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In the human diet, coffee is the major source of caffeoyl-quinic acids, known as powerful antioxidants.

The aim of this study was to assess the effect of usual coffee consumption, such as the addition of milk, and of processing conditions, such as spray-drying, on beverage antioxidant power and potential polyphenol bioavailability impairments. When 25% milk was added to coffee, up to 40 % of coffee chlorogenic acid were found to be bound to dairy proteins, using an ultrafiltration technique. However, neither milk addition nor spray-drying had a significant effect on beverage antioxidant power, evaluated using DPPH, APPH and TAC tests. Moreover, these interactions tended to decrease during in vitro gastric and intestinal digestion, thus suggesting that interactions between chlorogenic acid and milk proteins in coffee and milk beverage might not have any significant effect on coffee antioxidant power before and after consumption.

INTRODUCTION

With an average of 6 million tons produced per year, coffee is a widely consumed beverage, and the major source of caffeoyl-quinic acids in the human diet [START_REF] Clifford | Chlorogenic acids and other cinnamates -nature, occurrence, dietary burden, absorption and metabolism[END_REF]. Coffee drinkers would ingest up to 500 mg-1 g cinnamates a day (completed with other dietary sources such as bran) while coffee abstainers' daily intake is <100 mg/day [START_REF] Clifford | Chlorogenic acids and other cinnamates -nature, occurrence, dietary burden, absorption and metabolism[END_REF]. Hydroxycinnamic derivatives and their hydrolyzed forms such as caffeic acid, are considered powerful antioxidant compounds (Rice-Evans 1999), which inhibit LDL oxidation (Laranjinha and others 1996 ;Nardini and others 1995) and DNA damage (Kasai and others 2000), or regulate genetic expression (Feng and others 2005) in vitro, and are thus potent candidates for cancer and cardiovascular diseases prevention.

The capacity of coffee and tea to affect plasma redox homeostasis in humans was demonstrated (Natella and others 2002). However, these beverages are often consumed with milk, and polyphenols' ability to interact with dietary proteins has been suggested (Bartholome and others 2000 ;Prigent and others 2003).

At food acidic pH, these interactions would be reversible and involve hydrogen bonding between phenolic residues and polar groups of the protein, that would take place in hydrophobic pockets of the protein (Haslam and others 1992 ;Spencer and others 1988). As a consequence, these interactions could be a hindrance to polyphenols absorption and/or result in partial masking of their antioxidant power (Arts and others 2001), which would cause health benefit impairment. Indeed, Serafini and others (1996) showed that the ingestion of tea produced a significant increase of plasma antioxidant power, evaluated using TRAP test, but when tea was consumed with 25% milk, its in vivo activity was totally inhibited in man. This inhibition was attributed to the complexation of tea polyphenols by milk proteins in the upper part of the gastrointestinal system. Identically, Arts and others (2002) found that in vitro incubation of tea extracts with milk proteins resulted in partial masking of antioxidant capacity of tea flavonoids. However, other studies on bioavailability and LDL oxidation suggested no effect of milk, but as only black teas and less milk were used (Hollman and others 2000 ;Richelle and others 2001 ;Van Het Hof and others 1998), the issue of polyphenol bioavailability and antioxidant power impairment in presence of proteins remains open. Similar effects were recently suggested in milk chocolate (Serafini and others 2003).

Concerning coffee and milk, Sánchez-González and others (2005) found that in vitro antioxidant activity decreased when milk was added to espresso coffee. Moreover, industrial processing of coffee and milk beverages could further enhance these effects. To our knowledge, the in vivo effects of milk addition to coffee have never been investigated.

The aim of this study was to assess the effect of usual coffee consumption conditions, such as the addition of milk and spray-dried beverage consumption, on its antioxidant power, and to provide data regarding possible alteration of polyphenols bioavailability when consumed in a realistic food matrix containing both polyphenols and proteins.

