by grape cell walls[END_REF] who suggested that the removal of pectin significantly reduces the adsorption of proanthocyanidins by cell wall residues, however, despite pectin elimination the cell wall still have and affinity for procyanidins (Le [START_REF] Bourvellec | Impact of processing on the noncovalent interactions between procyanidin and apple cell wall[END_REF]. Native cell walls (A/B/KC/KOCN) exhibited the highest extractable pectin contents, while the modified cell walls, to varying degrees, lost extractable pectins (loss ratio pH 6.0 > 3.5 > 2.0). Extractable pectins have a high binding capacity and affinity for procyanidins (Le Bourvellec et al., 2005[START_REF] Bourvellec | Impact of processing on the noncovalent interactions between procyanidin and apple cell wall[END_REF][START_REF] Liu | Interactions between cell wall polysaccharides and polyphenols: Effect of molecular internal structure[END_REF][START_REF] Ruiz-Garcia | Selective extraction of polysaccharide affects the adsorption of proanthocyanidin by grape cell walls[END_REF]. Pectin content and linearity did not make a significant difference to the binding capacity, i.e., K L obtained using binding isotherms, of different cell walls with procyanidins, as other factors are also involved in the regulation of their interactions. The affinity K a (obtained using ITC) of beet cell walls was relatively lower than that of apple and kiwifruit cell walls. This may be due to their complex arabinan side-chain structures and the presence of ferulic acid covalently linked to arabinans that limit interactions (P. A. R. Fernandes et al., 2020;Liu, Renard, Rolland-Sabaté, & Le Bourvellec, 2021;[START_REF] Watrelot | Neutral sugar side chains of pectins limit interactions with procyanidins[END_REF].

Binding isotherms appear to be more sensitive than ITC to factors influencing interactions, as they could take into account the physical aspects of the binding.

Different conditions of processing or treatments can also significantly influence interactions. For example, pH 2.0 modification caused removal of most of the neutral sugar side-chains while degrees of methylation remained high, thus increasing the linearity of pectin and homogalacturonan content with high DM in the A/B/KC/KOC2 cell walls. This structure probably caused AC2 and BC2 to bind more procyanidins by stacking than after the other pH treatments, obtained by binding isotherms. However, this trend was not evident for the affinity K a results obtained by ITC. For kiwifruit cell walls, no relevant pattern was found, probably due to the fact that pH modification did not drastically affect the linearity of pectins insofar as the initial kiwifruit pectins are already linear with low side-chain content, and the other physical factors (e.g., porosity) could also combine to influence this result [START_REF] Liu | Interactions between cell wall polysaccharides and polyphenols: Effect of molecular internal structure[END_REF].

Surface area/porosity

BC6, with the lowest pectin linearity and DM, and the highest side-chains and branching ratios, could be expected to have the lowest binding capacity and affinity to procyanidins. This was not the case, however, as it had a relatively high binding capacity and affinity for the procyanidin DP12. This may be attributed to the fact that BC6 had the highest specific surface area (16.7 m 2 /g), i.e., the highest porosity, of all cell walls. Solvent exchange drying increased the porosity of the cell walls, which could allow encapsulation of the procyanidins in a more open conformation (Le [START_REF] Bourvellec | Impact of processing on the noncovalent interactions between procyanidin and apple cell wall[END_REF]. The remodeling and loosening of the grape cell wall due to ripening also increased the porosity of cell walls, leading to an increase in the adsorption of proanthocyanidins [START_REF] Bindon | Tissue-specific and developmental modifications of grape cell walls influence the adsorption of proanthocyanidins[END_REF]. The porosity of cell walls of different tissues also varies considerably, for example, the stone cells of pears are secondary cell walls with a dense structure and less porosity, and therefore have a lower affinity for procyanidins [START_REF] Brahem | Pear ripeness and tissue type impact procyanidin-cell wall interactions[END_REF].

