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Antioxidant Properties of Malt Model Systems
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The aim of this study was to investigate the effect of kilning and roasting temperatures on antioxidant
activity of malt model systems prepared from combinations of glucose, proline, and ferulic acid. Model
systems (initial a, = 0.09, 6% moisture) were heated at 60 °C for up to 24 h, at 90 °C for up to 120
min, and at 220 °C for up to 15 min. The antioxidant activity of the glucose—proline—ferulic acid
model system increased significantly on heating at 60 °C for 24 h or at 90 °C for 120 min. In contrast,
the glucose—proline, ferulic acid—glucose, and ferulic acid—proline systems presented either
nonsignificantly increased or unchanged antioxidant activity. The antioxidant activity of both the
glucose—proline—ferulic acid and glucose—proline model systems increased significantly after heating
at 220 °C for 10 min, followed by a significant decrease at 15 min. The data suggest that (1) at 60
°C, ferulic acid reacts with Maillard reaction products, resulting in a significant increase in antioxidant
activity; (2) at 90 °C, the antioxidant activity of the glucose—proline—ferulic system comes from both
ferulic acid and Maillard reaction products; and (3) at 220 °C, the major contributors to antioxidant
activity in glucose—proline—ferulic acid and glucose—proline systems are glucose—proline reaction
products.

KEYWORDS: Antioxidant activity; ferulic acid; ABTS  ** assay; ORAC assay; capillary electrophoresis;
Maillard reaction

INTRODUCTION different reaction conditions, e.g., heating temperature and time,
have been employed. However, the development of antioxidant
activity in systems comprising phenolic compounds and car-
(1), that give stale flavors. Antioxidants delay stale flavor bohydrates and/or amino acids has only been considered recently

development, increasing flavor stability and extending the shelf (16). o .
life of foods. In addition, antioxidants, such as phenolic Therefore, the objectives of this study were to assess the effect

Lipid oxidation leads to the deterioration of food quality due
to the production of compounds, e.ggans-2-nonenal, hexanal

compoundsZ) and Maillard reaction products (MRPS){ may of heating at temperatures relevant to kilning and roastin.g on
have health benefits, including protection against cancer andthe total antioxidant activity of model malt systems comprised
cardiovascular disease. of glucose, proline, and ferulic acid; to investigate the effect of

The antioxidant activity of heat-processed foods, e.g., malt, N€ating on the fate of the reaction precursors; and to interpret
tomato juice, coffee, comes from MRPs, e.g., reductones, qhanges in antioxidant activity in terms of changes in composi-
melanoidins, and from components, e.g., phenolic compounds,tion:
present in their raw materials (barley, tomato, green coffée) (

6). However, the role of phenolic compounds in the development \ATERIALS AND METHODS
of antioxidant activity in heated sugar—amino compound
systems is unknown (7). Chemicals and ReagentsAll chemicals and reagents were the

In an attempt to better understand the antioxidant activity of purest grade available-Proline, ferulic acid (4-hydroxy-3-methoxy-
Spec|flc Componentsy many researchers have emp'oyed the uséi.nnamic .aCid), 2,2aZinObiS(S-ethyIbenZOthiaZoIine-G-ISUIfOr.]iC aCid)
of model systems8—12). This approach has the benefit of diammonium salt (ABTS), potassium persulfate, sodium dihydrogen
simplicity, since the interaction of antioxidants with other food °'thophosphate dehydrate, dipotassium hydrogen orthophosphate, so-

. . o dium nitrate, capsules containing peroxidase and glucose oxidase,
components 'is aV(_)ld_ed. Mort_ao_ver, the conditions for the o-dianisidine dihydrochloride, glucose standard solution (5.56 mmol/
development of antioxidant activity are controlled.