MATERIAL AND METHODS

CHEMICALS

2,2'azo-bis-(2méthylpropionamide) dihydrochloride (AAPH, 97 %), ferulic acid (FA, >98 %), 6hydroxy-2,5,7,8-tetraméthylchroman-2-carboxylic acid (Trolox, 97 %), boric acid (99.5 %), sodium metaborate tetrahydrate (99 %), tween 20, linoleic acid (98 %), 2,2-diphenyl-1-pycrylhydrazyl (DPPH°, 95 %), sodium acetate trihydrate, caseins (technical grade, from bovine milk), -lactoglobulin (90%, from bovine milk), pepsin (from porcine gastric mucosa, 3500U/mg solid), porcine bile extract, pancreatin (from porcine pancreas, x 8 U.S.P. specifications), EDTA and saffron were obtained from Sigma Aldrich (Saint-Quentin Fallavier, France). 5'-chlorogenic acid (CQA, 99%), sodium chloride (>99%) and sodium dihydrogenophosphate dihydrate (>99%) were from Acros Organics (Geel, Belgium). Caffeic acid (CA), p-coumaric acid (p-CA) and dihydrocaffeic acid were purchased from Extrasynthèse (Genay, France).

Disodium hydrogenophosphate dihydrate (>99.5%) was from Labosi (Oulchy-le-château, France), methanol (HPLC grade) and sodium hydroxide from Carlo Erba (Val de Reuil, France) and sodium pentobarbital from Centravet (Plancoët, France). Hydrochloric acid (37%) and ascorbic acid (99%) were obtained from Merck (Darmstadt, Germany). Ultrapure water was obtained from a Millipore Elix filtration system (Saint-Quentin-en-Yvelines, France), and was further purified through a Millipore Simplicity 185 device (Saint-Quentin-en-Yvelines, France), to obtain 18.3 M/cm resistivity water for HPLC applications.

Instant coffee (lyophilized decaffeinated Arabica coffee, French brand), skimmed, semi-skimmed (15 g/L lipids) and whole milks (35 g/L), and sugar were purchased from local supermarket.

COFFEE SAMPLES

Four different coffee solutions were prepared. 50 g/L instant coffee solution was called "C" and its counterpart, containing 25 % (w/v) semi-skimmed milk, "CM". A part of these solutions were spray-dried in a pilot spray-dryer (Niro Atomizer, St Quentin en Yvelines, France). The settings were as follows: inlet air temperature 175°C, outlet air temperature 90°C. 56 g of powder per hour were obtained. The dry matters of the collected powders were evaluated and provided two additional solutions: 50 g/L coffee obtained from "C" spray-dried powder was called "C sd ", and its counterpart prepared with 76.025 g/L powder obtained from "CM" was called "CM sd ".

"CM" solution was also prepared using skimmed ("CM s ") and whole milk ("CM w "), for antioxidant power tests purpose.

ANALYSIS OF PHENOLIC COMPOSITION OF COFFEE SAMPLES

Phenolic composition of the different coffee samples was investigated, according to the method of Nardini and others (2002). Briefly, 250 µL of 20 g/L coffee powder in water were added with 150 µL of 200 mg/L dihydrocaffeic acid solution as internal standard, completed to 500 µL with HPLC water, and acidified to pH 3 using 1 mol/L HCl. After addition of 300 mg of sodium chloride, the sample was extracted three times with 4 volumes of ethyl acetate, by vortexing for 5 minutes, then centrifuged (10 min, 3000 g, 4°C). The supernatants were collected and combined, the organic phase dried under nitrogen flow, and the residues finally dissolved in 5 mL of the mixture acetonitrile/25 mmol/L pH 2.4

NaH 2 PO 4 in water 15/85 (v/v).

The coffee samples (0.5 mL) were also submitted to alkaline hydrolysis in 1.8 mol/L NaOH containing 10 mol/L EDTA and 1 % ascorbic acid in 5 mL final volume at 30°C for 30 minutes before being extracted as reported above.

