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Replacing wheat with pea ingredients produces cakes with an attractive appearance • Lipoxygenase activity affects batter oxidation more than microstructure

• Replacing pea flour with purified fractions leads to fewer volatiles from oxidation

• Maillard compounds are the main volatiles in cakes made with pea protein and starch

Abstract

This study aimed to evaluate the applicability of purified pea ingredients (starch and protein isolate) by assessing their potential to form volatile compounds during the different steps of sponge cake development compared to pea flour and wheat flour. While pea flour was highly susceptible to lipid oxidation during batter beating, the combination of purified pea starch and pea protein yielded significantly fewer oxidation markers with known green-beany off-odors.

This was due more to the inactivation of lipoxygenase during flour fractionation than to differences in batter structure. However, fractionated ingredients were highly prone to participating in the Maillard reaction and caramelization during baking, leading to a more complex mixture of pyrazines, Strecker aldehydes and furanic compounds with potential malty and roasted notes compared to cakes based on pea flour or wheat flour. These findings confirm that using purified pea fractions can create high-quality products with an attractive composition.

Introduction

In response to the shift in consumer preferences toward sustainable and healthy products, the food industry is trying to find novel plant-based proteins that can replace those derived from wheat and soy [START_REF] Lam | Pea Protein Isolates: Structure, Extraction, and Functionality[END_REF]. Among these potential sources, pea (Pisum sativum L.) has gained considerable popularity owing to its high protein content, nutritional value, availability and low cost [START_REF] Lam | Pea Protein Isolates: Structure, Extraction, and Functionality[END_REF]. Pea proteins are commonly available in the form of flour (up to 30% protein), concentrates (50-75% protein) and isolates (>80% protein).

Of these, pea protein concentrates and isolates, in particular, are used as nutritional and/or functional ingredients (emulsifiers, foaming agents or gelling agents) to create protein-enriched foods with attractive textural properties [START_REF] Lu | Composition, Physicochemical Properties of Pea Protein and its Application in Functional Foods[END_REF][START_REF] Burger | Recent Progress in the Utilization of Pea Protein as an Emulsifier for Food Applications[END_REF]. On the other hand, the search for more sustainable protein alternatives demands a simplification of processes to meet the desire for product naturalness and reductions in costs and environmental footprints.

From this point of view, the use of flours would appear to be more interesting than that of refined concentrates and isolates that necessitate other resources such as water, chemicals and energy [START_REF] Lie-Piang | Less Refined Ingredients Have Lower Environmental Impact -A Life Cycle Assessment of Protein-Rich Ingredients from Oil-and Starch-Bearing Crops[END_REF]. Furthermore, it is interesting to note that the fractionation process does not only produce pea protein but also pea starch, which accumulates as a byproduct that is still rarely incorporated in foods (except e.g. in Asian noodles) [START_REF] Wang | Physicochemical Properties of Starches From Various Pea and Lentil Varieties, and Characteristics of Their Noodles Prepared by High Temperature Extrusion[END_REF] and needs to be valorized.

Nevertheless, pea flour exhibits great potential to generate volatiles with an unpleasant green-beany aroma, which poses a difficult challenge in terms of its applicability (Krause et al., 2021a). This off-flavor formation can be ascribed to the activity of endogenous lipoxygenase that catalyzes the oxidation of polyunsaturated fatty acids to hydroperoxides, which can be cleaved into odor-active molecules [START_REF] Belitz | Food Chemistry[END_REF]Krause et al., 2021b). Lipid oxidation can occur during flour storage and processing [START_REF] Roland | Flavor Aspects of Pulse Ingredients[END_REF], but is also particularly stimulated when the flour is incorporated in complex products such as sponge cakes (Krause et al., 2021a). Cake development involves the mixing of different ingredients to produce a moist batter, which results in the immediate activation of lipoxygenase due to air entrapment and homogenous substrate distribution, and hence the release of multiple volatiles.

In order to exploit the benefits of pea without compromising sustainability, it is therefore essential to better understand the behavior of pea ingredients in complex applications and to find new strategies to improve the overall quality of pea-based foods. These include controlling the oxidative processes that might affect sensory characteristics.

Unfortunately, an initial attempt to limit undesirable oxidation by processing pea flour under nitrogen generated an unexpected intensification of off-flavor (Krause et al., 2021a). By contrast, we were able to show that the degree of lipid oxidation could be altered significantly by modifying individual process parameters during the making of pea flour batters [START_REF] Krause | Lipid Oxidation During the Beating of Cake Batter Containing Yellow Pea (Pisum sativum L.) Flour. LWT. Accepted with modifications[END_REF].

Alternatively, isolated pea proteins could be used, as they have been reported to contain lower levels of aroma compounds than the corresponding flour [START_REF] Xu | Changes in Odor Characteristics of Pulse Protein Isolates from Germinated Chickpea, Lentil, and Yellow Pea: Role of Lipoxygenase and Free Radicals[END_REF].

However, the sensory importance of these volatiles in final foods, and especially the effect of the extraction process on the ability of the isolate to produce volatiles during product development, have not yet been clarified.

The objective of this study was therefore to evaluate the ability of purified pea fractions (starch and protein isolate) to generate volatiles during sponge cake making when compared to a whole pea flour from the same batch and a wheat-based reference. Process-induced reactions and sensory and safety markers were therefore monitored and their presence linked to the physicochemical characteristics of the raw materials and the structural properties of the batters.
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Materials and Methods

Ingredients

Flour (PF), starch (PS) and protein isolate (PPI) from the same batch of yellow peas were supplied by Cargill (Vilvoorde, Belgium). The fractionation of PF was achieved by (i) suspension of the flour in water, (ii) protein extraction at pH 8-11 and slightly elevated temperatures, (iii) pea starch recovery by centrifugation, (iv) isoelectric protein precipitation at pH 4-5, (v) protein recovery by centrifugation and (vi) spray drying. Wheat flour (WF) was purchased from Axiane Meunerie (Olivet, France), maize starch (MS) from Cargill (Vilvoorde, Belgium), sucrose from Tereos (Lille, France), sunflower oil from Lesieur (Asnières-sur-Seine, France) and whole pasteurized liquid eggs from Ovoteam (Locmine, France). All compositions are described in Table S1.