A e L), and anhydrou®-(+)-glucose were obtained from Sigma (Poole,
The development of antioxidant activity in heated carbohy- k). Mmicrocrystalline cellulose was obtained from Merck (Damstadt,
drate-amino acid systems has been extensively studietid— Germany). Disodium fluorescein and sodium tetraborate decahydrate
15). Different carbohydrateamino acid combinations and were from Fluka (Gillingham, UK). 2!2Azobis(2-amidinopropane)
dihydrochloride (AAPH) was from Aldrich (Gillingham, UK). High-

* To whom correspondence should be addressed. F&i4(0)118 931 purity water was produced in-house using a Purite (High Wycombe,
8730. Fax: +44(0)118 931 0080. E-mail: j.m.ames@reading.ac.uk. UK) Labwater RO50 unit and was used throughout.
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Table 1. Composition of Model Malt-like Systems follows: 30 min flush with NaOH (1 M) followed by a 20 min flush
with NaOH (0.1 M) and 15 min with water. Finally, the capillary was
ferulic flushed for 15 min with running buffer, which was 50 mM borate, pH
proline glucose acid 9.5 (for ferulic acid) or 20 mM phosphate, pH 2.5 (for proline). Two
model system? (mg) (mg) (mg) injections were carried out for each replicate sample. Between runs,
Pr—Gl—Fe—Ce 2538 309 17 the capillary was flus.hed yvith 0.1 M NaOH for 3 rpin and running
Pr—Gl-Ce 253.8 309 - buffer for 3 min. Ferulic acid and proline were quantified by reference
Pr—Fe—Ce 253.8 - 17 to standard calibration curves. The appearance of peaks was monitored
Gl-Fe—Ce - 309 17 with heating time in the electrophoretograms obtained using both
Fe-Ce - - 17 running buffers.
2,2"-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid) Radical Cat-
apr, proline; Gl, glucose; Fe, ferulic acid; Ce, cellulose (used to give a ion (ABTS'") Scavenging Activity. The antioxidant activity of the
total mass of 20 g). samples was determined by the ABT$lecolorization assayl{) as

previously reported (16). A standard calibration curve was constructed

Preparation of Model Systems.Model systems (20 g) consisting by plotting percentage inhibition against concentration of ferulic acid.
of five different combinations of glucose, proline, ferulic acid, and Antioxidant activities of the filtrates were calculated in ferulic acid
cellulose (as the matrix) were prepared as indicated in Table 1. Glucose,equivalents using the calibration curve. Triplicate determinations were
proline, ferulic acid, and cellulose were weighed on a five-figure Performed for the standards and each replicate sample was analyzed
decimal place balance. The amount of cellulose was adjusted for eachOnce.
model system so that the total mass in each case was 20 g. The solids Oxygen Radical Absorbance Capacity (ORAC) AssayThe ORAC
were weighed separately and mixed with 40 mL of potassium phosphateassay developed by Ou et al8) was used to determine the antioxidant
buffer (15 mM, pH 5.4) and 20 mL of water. Each mixture was agitated activity of samples.
to obtain homogeneity and samples were frozer-20 °C and then Statistical Analysis. Statistical analysis was performed using Minitab
freeze-dried for 3 days. Each mixture was transferred to a preweighed13.1 for Windows. One-way analysis of variance (ANOVA) was used
Petri dish, which was weighed again before placing in a vacuum to determine if there were any statistically significant differences
desiccator containing saturated sodium nitrate solution &28amples between the mean values. Tukey's test was then used to determine
were agitated daily to ensure equilibration and remained in the which mean values were different.
desiccator until constant mass was reacheeB(@ays), giving samples
with a moisture content 0f6% (a, = 0.09). The equilibrated samples
were removed and divided into four equal portions (5 g each). One
portion remained unheated and the other three were transferred to glass Choice of Reactants and Heating ConditionsThe imino
c’oven. Three different .temperatumme comblnatlor_ls' were used: 60 acid or similar compound in both green and finished iz
C for8, 16, and 24 h; 90C for 60, 90, and 120 min; and 22C for Glucose (Gl) was selected as the carbohydrate because it is