Despite the high porosity of BC6, its binding capacity and affinity for procyanidin DP39 was not better than that for DP12. This could be attributed not only to its high branching ratio preventing the entry of larger molecules of procyanidin DP39, but also to the size and type of pore. In general, the limiting pore size of the cell wall is about 5 nm (equivalent to the size of DP34) [START_REF] Carpita | Determination of the pore size of cell walls of living plant cells[END_REF], while the pores may have slits, interstices, spherical, cylindrical, and conical forms [START_REF] Liu | Interactions between cell wall polysaccharides and polyphenols: Effect of molecular internal structure[END_REF]. These two factors may conjointly modulate the interaction between cell walls with different porosity and procyanidins with different sizes. The water-binding capacity of the cell walls, regulated by porosity levels and cell wall components [START_REF] Klaassen | RG-I galactan side-chains are involved in the regulation of the water-binding capacity of potato cell walls[END_REF][START_REF] Paudel | Effects of cellular structure and cell wall components on water holding capacity of mushrooms[END_REF], may influence their capacity to adsorb procyanidins, but no causal link can be established between the two at this point.

Notedly, the specific surface areas given here are measured as dry matter and may differ in aqueous media, thus the next important work should be to focus on the wet porosity.

Substitution of the galacturonic acids

Highly methylated pectin has already been demonstrated to have a high affinity with highly polymerized procyanidins [START_REF] Liu | Interactions between cell wall polysaccharides and polyphenols: Effect of molecular internal structure[END_REF][START_REF] Watrelot | Interactions between pectic compounds and procyanidins are influenced by methylation degree and chain length[END_REF].

However, this result may be counterbalanced by other factors in the cell wall. The cell walls modified at pH 6.0, i.e., AC/BC/KCR/KCO6, had the lowest pectin DM in each species due to β-elimination. The binding capacity and affinity of these cell walls for procyanidins were not always the least (Tables 2 and3). Other cell wall components, e.g., cellulose and hemicelluloses, as well as their physical characteristic like porosity, may combine to influence the final interactions.

Beet cell walls had the highest acetic acid content, but it appears not to be a positive factor for interactions. This may be related to a reduction in potential binding sites. Likewise, anthocyanins bind more to low-esterified beet and citrus pectins than to highly esterified pectins (A. Fernandes et al., 2020;[START_REF] Larsen | Interactions of anthocyanins with pectin and pectin fragments in model solutions[END_REF]. The reduction in acetic acid increased the number of hydroxyl groups available on the surface, while alleviating the hindrance of groups at adjacent positions on the binding surface, therefore potentially facilitating the accumulation of procyanidins on the cell wall surface.

Degree of polymerization of procyanidins

Generally, the higher the degree of polymerization of procyanidins, the stronger the interaction with cell walls. For example, the cell walls have higher binding capacities and affinities for the procyanidin DP39 than for DP12 (Table 2). This may be due to the higher number of hydroxyl groups and aryl rings, allowing a higher number of hydrogen bonds and hydrophobic interaction sites. However, there were two trends in the affinity of cell walls for procyanidin DP39. AC3, BCN, KCR2/6 and KCO2 had a higher affinity for DP39 than DP12 by ITC, but ACN/2/6, BC2/3/6, KCRN/3 and KCON/3/6 had a lower affinity for DP39 than DP12 by ITC. It is likely that both porosity and chemical composition were responsible for this result. As discussed in the previous section on porosity, cell walls such as KCR/ON (ca. 1 m 2 /g) had a very low porosity and larger procyanidins might not easily enter inside their internal pores. On the other hand, BC2/3/6 had high neutral sugar side-chain branching ratio, together with high ferulic acid content (Table 1). Therefore, this structure might cross-link the side-chains and hindered the available binding sites limiting their interaction with procyanidin DP39. Moreover, the change in entropy/enthalpy also explains this result, as only hydrogen bonding drives the interaction with procyanidin DP39, while both hydrophobic interactions and hydrogen bonds for DP12.

Notably, the natural cell wall architecture and organization are also a very important factor, i.e., cell wall matrix interactions [START_REF] Varner | Plant cell wall architecture[END_REF]. For example, natural pectins can also strongly interact with other cell wall components, such as cellulose, which may limit their potential for interactions with other biomolecules [START_REF] Broxterman | Interactions between pectin and cellulose in primary plant cell walls[END_REF]. Similarly, the presence of many other covalent or non-covalent interactions such as interactions between cellulose, xyloglucan/xylan and RG-I side-chains, may also limit the exposure of binding sites [START_REF] Ralet | Xylans provide the structural driving force for mucilage adhesion to the Arabidopsis seed coat[END_REF][START_REF] Zykwinska | Evidence for In Vitro Binding of Pectin Side Chains to Cellulose[END_REF]. However, the extent to which these interactions may vary in different plant cell walls may also be an important factor in their interaction with polyphenols. Therefore, future work will require a more precise identification of the architecture and conformation of the cell wall.