Chemicals

Furfural-d4 (≥96%) and 2-methylpyrazine-d6 (98.4%) were purchased from C/D/N Isotopes Inc. (Pointe-Claire, Quebec, Canada), hexanal-d12 (≥96%), Celite® 545, iodine, urea, sodium acetate anhydrous, glyceryl triheptadecanoate (≥96%), D(+)-glucose anhydrous and amyloglucosidase from Aspergillus niger from Merck (Darmstadt, Germany), petroleum ether, isopropanol, heptane, sodium hydroxide, methanol, glacial acetic acid, sodium thiosulfate pentahydrate, isooctane, potassium iodide and iodine (0.02M) from Carlo Erba (Val de Reuil, France), hydrochloric acid (37%) from Prolabo (Fontenay-sous-Bois, France) and dimethyl sulfoxide from Fisher Scientific (Merelbeke, Belgium).

Batter and cake formulations

Sponge cake batters and cakes were produced according to the method described by Krause et al. (2021a). Eggs (45% w/w) and sucrose (25% w/w) were beaten for 10 min after which the non-sifted dry ingredients (25% w/w) were gently folded in within 1.5 min. After mixing for 30 s, the sunflower oil (5% w/w) was incorporated within 15 s and the batter beaten for a further 1 min.

WF was selected as the dry ingredient for the reference because of its traditional use in baked goods. The PF product was prepared by totally replacing WF with PF. To examine the effect of PF fractionation on the reactivity potential of the purified fractions, PF was fully replaced with a mixture (1/2 w/w) of PPI and either PS or MS to obtain similar proportions as in PF. MS was chosen because of its frequent use in the food industry and limited chemical reactivity [START_REF] Bousquières | Rational Design to Develop a Non-Reactive Model Food Imitative of a Baked Cereal Product by Replacing the Functional Properties of Ingredients[END_REF], and thus served as a control versus PS. These recipes were called "composite formulations". Alongside, two products based on PS or MS alone and without the further addition of protein, were also generated. These starch recipes were designed to gain a deeper understanding of the role of each individual fraction in the formation of volatiles compared to PF only. Each formulation was prepared in triplicate, and a portion was deep-frozen immediately at -20 °C until reaction marker analysis, in order to decelerate oxidation. The remaining was used for instant pH, density and consistency measurements.

A new batch of each batter was prepared to make the sponge cakes. From a total of 630 g batter, 21 identical cakes were obtained by filling 25 g into aluminum molds (9.8×6.2×3.3 cm 3 ) and baking for 25 min at 170 °C. Five cakes were stored immediately at -20 °C in hermetically sealed glass jars until reaction marker analysis. The remaining cakes were cooled to ambient temperature for color, moisture, pH and density measurements.

Cake grinding

The cakes were ground as described by Krause et al. (2021a) after baking (analysis of chemical composition, pH, moisture content) or in a frozen state (reaction marker analysis) for 5 20 s at 6000 rpm using a Grindomix GM200 knife mill equipped with a stainless-steel bowl and titanium blades (Retsch GmbH, Haan, Germany).

Chemical characteristics

The ingredients and cakes were characterized in terms of their moisture (moisture analyzer MA30, Sartorius, Göttingen, Germany; in triplicate) and protein content (Kjeldahl method NF EN ISO 5983-2 with a nitrogen-to-protein conversion factor of 5.7 for wheat and 6.25 for pea and maize; in duplicate). Starch content was determined in triplicate by adapting the method described by [START_REF] Morrison | An Improved Colorimetric Procedure for Determining Apparent and Total Amylose in Cereal and Other Starches[END_REF] Temse, Belgium). The isocratic elution of glucose was performed at 75 °C using degassed purified water (0.5 mL/min). Glucose was quantified using an external glucose calibration curve

(1-100 g/L).

Ash (dry combustion for 12 h at 550 °C) and dietary fiber (AOAC 985.29) in the ingredients were analyzed in triplicate. Lipoxygenase (LOX) activity was determined by Eurogerm (Saint-Apollinaire, France) in triplicate according to [START_REF] Delcros | Effect of Mixing Conditions on the Behavior of Lipoxygenase, Peroxidase, and Catalase in Wheat Flour Doughs[END_REF] by dispersing 2 g flour or PPI in 20 mL phosphate buffer (pH 7.5), centrifugation and subsequent mixing with linoleic acid in phosphate buffer (pH 6.5) under an oxygen-saturated atmosphere.

LOX activity was expressed as nmol oxygen consumed per second.

The pH value of 2 g batter or cake (in triplicate) was recorded in 20 mL purified water using a SensION TM + PH3 meter (Hach Lange, Lognes, France).

Physical and structural properties

Density of the batters was determined in triplicate from their mass-to-volume ratio as described by Krause et al. (2021a) using open-mouth syringes of known volume.

Specific volume of the cakes was determined in triplicate by measuring the volume using a laser-based scanner (VolScan Profiler, Stable Micro Systems, Surrey, UK) and dividing by the mass of the cake.