5, 10, and 15 min. After removal from the oven, each sample was biquit in food d. bei duci ticinates i
transferred to a labeled centrifuge tube and 15 mL of water was added, UP'dUItOUS 1N T00GS and, being a reducing sugar, participates in

Tubes were centrifuged at 203.2or 5 min and the supernatant was  the Maillard reaction. Ferulic acid (Fe) is the most abundant
0.2-um filtered. Filtrates were stored &R0 °C for <7 days prior to phenolic acid in green and finished mal9). The levels of all
analysis. All the model systems were prepared in triplicate. of the reactants in the model systems were chosen to maintain
UV—Visible Spectrophotometry. The absorbance of triplicate  the proline:glucose:ferulic acid ratio in green malt. The con-
samples was measured at 420 nm in a 1-cm glass cuvette using acentration of each reactant is about 5-fold higher than in green
Perkin—Elmer (Beaconsfield, UK) Lambda 5 UV/Vis scanning spec- malt. Higher concentrations were used to facilitate analysis.
trophotometer equipped with UV Winlab software and connected to a Microcrystalline cellulose (Ce) was used as the matrix for the
thermostatically controlled (25C) chamber and an automatic sample  1,54el systems because it is relatively inert. The indjathosen
positioner. . 4
Quantification of Glucose. The AOAC official method (969.39) was 0.09. This corresponds to a moisture content 66 and
was used to determine glucose in the filtrates. One capsule containingWas _chose_n because Chandrg e.t glclgarly demonstraFed that
500 units of glucose oxidase and 100 units of peroxidase was dissolveddt this moisture I.evel the am'QX'd?m effect of malts |ncrea§ed
in 100 mL of water.o-Dianisidine dihydrochloride (50 mg) was sharply. Three different combinations of temperature and time
dissolved in 20 mL of water and mixed with enzyme solution to give Were chosen because of their relevance to standard and speciality
the combined enzyme colored reagent solution. Blank, glucose standardmalt production. Standard malts, such as pale and lager malt,
or sample (0.2 mL) was added into 2 mL of combined enzyme color are produced by kilning at 5685 °C over 28-32 h (19).
reagent solution, and the contents were mixed thoroughly. All mixtures Temperatures of 80—10TC are applied for up to 170 min for

were incubated at room temperature{2% °C) for 45 min. Exposure cara malt production (2021). Colored malts are roasted at
to daylight was avoided by covering cuvettes with aluminum foil. At temperatures of up to 24T (20, 22).

the end of the incubation period, the absorbance of the samples was | ,. . .
read at 540 nm. Readings were completed within 30 min. A standard Visible Absorption Data for the Model Systems.Color

calibration curve was constructed and used to quantify glucose in the d€velopment, measured by absorption at a single wavelength
model system filtrates. in the range 426490 nm, is the most frequently used parameter

Quantification of Ferulic Acid and Proline and Formation of to monitor the extent of browning due to the Maillard reaction
New Compounds.Ferulic acid and proline were quantified, and the (23). Absorbance measurements at 420 nm for all systems are
formation of new compounds was monitored by capillary electro- depicted in Figure 1.
phoresis (CE). The CE system (Agilent, Bracknell, UK) was equipped  gor systems Pr6l—Fe—Ce and Pr-Gl—Ce heated at 6€C,
with a diode-array detector, an autosampler, and ChemStation SOﬂwareabsorbance readings increased significantly between 16 and 24
for data collection, data analysis, and system control. The fused silica h of heating, implying that color generation was only significant

capillary was 48.5 cm total length (40 cm to the detector)u60i.d. .
Separations were performed at 25 using a voltage of 20 kV (ferulic over the las8 h of heating. The lowest absorbance values were

acid) or 25 kV (proline). Samples were injected at 50 mBar for 5 s. found for the 90°C model systems, but relatively little color
Separations were monitored at 200 nm (ferulic acid and proline) and had developed after 120 min (the maximum time of heating at
at 200, 280, 325, and 420 nm (new compounds). Spectra were collectecthis temperature), indicating that the least reaction had occurred
between 190 and 600 nm. The capillary was conditioned before use asunder these conditions. A gradual increase in absorbance was