All samples were filtered onto 0.22 µm filters and phenolics contents were determined using an HPLC 600E Waters system coupled with an ESA Coulochem II detector equipped with an analytical cell model 5010 with 2 working electrodes (HPLC/ECD). The electrochemical settings were as follows: electrode 1, 300 mV potential and 10 µA sensitivity; electrode 2, 600 mV potential and 10 µA sensitivity. Aliquots of 20 µL were injected along a C 18 Interchrom column (250 x 4.6 mm i.d.; 10 µm particle size, Interchim). The elution phase was a mixture of acetonitrile and 25 mmol/L pH 2.4 NaH 2 PO 4 in water (15/85, v/v) at a flow rate of 1 mL/min. Recoveries without alkaline hydrolysis were 95  1%, 95  1%, 91  3%, 81  7%, for CQA, CA, p-CA and FA respectively. With hydrolysis, they were 86  2% (in CA form), 72  7%, 86  7%, and 84  3%, respectively. The addition of milk in the original coffee solution was checked to have no influence on the analysis.

COFFEE MRP AND POLYPHENOL FRACTIONATION

Coffee polyphenols and Maillard Reaction Products (MRP) were separated using Sephadex LH-20 fractionation, according to the protocol of [START_REF] Maillard | Contribution à l'amélioration de la stabilité organoleptique de la bière : suivi du comportement de quelques antioxydants endogènes de l'orge et du malt[END_REF].

Briefly, 500 µL of solution « C » were deposited onto a Sephadex LH-20 column (Pharmacia Biotech, length : 7 cm ; inner diameter : 5 mm). The column was then eluted by two volumes of pH3 acidified water (using 37 % hydrochloric acid), which yielded a MRP rich fraction, followed by elution with two volumes of methanol, which yielded a polyphenol rich fraction. Both fractions were analysed using spectrophotometry (spectrophotometer UV-VIS Perkin Elmer, equiped with Lambda 9 software (Shelton, USA)), and their antioxidant power was determined using DPPH, AAPH and TAC tests. The ratio of coffee antioxidant power due to each fraction was then calculated.

ANALYSIS OF THE INTERACTIONS BETWEEN COFFEE PHENOLICS AND MILK

PROTEINS BY ULTRAFILTRATION

An ultrafiltration study was carried out, according to Pedone and others (1995), with slight modifications.

Solutions containing 250 g/L of milk (skimmed or semi-skimmed) and CQA (concentration corresponding to "C" solution) were prepared. The same tests were performed using a mix of caseins and purified -lactoglobulin solutions in place of milk, assuming that caseins represent 80 % of milk total nitrogen contents, and -lactoglobulin 5 %. Milk and -lactoglobulin solutions were prepared in 0.1 mol/L pH 5.5 acetic acid/sodium acetate buffer. Due to their poor solubility in this range of pH, caseins were first dissolved in 0.04 mol/L pH 7 sodium phosphate buffer at 37°C under continuous stirring for 2 hours; the pH of the solution was then adjusted to 5.5 by diluting this solution in acetate pH 5.5 buffer. Control solutions containing only CQA were also analysed.

Prior to ultrafiltration, samples and controls were allowed to equilibrate for 5 minutes, at 20°C or 85°C, under moderate stirring. They were then cooled in cold water when necessary and diluted in pH 5.5 acetate buffer so that protein concentrations did not exceed 1 g/L, according to manufacturer instructions.

Next, 10 mL of diluted samples or controls were introduced in disposable Vivaspin 20 centrifuge ultrafiltration units (Vivascience, Germany) with a 5000 Da cut-off and centrifuged for 30 minutes at 6000 g and 20°C in a Sorvall ST 21 centrifuge (Dupont, Les Ulis, France). Finally, CQA concentrations of permeates were determined spectrophotometrically (Perkin Elmer UV-Vis Lambda 9 spectrophotometer, Courtaboeuf, France) by measuring the absorbance at 324 nm.