Consistency of the batters was measured in triplicate according to [START_REF] Monnet | Effect of the Order of Incorporation of Cake Ingredients on the Formation of Batter and the Final Properties: Contribution of the Addition of Pea Flour[END_REF] with some modifications. A 20 mm aluminum plate was attached to a TA-XT2i texture analyzer equipped with a 5 kg load cell (Stable Micro Systems, Surrey, UK) and inserted into 40 mL batter at a speed of 2 mm/s until a distance of 20 mm was reached. The resistive force to compression was plotted against the compression distance, and batter consistency was determined from the average force over the constant part at the end of the curve.

CIEL*a*b* color of the three cakes was analyzed at three points on both cake crust and crumb using a spectro-guide sphere gloss colorimeter CD-6834 (BYK-Gardner, Geretsried, Germany) at illuminant D65 and a 10° observer angle.

Batter microstructure was investigated in triplicate using confocal laser scanning microscopy (CLSM) as reported by Krause et al. (2021b). In brief, 3 µL of Dylight 488 and Bodipy 665/676 (1/1 v/v) were used to stain the proteins (green) and lipids (red) contained in 1 g fresh batter. The stains were excited at 488 nm and 638 nm and the emitted fluorescence recorded at 497-601 nm and 643-765 nm by means of a Leica TC2 SP8 (Wetzlar, Germany).

Images were captured at ×10 magnification.

The pasting properties of the ingredients were analyzed in duplicate using a Rapid

Visco Analyzer RVA 4500 (Perten Instruments, New South Wales, Australia). Flours/starches were suspended in purified water (9% w/w, 30 g total) and the viscosity profiles recorded using the following temperature program: 40 °C isothermal for 2 min, heating to 90 °C at 5 °C/min, 90°C isothermal for 5 min, cooling to 20 °C at 2.5 °C/min and 20 °C isothermal for 5 min.

Particle size distribution of the flours was detected in triplicate by laser diffraction using a Mastersizer 2000 equipped with a Scirocco 2000 dry dispersion unit (Malvern Instruments, Worcestershire, UK), applying a refractive index of 1.49429 and an absorption index of 0.1.

Analysis of oxidation status

The oxidation status of the ingredients, batters and cakes was investigated by determining conjugated dienes, peroxide values and acid values according to Krause et al. (2021a). The oil was isolated by mixing flours/fractions, batters and cakes with Celite® 545 at ratios (w/w) of 3/2, 10/9 and 14/5, respectively, followed by accelerated solvent extraction (25 min, 40 °C, 5/1 v/v heptane/isopropanol) using a Dionex ASE 350 (Thermo Fisher Scientific, Waltham, MA, USA). After solvent evaporation, the oils were deep-frozen at -20 °C under nitrogen until analysis.

Conjugated dienes were analyzed in triplicate by diluting 10 mg oil in 10-200 mL isooctane and measuring the absorbance at 234 nm with a Specord 210 (Analytik Jena, Savigny-le-Temple, France). The content in conjugated dienes was expressed as specific absorbance, which was defined as the absorbance of 1 g oil in 100 mL isooctane.

The peroxide value was determined in triplicate by dissolving 200 mg oil in 16 mL glacial acetic acid/isooctane (3/2 v/v), to which 1 mL saturated potassium iodide solution and 9 mL purified water were added. Iodometric titration was carried out with 5 mM sodium thiosulfate and the peroxide value was expressed as millimole of hydroperoxide per kg oil.

The acid value was determined in triplicate according to NF EN ISO 660:2020 with slight modifications. Briefly, 50 mg oil was dissolved in 20 mL neutralized ethanol/petroleum ether (1/1 v/v) and the acids were titrated with ethanolic potassium hydroxide solution (5 mM).

The acid value was expressed as the mass of potassium hydroxide required to neutralize 1 g fat.

Profiles of volatile organic compounds (VOCs)

To evaluate the potential of the flours/fractions to generate VOCs during cake production, HeadSpace-Solid Phase Micro Extraction (HS-SPME) was performed according to the optimized method described by Krause et al. (2021a). Briefly, 2 g of flour/fraction, batter or cake were transferred in triplicate into 20 mL glass vials to which were added 100 µL of an aqueous solution containing the deuterated standards hexanal-d12, furfural-d4 and 2methylpyrazine-d6 at varying concentrations (ingredients/batters/cakes): 14/91/15 mg/L furfural-d4; 0.1/89/3 mg/L 2-methylpyrazine-d6; 139/778/411 mg/L hexanal-d12. The vials were sealed with aluminum polytetrafluoroethylene-coated silicon septa, kept overnight at 4°C to equilibrate the standard within the sample and then incubated at 50 °C for 18 min in a Triplus autosampler (Thermo Fisher Scientific). Molecules were extracted over 42 min at 50 °C and then desorbed from a DVB/CAR/PDMS fiber (50/30 µm, 2 cm) at 250 °C for 2 min (10 mL/min) into a TRACE GC Ultra injector port (Thermo Fisher Scientific).

VOCs were separated on a ZB-wax capillary column (30 m×0.25 mm×0.5 µm) by increasing the initial oven temperature from 40 °C (maintained for 5 min) to 240 °C at 4 °C/min using helium as the carrier gas (1.2 mL/min). An ISQ single quadrupole mass spectrometer (Thermo Fisher Scientific) recorded the mass spectra in the EI mode at 70 eV by scanning in full (TIC, m/z 33-300) and SIM mode for selected molecules. VOCs were identified by matching the experimental mass spectra with MS libraries (NIST 08, Wiley 8) and comparing the experimental retention indices obtained using a series of n-alkanes (C5-C21) with a NIST database (see Table S2). Hexanal, furfural and 2-methylpyrazine were quantified using their deuterated standards. The relative quantification of other compounds was performed using 2methylpyrazine-d6 for nitrogenous, furfural-d4 for furanic and hexanal-d12 for the remaining compounds.