RESULTS AND DISCUSSION
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Figure 1. Absorbance at 420 nm of filtrates of model systems. Model
systems were heated at (a) 60 °C, (b) 90 °C, and (c) 220 °C. The error
bars represent the standard deviation of mean values for triplicate samples.
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Ce, cellulose; Fe, ferulic acid; Pr, proline; Gl, glucose.

observed for Pr—Gl—Fe—Ce, Pr—GI—Ce, and Gl-Fe—Ce

heated at 90C.

The highest absorbance values were obtained for thé @20
systems containing both proline and glucose, i.e;®&r-Fe—
Ce and PrGI—Ce. In comparison, significantly lowep (<
0.05) absorbance readings were observed ferkal-Ce at 10
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Figure 2. Concentration (mg/mL) of glucose in filtrates of model systems.
Model systems were heated at (a) 60 °C, (b) 90 °C, and (c) 220 °C. The
error bars represent the standard deviation of the mean value for triplicate
samples. Ce, cellulose; Fe, ferulic acid; Pr, proline; Gl, glucose.

The final concentration of both components was close to zero
after 15 min of heating at 222C.
Quantification of Ferulic Acid. The concentration of ferulic

and 15 min of heating, suggesting that the Maillard reaction acid in the filtrates of each model system, heated at 60, 90, and
was a more important source of color than sugar caramelization.220 °C, is shown in Figure 4. After heating at 8C for 24 h,

The observed increase in absorbance in the visible region withthe concentration of ferulic acid decreased significantly<(p
time of heating is in line with the data reported for previous 0.05) for P~GIl—Fe—Ce, but no loss of ferulic acid was
studies on Maillard model systems ®4—26).

Quantification of Glucose and Proline.The concentration
of glucose and proline in the filtrates is shown in Figures 2 and
3, respectively. Glucose in 6Fe—Ce and proline in PrFe—
Ce decreased nonsignificantly & 0.05) on heating at 60C
for 24 h and 9C'C for 120 min. In contrast, significant decreases
(p < 0.05) for both systems occurred on heating at 22Gor
15 min. For G+Fe—Ce, this is consistent with sugar caramel-
ization requiring high temperatures, e.g., 220 For Pr—Fe—
Ce, the reduction in proline concentration is due to its thermal

degradation (27).

observed in any of the other systems. This suggests that, at 60
°C, ferulic acid reacts with glucosgproline reaction intermedi-
ates. At 90°C, no significant differencep( > 0.05) in the
concentration of ferulic acid was observed for any of the model
systems, although a nonsignificant decrease was observed for
Pr—Gl—Fe—Ce. At 220°C, the concentration of ferulic acid
decreased in a similar manner over the first 5 min of heating
for all model systems. After that point the concentration of
ferulic acid decreased in a similar way for all systems except
Pr—Gl—Fe—Ce, for which the rate of loss was faster. The data
suggest not only that ferulic acid degraded on heating at 220

Proline and glucose in Pr—Gl—Fe—Ce and Pr—GI—Ce °C but that it may also have participated in reactions with
decreased significantly on heating at all three temperatures andproline—glucose reaction intermediates in—&1—Fe—Ce,

this is attributed to their participation in the Maillard reaction.