The model solutions prepared at 20°C were also subjected to an in vitro gastric and intestinal digestion (Glahn and others 1996). Briefly, 20 mL of solution were allowed to equilibrate at 37°C, then pH was brought to 2 with 5 mol/L HCl ; 2.5 mL of a pepsin solution in 0.1 mol/L HCl (enzyme/substrate ratio: 1/20) were added and the volume was adjusted to 25 mL. After 1 hour incubation at 37°C under orbital stirring, enzyme activity was stopped by cooling samples in ice for 10 minutes and CQA binding was analyzed by ultrafiltration. The remaining samples were then submitted to intestinal digestion: pH was brought to 6 using 0.1 mol/L NaOH, and 0.5 mL of a mixture containing bile extract and pancreatin (enzyme/substrate ratio: 1/13 and 1/20 respectively) in 0.1 mol/L NaHCO 3 solution were added. The volume was then brought to 25 mL. After 2 hours incubation at 37°C under orbital stirring, enzyme activity was stopped by cooling samples in ice for 10 minutes and CQA binding was analyzed by ultrafiltration. Percentages of bound CQA were corrected by the quantity bound to digestive enzymes.

Bound percentages were calculated as follows: the concentration of the permeate of the control was assumed as total ligand concentration; sample permeate concentration was assumed as free ligand concentration; and the percentage of bound ligand was calculated by difference. The validity of this calculation was checked by repeating published equilibrium dialysis interaction studies (Prigentand others 2003): identical results were found using both methods. Data are average of three determinations.

MEASUREMENT OF ANTIOXIDANT ACTIVITY

The four coffee solutions (C,CM, C sd , CM sd ) were tested for antioxidant power. Milk solutions containing the same quantity as coffee and milk solutions where also scanned to check whether milk itself had antioxidant power. CQA solutions prepared by replacing coffee powder by CQA in the same quantity contained in original coffee, in C and CM solutions, were also tested investigated for antioxidant power.

The effect of heating milk and/or water during the preparation was also investigated, by using 85°C water and/or milk.

DPPH TEST

DPPH test was carried out on coffee samples (Brand-Willliams and others 1995). 77 µL of coffee sample (diluted to 0.25, 0.33, 0.4, 0.5, 0.75, 1, 1.67, 2.5 mg/L in water) were incubated with 3 mL of a 6.10 -5 mol/L DPPH° methanolic solution for 500 minutes, where a steady state was reached. The absorbance was read at 515nm on a Perkin Elmer lambda 9 UV-VIS spectrophotomer (Perkin Elmer UV-Vis Lambda 9 spectrophotometer, Courtaboeuf, France), against a DPPH° and water blank. The concentration of coffee sample giving 50 % remaining DPPH° (EC 50 ) was determined. The antioxidant power corresponds to 1/EC 50 . The higher the value, the more efficient the antioxidant sample. Three repetitions were performed for each coffee solution.

AAPH TEST

The AAPH test was carried out according to the method of Liegeois and others (2000), adapted by Peyrat- Maillard and others (Peyrat-Maillard and others 2003). The substrate was prepared by mixing 0.30 g of tween 20 with 4.5 mL of 0.05 mol/L pH 9 borate buffer, in which were added 0.2245 g of linoleic acid. 1 mL of 1 mol/L sodium hydroxide solution were then added and the mixture completed with borate buffer so that a concentration of 16 mmol/L linoleic acid was achieved. 10 µL of different concentrations of coffee samples (0.5, 1, 1.5, 2, and 2.5 g/L) were mixed with 30 µL substrate buffer and completed with 0.05 mol/L pH 7.4 phosphate buffer at 37°C so that the final volume was 3 mL. 150 µL of 0.04 mol/L AAPH in phosphate buffer were then added and the absorbance at 37°C was monitored against a blank without substrate for 300 minutes on a Uvikon 941 UV-VIS spectrophotomer equipped with an auto-sampler (Kontron, Plaisir, France). A control analysis (without antioxidant) was carried out in parallel for each coffee sample.

The antioxidant power (AOP) is defined as the slope of the curve representing the inhibition time of oxidation versus the concentration of antioxidant. The higher the value, the stronger the antioxidant.