Statistical analysis

XLSTAT 2020.5.1 (Addinsoft, Paris, France) was used to perform principle component analysis and one-way analysis of variance (ANOVA) as well as to evaluate significant differences using Tukey's test at p<0.05. The data acquired were reported with two significant numbers on the total uncertainty.

Results and Discussion

VOCs in flours and fractions

Figure 1 depicts the profiles of VOCs extracted from the flours/fractions, batters and

cakes. An overview of all compounds and their relative amounts can be found in Table S3.

Analysis of the VOCs in raw materials is important to understand their starting conditions and potential to undergo changes during product development. As can be seen in Figure 1, the highest VOC quantities were determined in PF and WF, whereas the purified ingredients PPI and, in particular, PS and MS, contained significantly fewer volatiles. Within the flours, PF stood out for its substantially higher VOC concentrations.

In both flours, alcohols represented the dominant group of volatiles, followed by ketones, aldehydes and furanic compounds, the latter two only occurring as traces. The profile of alcohols appeared to be largely determined by metabolites typically deriving from microbial activity (Table S3). These comprised ethanol, 2-methyl-1-propanol, 3-methyl-1-butanol and 2phenylethanol as well as their corresponding aldehydes, which can be synthesized via the Ehrlich pathway from alanine, valine, leucine and phenylalanine, respectively [START_REF] Pico | Wheat Bread Aroma Compounds in Crumb and Crust: A Review[END_REF]. Apart from these, several alcohols were found that most likely originated from the breakdown of fatty acids, including 1-hexanol and 1-pentanol. Both components are markers of oxidative linoleic acid degradation which occurs via their aldehydes in the presence of alcohol dehydrogenases [START_REF] Belitz | Food Chemistry[END_REF][START_REF] Jakobsen | Aroma Volatiles of Blanched Green Peas (Pisum sativum L.)[END_REF][START_REF] Ma | Volatile Flavor Profile of Saskatchewan Grown Pulses as Affected by Different Thermal Processing Treatments[END_REF]. Other oxidation-derived alcohols, aldehydes and ketones arising from linolenic acid (1-penten-3-ol, 3-hexen-1-ol) and oleic acid (2-heptanone, nonanal) were also detected, but only in WF. This implied a greater degree of oxidation that might have taken place during harvesting, grinding or storage.

The fractionation of PF into PPI and PS resulted not only in an enormous loss of molecules (Figure 1) but also in visible changes to the VOC profiles (Table S3). In order to compare VOC levels in PF with those of PPI and PS, the VOC quantities reported needed to be corrected by the protein and starch contents of the flour (23.8% and 47.6%, respectively).

When this was done, it emerged that PPI contained approximately 100× fewer volatiles than PF, which was even more pronounced with regard to PS (more than 1000×). The almost negligible quantities of VOCs in the latter mainly comprised ethanol, hexanal and acetone, which were probably residues from the flour (Table S3). The same was seen for MS, which was being investigated as a control to PS (Figure 1).

Despite the quantitative inferiority of PPI to PF, however, PPI contained considerably larger numbers of individual molecules (25 vs. 16). Around half of these potentially originated from fatty acid degradation, which clearly outnumbered those detected in PF (Table S3). The most abundant oxidation marker was hexanal, which might have formed during linoleic acid breakdown [START_REF] Belitz | Food Chemistry[END_REF][START_REF] Jakobsen | Aroma Volatiles of Blanched Green Peas (Pisum sativum L.)[END_REF]. In addition, VOCs also originating from linoleic acid (1-pentanol, heptanal, octanal) as well as oleic acid (1-octanol, nonanal, 2heptanone, 2-nonanone, 2-decanone, heptanal, octanal) and linolenic acid (3,5-octadien-2one, 1-penten-3-ol, 2-penten-1-ol) were present at low levels [START_REF] Belitz | Food Chemistry[END_REF][START_REF] Cao | Analysis of Nonpolar Lipophilic Aldehydes/Ketones in Oxidized Edible Oils Using HPLC-QqQ-MS for the Evaluation of Their Parent Fatty Acids[END_REF][START_REF] Kochhar | Oxidative Pathways to the Formation of Off-Flavours[END_REF][START_REF] Ma | Volatile Flavor Profile of Saskatchewan Grown Pulses as Affected by Different Thermal Processing Treatments[END_REF][START_REF] Murray | The Volatiles of Off-Flavoured Unblanched Green Peas (Pisum sativum)[END_REF]. Based on these findings, it was concluded that the isolation of PPI from the PF took place under conditions favorable to oxidation (see Section 2.1). This reaction might have been initiated when suspending the flour in water owing to pH conditions that were optimal for the enzyme LOX [START_REF] Fischer | Pisum sativum vs Glycine max, a Comparative Review of Nutritional, Physicochemical, and Sensory Properties for Food Uses[END_REF].

In addition, oxidation might have been triggered during centrifugation because of the potential introduction of oxygen. Finally, it could be imagined that fatty acids were degraded by heatinduced autoxidation during spray drying. This latter hypothesis might be corroborated by the occurrence of volatiles originating from oleic acid that lacked the cis,cis-1,4-pentadiene system, so were not oxidized by LOX. Nonetheless, spray drying might have partially volatilized

VOCs, explaining their low total concentrations in PPI.

Changes to VOC profiles during batter beating

The batters were made by beating eggs and sugar into a foam to which the dry ingredients (flours/fractions) and oil were added. This preparation seemed to have initiated certain reactions, as visible from the marked changes to the VOC profiles compared to the dry ingredients alone (Figure 1). Similar to the flours/fractions, alcohols contributed the most to total VOC amounts, but notably larger proportions of aldehydes and ketones were observed.