leading to a more rapid rate of loss.
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Formation of New Compounds.The electrophoretograms  of Pr—Gl—Fe—Ce and Pr+GI—Ce (Figure 6), and no new peaks
obtained using borate buffer (50 mM, pH 9.5) of the*&J24 were detected for any of the other samples.
h Pr—GI—Ce filtrates revealed six new peaks (Figure 5a,b). Five ~ Peak 4 appeared in the electrophoretograms of the filtrates
of them were detected only in the 24 h samples, while the sixth of Pr—GI—Fe—Ce and Pr—GI—Ce after 5 min of heating at
(peak 4) was detected even after 8 h (Figure 6). All these peaks220°C, but disappeared after heating for 10 min. The electro-
representing MRPs were also detected in the@®rFe—Ce phoretograms of the filtrates of the 22€/10 min samples
filtrates after heating at 68C (Figure 5c,d). Again, the area of showed five new peaks for both systems. Four of them were
peak 4 increased with heating time (Figure 6). A further eight reduced in size and the fifth one disappeared after heating for
peaks, in addition to those observed for Pr—GIl—Ce, were 15 min at 220°C, presumably due to thermal degradation. The
detected in the 60C/24 h Pr-Gl—Fe—Ce filtrates (Figure 5b,d).  spectrum of one of the peaks has two shoulders (at 220 and
They are associated with the presence of ferulic acid, glucose,320 nm) and tails off to 350 nm. This spectrum is identical to
and proline, since they were also absent from the-Ce one we obtained in our earlier malt wor&g). Two other peaks
samples and provide further evidence that ferulic acid can reacthad similar spectra, with shoulders at 205 and 280 nm and at
with reaction intermediates when proline is heated with glucose. 200 and 280 nm, respectively, with tailing to 300 nm.
Their spectra possess/aax between 300 and 325 nm with Melanoidins migrate as a broad hump when analyzed by CE
tailing to 375 nm. In comparison, ferulic acid gave tivaux (at (6, 30). In the current study, a broad hump migrated between 4
225 and 325 nm) and tailed off to 375 nm, suggesting that the and 8 min, for the filtrates of PrGlI—Ce and Pr—Gl—Fe—Ce
unidentified peaks may contain ferulic acid reaction products. heated at 220C for 10 min. The broad hump disappeared over
Fe—Ce, Pr—Fe—Ce, and Gl—Fe—Ce gave no new peaks afterthe last 5 min of heating at 22%C, and this is attributed to
heating at 60°C. thermal degradation.

The 90°C systems received the mildest heat treatment. Only  Antioxidant Activity. Two radical scavenging methods, the
one peak (4) appeared in the electrophoretograms of the filtratesABTS™ and the ORAC assays, were employed to assess the
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flow.

antioxidant activity of samples. Trolox is the standard compound
normally used for the ABTS assay, but other compounds, e.g.,
phenolic compoundslg), can be used instead. In this study,
ferulic acid was used as the standard.

ferulic acid. A gradual increase in the antioxidant activity of
Pr—GI—Ce was observed. At 22, the antioxidant activity
of Pr—Gl—Fe—Ce and Pr—GI—Ce showed similar behavior,
increasing significantly after 10 min at 22C, followed by a

The antioxidant activity of model systems as measured by loss of antioxidant activity to the level present in the unheated

the ABTS* and the ORAC assays are depicted in Figure 7.
All the unheated ferulic acid-containing model systems gave
filtrates that did not differ significantly in antioxidant activity.

In contrast, unheated filtrates from PGI—Ce presented
significantly less antioxidant activity. At 60 and ST the
antioxidant activity of P-Gl—Fe—Ce increased linearly through-
out heating, while there was no significant effggt= 0.05) on

the antioxidant activity of the other model systems containing

Pr—GIl—Fe—Ce sample. The remaining model systems showed
almost no change in antioxidant activity over 15 min of heating
at 220°C.