Three repetitions were performed for each assay.

TAC TEST

Total Antioxidant Capacity (TAC) test was adapted from Lussignoli and others (Lussignoli and others 1999), and Kampa and others (Kampa and others 2002). This test is based upon the capacity of an antioxidant solution to slow down accelerated oxidation of crocin, which results in its bleaching.

This carotenoid was extracted from washed saffron (Lussignoliand others 1999). To determine Total Antioxidant Capacity, increasing concentrations of antioxidant sample in 200 µL pH 7.4 phosphate buffer were added to 400 µL diluted crocin. The cuvettes were kept at 37°C for 10 minutes. The oxidation reaction was then started by adding 400 µL of 18.4 mmol/L AAPH in pH 7.4 phosphate buffer at 37°C and the absorbance at 438 nm was monitored for approximately 160 min, against 600 µL phosphate buffer mixed with 400 µL AAPH on a Uvikon 941 UV-VIS spectrophotomer equipped with an autosampler (Kontron, Plaisir, France). Milk, coffee (C, C sd ) and coffee and milk (CM, CM sd ) solutions were diluted 200 times before analysis, and 0 to 40 µL of diluted coffee solution, completed to 200 µL with sodium phosphate buffer, were used.

For each measurement, the residual crocin percentage was calculated according to equation [1] :

Residual Crocin (%) = 100 x (A t -A noise) / A t0 [1] in which A noise is the absorbance of the antioxidant solution (A initial sample -A initial control ), A t the absorbance at time t, and A t0 the initial absorbance.

The crocin bleaching inhibition rate was calculated according to [2] : Inhibition Rate (%) = (T 50 control -T 50 sample ) / T 50 control [2] in which T 50 is the time necessary to achieve 50 % residual crocin. These values were then plotted against the antioxidant concentration added in the cuves. The slope of this curve gives the TAC value, which is calculated per µmol for pure molecules or per g for coffee samples.

Three repetitions were performed for each assay.

STATISTICAL ANALYSIS :

Results are mean  S.E.M.. ANOVA, Student t-tests and Smallest Significant Difference Test were performed using Microsoft Excel (p<0.05).

RESULTS AND DISCUSSION

Several instant coffee or coffee and milk samples were investigated for antioxidant power and phenolics/proteins interactions under different conditions of preparation, including heating, spray-drying process and the use of different kinds of milk. To this purpose, coffee was first investigated for phenolic acids, then for phenolic acid and milk protein interactions, and, finally, the effect of these interactions on coffee in vitro antioxidant power were assessed. The effect of an in vitro digestion process on interactions between phenolic acids and milk proteins was also investigated, to provide additional data on CQA potential bioavailability impairments in a coffee and milk matrix.

PHENOLIC ACIDS CONTENTS DETERMINATION

Chlorogenic acid contents in coffee powders was determined, since this phenolic acid is the most abundant phenolic compound in coffee [START_REF] Clifford | Chlorogenic acids and other cinnamates -nature, occurrence, dietary burden, absorption and metabolism[END_REF], and thus should account for a part of global antioxidant power of the beverage (Kono and others 1997). More, other esters of quinic acid are present in coffee, such as caffeic acid, ferulic acid and p-coumaric acid derivatives, caffeic acid esters being the most abundant [START_REF] Herrmann | Occurence and content of hydroxycinnamic and hydroxybenzoic acid compounds in foods[END_REF]. As these esters are not commercially available, contrary to CQA, they have been quantified after alkaline hydrolysis.