Conclusions

Cell walls from apple, beet and kiwifruit have different levels of binding selectivity depending on their chemical composition and physical structure. For extractable polysaccharides (soluble state), e.g., pectins, the linearity and degree of methylation were important, but for native and modified cell walls (insoluble state), porosity appears to be a major factor. Binding isotherms play an essential role in the study of physical adsorption. The ranking of factors affecting cell wall selectivity were, for those which favor interactions, high porosity (including the size and type)

and pectin linearity and homogalacturonan content (as synergists), while high xylose, ferulic acid and acetic acid contents, and pectin branching were detrimental (as antagonists). Further work is needed to confirm the role of wet porosity (i.e., in suspension) of cell walls.

The cell wall structure is generally altered during food processing and digestion.

Each cell wall has its own unique chemical composition, molecular architecture and physical structure, and has common and specific responses to processing and digestion. All these factors interact with each other to impact the interactions.

Understanding the relations between the chemical and physical factors remains a huge challenge, and more work is needed to clarify the mechanisms involved and internal relationships. Systematic studies of interactions between biomacromolecules allows to better establish a bridge between food processing and the binding/retention of bioactive substances in food industry. Ratios are calculated using the yields of neutral sugar expressed in mol%. Ratios Gal A/(Rha+Ara+Gal) is characteristic for linearity of pectin. Gal A/Rha for contribution of 855 homogalacturonans to pectin. (Ara+Gal)/Rha for branching of RG-I. Ara/Gal for the proportion of arabinans/galactans. Xyl/Man for contribution of mannans to 856 hemicelluloses. Gal A: galacturonic acid, Rha: rhamnose, Ara: arabinose, Gal: galactose, Man: mannose, Xyl: xylose. DM: degree of methylation. FA and Ac.A: ferulic acid 857 and acetic acid content, respectively. BET and WBC are characteristic for specific surface area and water-binding capacity, respectively. AC: apple cell wall, BC: beet cell 858 wall, KC: kiwifruit cell wall, pH values-: 2: pH 2.0, 3: pH 3.5, 6: pH 6.0. Maturity-: R: -Ripe, O: -Overripe. Pooled SD: pooled standard deviation. * data adapted from (Liu, 859 Renard, Rolland-Sabaté, Bureau, et al., 2021). 860

Table 2. Binding isotherms between cell walls and procyanidins DP12 and 39: A) Apparent Langmuir parameters for binding isotherms of different cell walls with varying concentrations of 861 procyanidin DP12 and DP39, and B) Procyanidin retention and free procyanidins characteristics at 1 g/L of procyanidins and 5 g/L of cell walls. Average of duplicates for each; uncertainty on the parameters of the Langmuir isotherms in Table 2A was calculated using the Marquardt estimation approach, precision on the analytical results in Table 2B using pooled standard deviation.. 𝐷𝑃 ̅̅̅̅ 𝑛: number-average degree of polymerization of procyanidins, K L : apparent affinity constant, N max : apparent saturation level. AC: apple cell wall, BC: beet cell wall, KC: kiwifruit cell wall, pH values-: 2: pH 2.0, 3: pH 3.5, 6: pH 6.0. Maturity-: R: -Ripe, O: -Overripe. Pooled SD: pooled standard deviation. 
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  USA) as describe byLiu, Renard, Rolland-Sabaté, & Le Bourvellec (2021). In brief, purified procyanidins (30 mmol/L in (-)-epicatechin equivalent) and cell walls (ca. 8 mg) were dissolved and suspended, respectively, in the same citrate/phosphate buffer pH 3.8, ionic strength 0.1 mol/L. The procyanidin was titrated into the sample cell by 50 injections of 5 μL; each injection lasted 5 s, with separating delay of 900 s for return to horizontal baseline. The content of the sample cell was stirred throughout the experiment at 90 rev/min. Blanks (titration of procyanidin fractions into citrate/phosphate buffer) are deducted from sample titration experiments. Experiments were performed in duplicates. All errors shown in the paper are based on the accuracy of the data fitting.

  methods are complementary: (i) rapid and sensitive to detect the presence of procyanidins in complexes (ATR-FTIR); (ii) allowing determination of the binding parameters, e.g., bound amount, K L and N max (binding isotherms); (iii) enabling access to thermodynamic (enthalpy/enthalpy) changes, i.e., mechanism, and K a /affinity (ITC). The above indicators are the main evaluation parameters indicating the strength of the interactions. The effect of different cell wall composition/structure on the interactions was assessed by PCA and correlation analysis. The PCA results are presented in Supplementary Fig. 1. PC1 and PC2 explained 52% of the total variance of cell wall characteristics and their interaction with procyanidin DP12 and DP39.