The same behavior was observed for all model systems by
both antioxidant assays. A linear relationship was observed
between the data obtained for samples using all three temper-
atures by using the ABTS and ORAC assays, suggesting the
ability of the components of the model system to scavenge both
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the ABTS* and peroxyl (ROQ radicals. Higher levels of
antioxidant activity are measured by the ABT&ssay com-
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on heating of model systems are better scavengers of the
ABTS* radical than of the peroxyl radical (RGO

The antioxidant activity of heated PGI—Ce comes exclu-
sively from the thermally generated products of the Maillard
reaction between proline and glucose. Franke and lwairky (
in 1954 were the first to discover an increase in antioxidant
properties of MRPs with heating time. Since then, many
researchers (e.g., re®—10, 26, 29—31) have reported the
increase in antioxidant activity of MRPs with heating time. The
antioxidative effect of Pr&l—Fe—Ce may include contributions
from ferulic acid, thermally generated MRPs, and products of
reactions involving glucose, proline, and ferulic acid. A
comparison of the antioxidant activity of PGI—Fe—Ce with
the sum of the antioxidant activity of PGI—Ce and Fe-Ce
heated at 60 and RC illustrates that PrGl—Fe—Ce possesses
a significantly higher level of antioxidant activity than that
accounted for by the sum of the values for-&—Ce and Fe-
Ce. Heating at 220C gave a different antioxidant activity
profile for Pr—Gl—Fe—Ce, compared to the lower temperatures

pared to the ORAC assay. This indicates that compounds formed(60 and 90°C). Furthermore, the antioxidant activity of this
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data) and at (d) 60 °C, (e) 90 °C, and (f) 220 °C (ORAC data). The error bars represent the standard deviation of mean values for triplicate samples.

Ce, cellulose; Fe, ferulic acid; Pr, proline; Gl, glucose.
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system is equal to the sum of the antioxidant activities ef Pr  Scheme 1.  Hypothetical Direct Reaction of Ferulic Acid with
Gl—Ce and Fe—Ce. This indicates that the development of Reductone
antioxidant activity of the mixture PrtGl—Fe—Ce comes mainly

CH.
from the MRPs of proline and glucose, with ferulic acid or any C[;O
of its degradation products making only a minor contribution, é_on
at most. U on
Since both antioxidant activity and color develop during the Hé_OH
Maillard reaction, the relationship between antioxidant activity |
and absorbance at 420 nm was studied. o CooH o=cT oL
Model systems PrGl—-Fe—Ce and PrGl—Ce heated at =° P P
moderate temperatures (60 and 90) showed antioxidant e
activity increasing with absorbance at 420 nm, and the relation- (TOH - RO
ship was exponential rather than linear. At 22D, a linear HC—OH
relationship was observed between antioxidant activity and cmon Oty OCH,
absorbance for the first 10 min of heating for model system ot ol
Pr—Gl—Fe—Ce. HOWeVer, between 10 and 15 min of heating’ Reductone Ferulic acid Reductone ferulic acid compound-ester form

the antioxidant activity decreased, while absorbance readings

remained at the same level. Findings from the current study Gl-C d PEGI—
and the literature lead to the conclusion that both antioxidant e an
activity and the color increase with heating time to a maximum
level, after which point antioxidant activity decreases while color
levels off. Thermally induced compounds produced at higher .
temperatures 6 16) and/or long heating times9] may Pr—Gl—Ce and Pr=Gl-Fe—Ce heated at 2ZZDfor 10 min.
contribute to color development, but not to antioxidant activity. Since higher antioxidant activity was measured in these Maillard
Also, some thermally induced compounds possessing antioxidanSYStems heated at 22€ than at 60 and 9€C, it may be that
activity may degrade on prolonged heating, and this appears to#MM MRPs from proline and glucose possess higher antioxi-
be the case for the 22@/15 min system in the current study, ~dantactivity than LMM MRPs. This would be in line with the
since several unidentified components observed in the electro-findings of Yen and Tsai (35), who showed that melanoidins
phoretograms for the 220C/10 min sample could not be that are formed during the final stage of the Maillard reaction
detected when heating continued to 15 min. are stronger antioxidants than reductones that are formed during