Appreciable amounts of CQA were found in non hydrolysed coffee samples (table 1), while ferulic, caffeic and p-coumaric acids were not detected. The alkaline hydrolysis yielded high levels of caffeic acid, higher than the yields that could be expected from CQA hydrolysis. Thus, other dicaffeoylquinic acid derivatives and different isomers of caffeoylquinic acids are also present in coffee (Clifford and others 2003). Moreover, after alkaline hydrolysis, small amounts of ferulic and p-coumaric acids were also detected, which is in agreement with data on standard coffee brews [START_REF] Clifford | Chlorogenic acids and other cinnamates -nature, occurrence, dietary burden, absorption and metabolism[END_REF]Nardiniand others 2002). If the hydroxycinnamates esters contents is slightly smaller in the spray-dried powders compared with the original commercial powder, the difference is more pronounced for all compounds in coffee and milk spray dried powder (table 1). As extemporaneously added milk was checked to have no influence on the extraction process, this strongly suggests that some interactions between milk and coffee phenolic fraction were induced during spray-drying process. These may be covalent bounds, as a small quantity of such bounds may be formed under acidic conditions in presence of oxygen, with formation of quinone intermediates (Hurell and others 1982 ;Petzke and others 2005), which corresponds to the conditions encountered during the spray-drying process.

COFFEE AND MILK COMPONENTS INTERACTION STUDIES

In order to check samples for possible interactions between proteic fraction and coffee components, interactions studies were carried out. Among the various methods available (fluorimetry, calorimetry, gel filtration, equilibrium dialysis…), ultrafiltration was chosen, since this method allows rapid data collection.

Coffee solutions themselves could not be studied directly, since their high contents in Maillard Reaction

Products interfered with the UV-VIS measurements needed for CQA quantification in permeates, and with ultrafiltration process itself. Thus, coffee's main phenolic acid, CQA, and milk protein interactions were investigated using ultrafiltration on extemporaneously prepared solutions of milk and CQA, or milk proteins and CQA. Up to 39 % of total CQA contained in coffee would be bound to milk protein (table 2). Bound quantities at 20°C or 85°C are close, but standard deviation values are clearly smaller at 85°C, suggesting that the binding occurs in a more reproducible way when the solution is heated, in other words, in usual consumption situation. This is consistent with data from literature, that indicate that heating enhances the formation of hydrophobic interactions involved in reversible polyphenol/protein interactions (Siebert and others 1996). Milk fat does not seem to have any significant influence on the amount of bound CQA.

Most of the interaction would be due to caseins (43 %), while -lactoglobulin would play no or a very small role. This may be explained by the weak contents of milk in this protein when compared with caseins. This was confirmed by equilibrium dialysis data, which showed the existence of two sites of fixation (data no shown). Two sites were indeed described in literature for fixation of small molecules such as vitamin D, retinol or -ionone to -lactoglobulin: one would be in  barrel and the other would be located at the surface of the protein, in a hydrophobic pocket [START_REF] Jouan | Lactoprotéines et lactopeptides. Propriétés biologiques[END_REF]. Thus, in our experiments, the high ratio CQA/-lactoglobulin probably leads to negligible interactions, which cannot be detected by this ultrafiltration method.

COFFEE SAMPLES ANTIOXIDANT POWER

Since more than one third of the quantity of chlorogenic acid present in coffee interacts with milk proteins, it was interesting to investigate the beverages for subsequent masking of antioxidant power (AOP). Figure 1 shows the AOP of the coffee or coffee and milk solutions, obtained using DPPH test. No significant difference could be observed between AOP of the solutions, which suggests that the addition of milk has no influence on chain breaking activity of coffee samples. More, neither the quantity of fat contained in milk nor the application of a spray-drying process seems to have any influence on AOP (figure 1). Milk itself was checked for AOP and showed none.

No significant differences in AOP could be seen between the solutions that were prepared with 20°C

water or with 85°C heated water and/or milk (data not shown), thus suggesting that the data generated at 20°C may be compared to homemade instant coffee, and that homemade preparation conditions have no influence on chain-breaking activity of coffee beverages.

CQA part in AOP is 18.0 % for coffee alone, but, surprisingly drops to 14.0 % when milk is added. This may be explained by the existence of weak interactions between milk proteins and CQA; but as it concerns a very weak percentage of global antioxidant power, no difference would be seen when working using global scale. This test allowed us to perform many tests in a broad range of conditions, but it mainly returns information concerning reducing power of the antioxidant. So, it was necessary to perform other antioxidant power tests to get a better overview of the real potential of coffee samples as antioxidants.