The highest total VOC levels were detected in pea flour batter (PFB), which far exceeded those in batters made with wheat flour (WFB), a combination of isolated proteins and pea or maize starch (PSPPIB, MSPPIB) or pure pea or maize starch without additional protein (PSB, MSB).

Apart from its quantitative superiority, PFB stood out for its 2-4× higher number of different molecules than in the other batters (Table S3). Moreover, on closer inspection of the type of compounds, it became apparent that most of the volatiles in WFB, the composite and starch batters were correlated with fermentation (e.g. ethanol, acetone), while those in PFB mainly derived from the oxidative breakdown of fatty acids. Nevertheless, high levels of fermentation markers were also present in PFB, which might either have been residues from the flour or have developed during batter preparation. This indicated a generally higher reactivity and, in particular, pronounced susceptibility to oxidation of PF compared to the other ingredients.

The most abundant oxidation markers in PFB included 1-penten-3-ol, 1-hexanol, hexanal and 3-pentanone, which are known products of linoleic or linolenic acid degradation (Table S3) [START_REF] Belitz | Food Chemistry[END_REF][START_REF] Jakobsen | Aroma Volatiles of Blanched Green Peas (Pisum sativum L.)[END_REF][START_REF] Sánchez-Ortiz | Synthesis of Aroma Compounds of Virgin Olive Oil: Significance of the Cleavage of Polyunsaturated Fatty Acid Hydroperoxides During the Oil Extraction Process[END_REF]. A direct comparison of their amounts with those in PF revealed increases of 17× in the case of 1-hexanol and almost 30× in the case of hexanal when considering that the proportion of flour used in the batter was only 25%. 1-Penten-3-ol and 3-pentanone were not present in the flour.

In addition, other process-induced volatiles were detected in smaller quantities, which might have originated from the decomposition of linoleic (1-pentanol, 1-octen-3-ol, 2-heptenal, 2octenal) linolenic (3-hexen-1-ol, 2-penten-1-ol, 2-pentenal) and oleic acid (1-heptanol, 1octanol and 2-octanone) [START_REF] Belitz | Food Chemistry[END_REF][START_REF] Kochhar | Oxidative Pathways to the Formation of Off-Flavours[END_REF][START_REF] Maire | Lipid Oxidation in Baked Products: Impact of Formula and Process on the Generation of Volatile Compounds[END_REF][START_REF] Murray | The Volatiles of Off-Flavoured Unblanched Green Peas (Pisum sativum)[END_REF][START_REF] Przybylski | Methods to Measure Volatile Compounds and the Flavor Significance of Volatile Compounds[END_REF].

Although oxidation played a significantly less important role in the other batters, their vulnerability to oxidative deterioration varied distinctively (Figure 1). Contrary to WFB, the composite batters (PSPPIB, MSPPIB) contained significantly larger numbers and quantities of volatiles arising during the course of oxidation (Table S3). For instance, the concentration of the main oxidation marker hexanal was around 10× higher than in WFB, but only a seventh of that detected in PFB. Notwithstanding, this amount corresponded to an increment of 3-4× compared to the sum determined in the dry ingredients used at a combined proportion of 25%, which was nevertheless well below the 30× calculated for PFB. From this, it was concluded that the fractionation of PF into its main constituents led to a reduced susceptibility to oxidation during batter beating, which remained higher than that of WF.

Interestingly, PSPPIB and MSPPIB were characterized by nearly identical VOC profiles and concentrations, which suggested that the starch component had no apparent effect on the formation of volatiles and could have been attributed to the absence of fat (<0.1% in both starches) and hence precursors for oxidation. This was corroborated by analyzing the molecules present in PSB and MSB, which were produced using starch alone without supplementary proteins. These formulations contained VOC levels similar to those in WFB. Of the volatiles identified, only two were associated with oxidation, namely hexanal and nonanal, the latter only being present in MSB. The concentration of hexanal in this product was also significantly higher than in PSB, but generally low compared to the other formulations. Owing to the absence of lipids in both starches, it could be assumed that the oxidation markers detected originated from fatty acids contained in the eggs and oil. Minimal differences between PSB and MSB were possibly due to structural differences (see Section 3.3). 

Roles of LOX activity and fatty acid composition in VOC generation

As previously described, lipid oxidation was initiated during batter beating, and its degree depended on the dry fraction used. According to our previous publications, LOX is the main catalyst of oxidation during the batter preparation using wheat or pulse flours (Krause et al., 2021b;Krause et al., 2021a). This was attributed to a high prevalence of VOCs deriving from linoleic and linolenic acid, as well as a positive correlation between LOX activity and VOC formation (Krause et al., 2021b;Krause et al., 2021a). This latter dependence was also found during the present study since markedly higher LOX activity was determined for PF (5379 nkat/g) than WF (43 nkat/g) and PPI (<1 nkat/g). Consequently, the extraction of proteins from PF resulted in the inactivation or removal of LOX. The key role of LOX was substantiated when analyzing the VOC profiles of PSB and MSB as they did not contain any additional protein apart from egg and therefore no source of LOX, which presumably explains the observed absence of oxidation markers. Moreover, the pH conditions for PFB were optimal for LOX activity [START_REF] Fischer | Pisum sativum vs Glycine max, a Comparative Review of Nutritional, Physicochemical, and Sensory Properties for Food Uses[END_REF], which probably favored oxidative processes (Table 1).

Table 1. pH value, consistency and density of sponge cake batters. Despite the lack of LOX in PPI, however, the corresponding batters were enriched in oxidation markers compared to WFB, implying the occurrence of non-enzymatic autoxidation.