The relationship between the antioxidant activity and the the intermediate stage.
ferulic acid concentration was also studied. A strong negative  The effect of ferulic acid on the Maillard reaction between
(r < 0) correlation between antioxidant activity (ABTSassay) proline and glucose, leading to an additional increase in the
and concentration of ferulic acid for model systems-8i— antioxidant activity at 60C, may be attributed to the formation
Ce and PrGl—Fe—Ce was found at all three temperatures. The of reaction products by three possible routes, i.e., reaction of
data presented for the 60 and 80 systems are in line with  ferulic acid with reductones, a synergistic effect between ferulic
those from previous studies concerning food systems heated atcid and reductones, and inhibition of free radicals generated
moderate temperatures. Studies on wine heated a4€532) during the early stages of the Maillard reaction. Reaction of
and on plum drying at 60 or 85C (33) have demonstrated &  ferylic acid with reductones may lead to a ferulic acid
progressive increase in free radical scavenging activity with requctone reaction product that might possess much higher
heating time while the content of phenolic compounds de- 4niioxidant activity than ferulic acid itself, due to the combined
creased. The stat?lllty (_)f ferullc_a_cld and the antioxidant activity 5ction of both ferulic acid and the reductone (Scheme 1).
of tohe _othe_r ferulic aC|d_-con_ta|_n|ng systems hea_ted at 60 and Alternatively, ferulic acid and reductones may act synergistically
90 .C .|mpI|es t.h"."t ferulic acid Is the major contrlbutor to the because reductones might reduce any radical formed from ferulic
ant|QX|dapt gctmty. However, at 22 the concentration of acid, thereby regenerating ferulic acid. Furthermore, free radicals
ferulic acid in Pr—Fe—Ce, GI—Fe—Ce, and Fe—Ce decreased ; o o
ave been shown to be responsible for the pro-oxidant activity

significantly on heating, while the antioxidant activity was little - . : . .
changed. This can be explained by the formation of ferulic acid (5).' Djilas ar_1d M'“.C @) |_nvgst|gated th? eﬁ?Ct of four pheno|_|c
acids (ellagic, gallic, syringic, and ferulic acid) on the formation

degradation products possessing antioxidant activity, e.g., 4- . ! . .
9 P P g y: &9 of free radicals during the Maillard reaction. They found that

vinylguaiacol. 4-Vinylguaiacol possesses appreciable antioxidant o . . .
activity (34) and was identified in increasing amounts with time  {e relative intensity of electron spin resonance (ESR) signals,
of heating at 220C for all ferulic acid-containing systems. The corresponding to the concentration of free radicals, decreased

concentration of 4-vinylguaiacol in the filtrates of Pr—Fe—Ce, With increasing concentration of the added phenolic acid.
Gl—Fe—Ce, and Fe—Ce was0.01 mg/mL after 15 min. Therefore, it is possible that ferulic acid effectively inhibited

The mild temperatures and long heating times used and thethe pro-oxidant activity. of Maillard r.eactio.n iptermedigtgs in
low absorbance values obtained on heating model systems Pr the current study, leaving MRPs with antioxidant activity to
Gl-Fe—Ce at 60 and 90C suggest that the most likely —accumulate.
contributors to the antioxidant activity of these systems are Inconclusion, this study investigated the effect of the thermal
LMM MRPs such as reductones. The antioxidant activity of processing, relevant to kilning and roasting of malt, on the total
reductones originates from their ability to react with peroxides antioxidant activity of model systems prepared from combina-
or free radicals produced during fat oxidation with the conse- tions of glucose, proline, and ferulic acid. It shows for the first
guent retardation of lipid oxidation (26). time that ferulic acid reacts with Maillard reaction intermediates

The high temperature used (220) and the high absorbance formed from glucose and proline at kilning temperatures (60
values (>1) obtained at 420 nm during heating systems Pr— °C), leading to higher antioxidant activity.

Fe—Ce suggest that HMM MRPs (i.e.,
melanoidins) are the components most likely to be responsible
for the antioxidant activity. The typical broad hump of mel-
anoidins was detected in the electrophoretograms for systems
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