AAPH tests were then carried out and gave slightly different results. This test permitted us to approach lipid oxidation protection phenomenon in a way that is closer to the actual reactions occuring in food products, as a lipidic substrate is involved. No significant difference was found between coffee, coffee and milk or spray-dried coffee solution, but the AOP is significantly weaker for coffee and milk spray dried solution when compared to the other solutions tested (figure 2), though this decrease remains quite low. In this test, CQA evaluated part is only 13.0 % of total antioxidant capacity, and remains the same whenever milk is added. Moreover, TAC test measurement of antioxidant power of the coffee solutions, which allows comparisons with plasma antioxidant status results, shows similar results (figure 3), and confirms that instant addition of milk to coffee has no effect on coffee antioxidant power. According to this test, CQA part is found to be 17.0 % of coffee total antioxidant capacity, with or without milk.

Taken as a whole, coffee antioxidant power tests show that CQA part in coffee antioxidant power is less than 20 % of the whole, which is consistent with previously published data (Charurin and others 2002 ;Somoza and others 2003). However, Sephadex LH-20 fractionation studies carried out in the laboratory, suggest that the antioxidant power due to the whole polyphenolic fraction could be up to 46 % of total antioxidant power (table 3), while the rest would be mostly due to Maillard Reaction Products (MRP), as suggested by several authors (Daglia and others 2000 ;Nicoli and others 1997). Instant addition of milk does not modify total antioxidant capacity, but spray-drying of coffee added with milk slightly lowers global antioxidant power in AAPH and TAC tests (figure 3). Moreover, it was not possible to detect as much CQA in spray-dried coffee and milk samples as in the corresponding instant beverage (-33 %). As the spray-drying process had no deleterious effect on CQA contents of coffee (table 1) and as the addition of milk was shown not to interfere in the extraction protocol, it can be assumed that CQA interaction with milk proteins was enhanced by the spray-drying process, thus making its extraction from coffee solution before CQA HLPC analysis more difficult, and reducing the antioxidant power part due to CQA. One possible explanation is that spray-drying process enhances milk protein and coffee components interactions by partially denaturating proteins, leading to a better accessibility of previously hidden hydrophobic zones to coffee components, which may result in the formation of polyphenol/protein complexes (Dupas and others 2002 ;Petzke and others 2005).

However, the formation of new MRP when compared to spray-dried coffee alone, due to conjugation of the addition of milk and heating, cannot be excluded, but as spray-drying is a quite mild process, the first explanation seems more realistic. Nevertheless, considering that 33 % of coffee CQA may be complexed to milk proteins in this system, thus making it unavailable for antioxidant action, the theoric decrease of CQA part in global antioxidant power (AAPH test) of CM sd samples can be calculated to be 4 %, which would result in a similar decrease of global antioxidant power, if CQA alone was involved. However, a diminution of 12 % is observed in global antioxidant power, which strongly suggests that milk proteins probably react with other antioxidant components, such as MRP.

INTERACTIONS DURING IN VITRO DIGESTION

Previously studied samples were then submitted to an in vitro acidic and enzymatic digestion. CQA degradation was checked to be negligible during the digestion process. Bound quantities were corrected by the amount of CQA bound to gastric and intestinal enzymes (12 %). This method implies that no competition exists between milk proteins and digestive enzymes for fixation to CQA. The results clearly suggest that during the digestion process, the interactions between milk components and coffee polyphenols decrease, but do not disappear (table 2). β-lactoglobulin and CQA do not seem to interact, neither during gastric nor intestinal step. Different results were found for caseins. In spite of their precipitation at acidic pH, that caused high standard deviation values, the results only show a drop in interactions, not their full disparition.