But why were PSPPIB and MSPPIB more susceptible to oxidation than WFB? As discussed in Section 3.2, fatty acids from egg and oil were less degraded via autoxidation during batter preparation due to the low levels of oxidation markers in PSB and MSB, which were made using lipid-free starches. It was therefore assumed that the volatiles in PSPPIB and MSPPIB mainly originated from the fatty acids contained in PPI. Although PPI and WF had similar fat contents (1.2% and 1.6%, respectively), it should be borne in mind that WF made up 25% of the batter ingredients but PPI only 8%. Despite the resulting smaller quantities of precursors, fatty acid degradation took place to a greater extent in PPI-based batters. This could be attributed to the higher content in linoleic and linolenic acids in pea compared to wheat (Krause et al., 2021a). The importance of the fatty acid profile was corroborated by analyzing the unitfree acid value, which provides information on the quantity of free fatty acids that can easily be oxidized. While the acid value in WF was 24.0, that in PPI was only 8.3 (data not shown).

Although this implied that fewer fatty acids were freely available in PPI, they were more degraded, presumably because a large proportion of them were linoleic and linolenic acids, unlike WF. Alternatively, it is also conceivable that WF contained antioxidants which protected fatty acid oxidation and were probably absent from the purified PPI and PS.

Correlation between batter structural properties and reactivity

Apart from chemical and enzymatic factors, the structural batter properties were investigated in order to determine their potential impact on the degree of VOC generation and release.

As can be seen in Table 1, PFB displayed both the highest batter density and consistency, which suggested the smallest amount of air incorporated and the highest resistance to flow. The opposite was concluded for the starch formulations, based on their lowest batter densities and consistencies. This ranking appeared to be correlated with the protein levels in the products: higher protein contents led to higher batter densities and consistencies. These results coincided with those obtained by de la Hera et al. (2012), [START_REF] Gómez | Studies on Cake Quality Made of Wheat-Chickpea Flour Blends[END_REF] and [START_REF] Monnet | Effect of the Order of Incorporation of Cake Ingredients on the Formation of Batter and the Final Properties: Contribution of the Addition of Pea Flour[END_REF], who observed increments in cake batter densities and viscosities when replacing wheat with protein-rich lentil, chickpea or pea flours. Despite similar protein contents, however, the densities and consistencies of the composite formulations were lower than those of PFB, which could be related to the high purity of the fractions and hence the absence of components, e.g. fiber. Moreover, it could be imagined that the proteins were partially unfolded during the isolation process, which might enhance their ability to stabilize the air-liquid interface and therefore produce batters with densities as low as those of PSB and MSB. Nevertheless, the higher protein contents in PSPPIB and MSPPIB than in the starch formulations might have improved lipid emulsification, thus yielding batters with thicker consistencies.

When these structural properties were related to VOC levels (Section 3.2), it emerged that a greater air entrapment was not associated with an increased formation of oxidation markers. This conclusion was in line with our previous findings on sponge cake batters made with various pulse flours (Krause et al., 2021a), indicating that the oxygen dissolved was sufficient to trigger oxidation. Moreover, it seemed that the potential impact of structure on VOC release was negligible since formulations with similar densities and consistencies displayed different VOC concentrations.

In addition, the local distribution of reactive ingredients in the batters could be relevant to oxidation so it was therefore captured using CLSM. As illustrated in Figure 2, MSB and PSB were characterized by the highest number of incorporated air bubbles compared to the flour formulations, and particularly PFB, which contained a visibly smaller air fraction. MSPPIB and PSPPIB were positioned in between, thus complying with the density and consistency results

(Table 1). Interestingly, the air bubbles in maize batters were considerably smaller than in PSB. de la [START_REF] De La Hera | Studies of the Quality of Cakes Made with Wheat-Lentil Composite Flours[END_REF] suggested that smaller air bubbles might result from a reduction in particle size, which could have been a suitable explanation in the present case due to a smaller size distribution of MS (d50 = 14 µm) compared to PS (d50 = 24 µm). Air bubbles in the batter were stabilized by amphiphilic proteins and lipids, which absorb at air-liquid interfaces to reduce interfacial tension [START_REF] Godefroidt | Ingredient Functionality During Foam-Type Cake Making: A Review[END_REF]. In each product, proteins were well dispersed, whereas differences in the partitioning of fat droplets were noted (Figure 2). In the case of starch formulations, lower fluorescence indicated reduced lipid contents, attributable to the absence of lipids from the high-purity starches, meaning that those present derived exclusively from egg and oil. In PSB, these seemed to cover a smaller air bubble surface than in MSB, which might be due to steric hindrances imparted by the comparatively larger starch granules. Presumably, this structural characteristic was favoring oxidation in MSB, as reflected by the slightly higher VOC quantity (Figure 1). As soon as PPI was added, these steric limitations were less apparent. In PSPPIB and MSPPIB, the lipid and protein content of PPI contributed markedly to stabilizing the air bubbles, thus promoting fatty acid degradation when compared to the starch formulations. A similar picture emerged in WFB.

Nonetheless, some lipids participated in the formation of larger droplets, which might therefore have been less available to be oxidized via autoxidation. In contrast, lipids in PFB were not only dispersed homogenously throughout the system, but the droplets were also smaller, implying larger reaction surfaces that could favor oxidation.