Fig. 1 .

 1 Fig. 1. Principal component analysis of infrared spectra on cell walls, procyanidins and their complexes. A) Sample map; B) Loading profile of components PC1 and PC2 in the range of 4000 -600 cm -1 . A(C): apple cell wall, B(C): beet cell wall, (KC)R: kiwifruit cell wall (ripe), (KC)O: kiwifruit cell wall (overripe), L/H1: 0.25 g/l DP12/39, L/H2: 1 g/l DP12/39, L/H3: 6 g/l DP12/39, L/H4: 12 g/l DP12/39, N: native, pH values-: 2: pH 2.0, 3: pH 3.5, 6: pH 6.0. Maturity-: R: -Ripe, O: -Overripe.

Fig. 2 .

 2 Fig. 2. Binding isotherms for cell walls and procyanidins at pH 3.8, ionic strength 0.1 mol/L, 25 °C. A: experimental curve for ACs-DP12 complexes, B: experimental curve for BCs-DP12 complexes, C: experimental curve for KCRs-DP12 complexes, D: experimental curve for KCOs-DP12 complexes, E: experimental curve for ACs-DP39 complexes, F: experimental curve for BCs-DP39 complexes, G: experimental curve for KCRs-DP39 complexes, H: experimental curve for KCOs-DP39 complexes. The points and lines are the corresponding Langmuir adsorption isotherms for which the calculated parameters are given inTable 2 for different cell walls:

  

Table 1 .

 1 Characteristic chemical content, sugar ratios, specific surface area and water binding capacity of the different cell wall components from apple, beet and kiwifruit. 854

		Gal A/					FA*	DM*	Ac.A*	BET	WBC
	Samples	(Rha+Ara+Gal)	Gal A/Rha	(Ara+Gal)/Rha	Ara/Gal	Xyl/Man	(mg/g)	(%)	(mg/g)	(m 2 /g)	(g/g)
	ACN	1.2	12.4	9.5	1.2	4.9		82	21	5.4	7.8
	AC2	1.6	13.0	7.3	0.5	4.9		86	19	1.1	8.5
	AC3	0.9	9.1	9.3	1.1	5.1		89	19	1.5	5.9
	AC6	0.7	8.9	11.7	1.2	5.0		60	18	2.6	3.9
	BCN	0.7	12.3	16.0	4.2	0.7	7.0	65	45	4.5	3.7
	BC2	0.9	12.1	12.5	2.4	0.8	7.7	58	41	6.3	7.7
	BC3	0.5	8.5	16.3	4.0	0.8	9.6	72	39	2.4	4.2
	BC6	0.4	8.9	19.7	4.3	0.8	8.8	42	32	16.7	6.0
	KCRN	2.7	28.7	9.5	0.2	2.5		67	11	1.3	5.6
	KCR2	2.3	26.5	10.7	0.2	2.6		62	12	0.5	8.0
	KCR3	1.5	18.2	11.0	0.3	2.9		70	11	5.9	6.0
	KCR6	1.1	15.6	13.4	0.2	2.6		69	11	7.0	6.6
	KCON	4.1	38.4	8.4	0.4	2.9		72	11	0.3	4.6
	KCO2	2.4	33.4	12.9	0.2	2.6		58	13	1.3	6.9
	KCO3	2.2	30.4	13.0	0.3	2.6		65	11	11.4	5.9
	KCO6	1.6	18.2	10.4	0.3	2.4		55	11	0.6	4.0
	Pooled SD	0.1	1.9	0.9	0.03	0.1	0.2	4.1	0.8	-	1.2

Microcalorimetry (ITC).

wall, BC: beet cell wall, KC: kiwifruit cell wall, pH values-: 2: pH 2.0, 3: pH 3.5, 6: pH 6.0. Maturity-: R: -Ripe, O: -Overripe.

Acknowledgements

LIU Xuwei would like to acknowledge China Scholarship Council (CSC) and Institut National de Recherche pour l'Agriculture, l'Alimentation, et l'Environnement (INRAE) for financial support to his PhD study.

Conflicts of interest

The authors declare no conflicts of interest. 

CRediT authorship contribution statement