It seems that the interaction between milk proteins and CQA are partially dissociated during digestion, but new interactions may also appear, between CQA and peptides obtained from digestion. The latter could partially balance the dissociation, and could be a potential source of hindrance to CQA and /or peptides absorption through the intestinal brush border. More, 17 % of the initially introduced CQA seem to remain bound to milk proteins at the end of in vitro digestion process (table 2). This result suggests that milk addition could slightly modify coffee polyphenols absorption in the body. Further investigations are needed in this field.

CONCLUSIONS

Taken as a whole, this work shows that usual consumption habits of coffee, such as adding milk or consuming ready to use preparation, do not induce strong differences in coffee antioxidant power. CQA absorption in the body may be slightly modified in presence of milk, hence further investigations are needed in this field.

Figure 1 :

 1 Figure1: DPPH test antioxidant power of coffee samples "C": 50 g/L instant coffee solution ; « CM » 50 g/L instant coffee solution, containing 25 % (w/v) semi-skimmed milk ; "CMs" 50 g/L instant coffee solution, containing 25 % (w/v) skimmed milk ; "CM w " 50 g/L instant coffee solution, containing 25 % (w/v) whole milk ; "C sd " 50 g/L spray-dried coffee powder solution ; "CM sd 76.025 g/L spray-dried coffee and milk powder solution.

Figure 2 :

 2 Figure 2: AAPH test antioxidant power of coffee samples. "C": 50 g/L instant coffee solution ; « CM » 50 g/L instant coffee solution, containing 25 % (w/v) semi-skimmed milk ; "C sd " 50 g/L spray-dried coffee powder solution ; "CM sd 76.025 g/L spray-dried coffee and milk powder solution.

Figure 3 :

 3 Figure 3: TAC test antioxidant power of coffee samples "C": 50 g/L instant coffee solution ; « CM » 50 g/L instant coffee solution, containing 25 % (w/v) semi-skimmed milk ; "C sd " 50 g/L spray-dried coffee powder solution ; "CM sd 76.025 g/L spray-dried coffee and milk powder solution.

Table 1 :

 1 Phenolic acids contents of coffee powders

		No hydrolysis		Hydrolyzed samples	
	(mg/g) Chlorogenic acid	Caffeic acid	p-Coumaric acid	Ferulic acid
	C	14.21 ± 0.61	27.41 ± 0.45	0.48 ± 0.02	1.98 ± 0.07
	Csd	13.14 ± 0.25	24.83 ± 0.32	0.26 ± 0.01	1.74 ± 0.06
	CMsd	8.75 ± 0.17*	13.93 ± 2.01*	0.14 ± 0.02*	1.28 ± 0.24*
	*: p< 0.05, compared with C solution.		
	"C": 50 g/L instant coffee solution ; "C sd " 50 g/L spray-dried coffee powder solution ; "CM sd " 76.025 g/L spray-dried coffee
	and milk powder solution			

Table 2 :

 2 Percentage of CQA bound to milk proteins in coffee and milk model solutions using ultrafiltration

				After	After
	Tested solution	20°C	85°C	gastric	intestinal
				digestion	digestion
	Semi-skimmed milk	42 ± 13%	44 ± 1%	N.D.	N.D.
	skimmed milk	39 ± 10%	N.D.	21 ± 2%*	17 ± 2%*
	-lactoglobulin	0	0	5 ± 5%	0
	caseins	43 ± 7%	39 ± 1%	36 ± 21%	27 ± 19%
	N.D.: Not Determined. *: p<0.05 when compared with corresponding initial solution.

Table 3 :

 3 Proportion of antioxidant power due to MRP fraction and polyphenol fraction (Sephadex LH-20 fractionation) in the different tests.

	Proportion of antioxydant	DPPH test	AAPH test	TAC test
	power due to			
	MRP fraction	70 ± 11%	47 ± 4%	49 ± 5%
	Polyphenol fraction	39 ± 3%	N.D.	46 ± 7%

N.D.: Not Determined.

ACKNOWLEDGMENTS

The authors would like to thank Anne Regourd for technical assistance.