Development of cake color and specific volume during baking

During baking, aerated batter is transformed into a solid sponge due to starch gelatinization and protein denaturation. As visible in Figure 3, each formulation gave rise to an attractive product with specific volumes that followed the order starch cakes > composite cakes > PFC > WFC. The higher specific volumes of the PFC and composite cakes could be assigned to their elevated protein contents that might exert their functional properties (Figure 3). These findings coincided with those reported by de la Hera et al. (2012) and Krause et al. (2021a), who observed more voluminous sponge cakes when wheat was replaced with lentil, pea or chickpea flours. Additionally, RVA analysis revealed that starch pasting in WF commences at 79-80°C, which was visibly higher compared to PF (69-70 °C) and the purified starches (71-72 °C each) (data not shown). According to [START_REF] Singh | Navy Bean Flour Particle Size and Protein Content Affect Cake Baking and Batter Quality[END_REF], this might be associated with delayed setting of the cake structure, which in turn could have led to a loss of incorporated air and hence a lower cake volume. On the other hand, the remarkably low densities in PSC and MSC might have been attributable to the high starch-to-protein ratio, favoring an increase in viscosity during heating and thus air retention. In addition, it is possible that the egg proteins might develop their full emulsifying and foaming potentials better in the absence of vegetable proteins.

Contrary to the specific volume, only little differences in CIEL*a*b* color were observed between the six cakes (Figure 3). In general, the crust was darker than the crumb, as reflected by lower L* values. This indicated that whichever ingredient was used, the inherent precursors were available to initiate browning reactions, such as the Maillard reaction and caramelization, because of higher cake surface temperatures than those inside the product [START_REF] Srivastava | Kinetic Study of Furan and Furfural Generation During Baking of Cake Models[END_REF]. 

3.6

Heat-driven changes to reactivity during baking

Degradation of lipid oxidation intermediates

In addition to structural changes, it was interesting to analyze changes to reactivity during the transition from batter to cake. The quantities of primary lipid oxidation markers, namely conjugated dienes and hydroperoxides, were therefore monitored in both matrices.

Coinciding with the VOC results, PFC was linked with a pronounced susceptibility to fatty acid breakdown, as could be seen from immense increments in peroxide levels and the specific absorbance of conjugated dienes (Figure 4). Among the other products, WFC in particular displayed oxidative stability, thus harmonizing with the low volatile contents detected.

Similarly, the composite batters only contained traces of intermediates, which confirmed that the fractionation of PF into PPI and PS had led to the inactivation or removal of LOX. In accordance with data in the literature, baking generally resulted in a reduction in hydroperoxides because of their transformation into VOCs (Krause et al., 2021a;[START_REF] Maire | Lipid Oxidation in Baked Products: Impact of Formula and Process on the Generation of Volatile Compounds[END_REF]. This loss was most pronounced in PFC (by 67%) (Figure 4). A similar decline was seen regarding conjugated dienes, although they were absent from the other products.

Nevertheless, PFC remained significantly enriched in both intermediates, suggesting ongoing lipid oxidation during baking. However, a significant (89%) increase in hydroperoxides was observed in WFC, which indicated elevated reactivity during baking than at the batter beating stage and thus a high degree of lability of the fatty acids in WF towards heat-induced autoxidation. To verify these assumptions, an analysis of the VOC profiles of the cakes was of paramount importance.

Generation of final VOCs

Baking triggered different chemical reactions which gave rise to numerous VOCs that were not present in the flours or batters (Figure 1). From a quantitative perspective, however, a direct comparison with the batters revealed smaller quantities of molecules in the case of PFC and the composite cakes (PSPPIC, MSPPIC), which could be attributed to volatilization, consecutive reactions or matrix effects. By contrast, WFC and the starch cakes (PSC, MSC)

were visibly enriched in VOCs, indicating higher reactivity during baking than batter making.

Overall, however, the lowest total VOC levels were detected in WFC, while the highest values were found in PFC (Figure 1).

Aldehydes formed the main group of volatiles in all cakes, and originated from different pathways depending on the dry ingredients used. While the aldehyde profiles of WFC and the composite and starch cakes were determined by thermal degradation markers, the profile of PFC was clearly dominated by molecules deriving from lipid oxidation (Table S3). In the latter case, it is assumed that a large proportion of the molecules identified remained as residues from batter preparation, but the first appearance of certain compounds might also indicate the heat-induced autoxidation of unsaturated fatty acids. The extracted volatiles comprised 2hexenal, 2-octenal, 2,4-decadienal, pentanal, heptanal, octanal, nonanal and hexanal, the latter of which accounted for more than half of all aldehydes (Table S3). Some of these lipid oxidation markers were also present in the other cakes but at significantly lower levels, particularly in WFC and the starch formulations, which corroborated their limited susceptibility to oxidation as already reported for their batters. This was further underlined with regard to alcohols, which were associated in all cakes with oxidation (e.g. 1-penten-3-ol and 1-hexanol)

but only occurred at high levels in PFC.

By contrast, most of the aldehydes extracted from WFC, the starch and composite cakes were markers of amino acid and sugar degradation. These comprised phenylacetaldehyde, 2-methylpropanal, 2-methylbutanal and, in particular, 3-methylbutanal; they are all formed by Strecker degradation at elevated temperatures via the oxidative decarboxylation of phenylalanine, valine, leucine and isoleucine, respectively [START_REF] Belitz | Food Chemistry[END_REF][START_REF] Lee | Potential of Model Cakes to Study Reaction Kinetics Through the Dynamic On-Line Extraction of Volatile Markers and TD-GC-MS Analysis[END_REF]. Among the cakes, PSPPIC and MSPPIC contained the highest relative quantities, followed by the starch formulations, all of which were significantly higher than those in PFC (Table S3). This indicated that the fractionation of PF produced purified constituents which were more available to participate in thermal reactions.

This assumption was corroborated when looking at nitrogenous compounds such as pyrazines as they accumulated in significantly larger quantities in the composite and starch cakes than in PFC (Figure 1). Formation of these molecules is correlated with the Strecker degradation, which gives rise to not only Strecker aldehydes but also α-aminocarbonyl compounds that can condensate to produce dihydropyrazines and then substituted to create alkylpyrazines [START_REF] Adams | Formation of Pyrazines and a Novel Pyrrole in Maillard Model Systems of 1,3-Dihydroxyacetone and 2-Oxopropanal[END_REF][START_REF] Belitz | Food Chemistry[END_REF]. In all cakes, 2,5-dimethylpyrazine and 2-methylpyrazine were the most abundant. Despite the generally low levels of pyrazine, PFC differed from the other products in containing several ethylated pyrazines, presumably deriving from the incorporation of acetaldehyde into dihydropyrazine [START_REF] Shibamoto | A Study of Pyrazine Formation[END_REF]. This aldehyde might result from the oxidation of ethanol, an alcohol that was abundantly present in the corresponding batter (Table S3). By contrast, the presence of acetylated pyrazines in the composite and starch cakes indicated the substitution of dihydropyrazine by formaldehyde, which might have been produced via the Strecker degradation of glycine [START_REF] Adams | Formation of Pyrazines and a Novel Pyrrole in Maillard Model Systems of 1,3-Dihydroxyacetone and 2-Oxopropanal[END_REF] but was not detected due to an m/z outside the range of detection.

The greater susceptibility of the composite and starch formulations to thermal reactions when compared to PFC was further underlined by the high levels of furanic compounds typically originating from Maillard and caramelization reactions [START_REF] Belitz | Food Chemistry[END_REF][START_REF] Lee | Potential of Model Cakes to Study Reaction Kinetics Through the Dynamic On-Line Extraction of Volatile Markers and TD-GC-MS Analysis[END_REF]. Among others, these included furfural, 2-furanmethanol and furan, the latter only being present in PSPPIC, MSPPIC, PSC and MSC. In general, formation of these structures is based on the reaction of sugars such as glucose with amino acids, which can undergo enolization and deamination reactions to release 1-or 3-deoxyosones [START_REF] Perez Locas | Origin and Mechanistic Pathways of Formation of the Parent Furan -A Food Toxicant[END_REF][START_REF] Srivastava | Kinetic Study of Furan and Furfural Generation During Baking of Cake Models[END_REF]. While 3-deoxyosones can give rise to furfural and 2-furanmethanol, 1-deoxyosones can lead to furan [START_REF] Belitz | Food Chemistry[END_REF][START_REF] Hollnagel | 3-Deoxypentosulose: An α-Dicarbonyl Compound Predominating in Nonenzymatic Browning of Oligosaccharides in Aqueous Solution[END_REF][START_REF] Srivastava | Kinetic Study of Furan and Furfural Generation During Baking of Cake Models[END_REF]. Apart from these, further furanic compounds that tend to derive from lipid oxidation rather than thermal degradation were detected. One example is 2-pentylfuran, which occurred at significantly higher concentrations in PFC, PSPPIC and MSPPIC compared to WFC and the starch cakes, thus substantiating their generally greater predisposition to lipid oxidation.

A similar conclusion could be drawn with regards to ketones, the profile of which was dominated by thermal markers generated via the Maillard reaction in all cakes. These included 2,3-butanedione, 2,3-pentanedione, 3-hydroxy-2-butanone and 1-hydroxy-2-propanone, which are formed either directly from glucose or through its reaction with amino acids [START_REF] Maire | Lipid Oxidation in Baked Products: Impact of Formula and Process on the Generation of Volatile Compounds[END_REF][START_REF] Pico | Wheat Bread Aroma Compounds in Crumb and Crust: A Review[END_REF][START_REF] Yaylayan | Origin of Carbohydrate Degradation Products in L-Alanine/D-[ 13 C]Glucose Model Systems[END_REF]. In WFC, PSC and MSC, these volatiles accounted for 86-89% of the ketones, whereas slightly smaller percentages were found for PFC, PSPPIC and MSPPIC (60-64%). However, the concentrations were similar in all cakes.

This implied that other ketones were present in PFC, PSPPIC and MSPPIC, which originated from fermentation (acetone) or lipid oxidation (2-heptanone, 2-octanone, 2-heptanone, 3,5octadien-2-one, 3-octen-3-one), thus further emphasizing their higher reactivity potential.

Potential sensory and safety impacts of reaction markers in cakes

To gain a deeper understanding of the principal volatiles responsible for the distinctive features of the different cakes, principle component analysis was performed to associate specific reaction markers with individual products and to reach a conclusion regarding their potential impact on the overall odor of the final food. The corresponding PCA biplots are shown in Figure 5. As depicted, PC1, PC2 and PC3 accounted for 57.96%, 23.22% and 11.53% of variability. Along PC1, a clear separation of PFC from the other five cakes could be observed, which was mainly driven by lipid oxidation markers that strongly correlated with PFC; this enabled the assumption that the breakdown of unsaturated fatty acids played a crucial role during the development of cakes based on PF. This could be attributed to the high LOX activity which promoted the formation of lipid oxidation-derived volatiles, which are typically associated with green, beany and grassy odors [START_REF] Xu | Changes in Odor Characteristics of Pulse Protein Isolates from Germinated Chickpea, Lentil, and Yellow Pea: Role of Lipoxygenase and Free Radicals[END_REF]. Among these, particularly hexanal, with its known green-grassy odor, might be of significant sensory importance owing to its high concentrations and low odor threshold [START_REF] Buttery | Additional Studies on Flavor Components of Corn Tortilla Chips[END_REF]Krause et al., 2021b;[START_REF] Pico | Wheat Bread Aroma Compounds in Crumb and Crust: A Review[END_REF].

By contrast, the wheat, composite and starch cakes were correlated on PC1 with VOCs originating from the Maillard reaction and caramelization, which emphasized their pronounced stability against lipid oxidation compared to PFC. Further differentiation was achieved when considering PC2 and PC3. While PSPPIC and MSPPIC clustered in the positive part of PC2, negative loadings were associated with PSC, MSC and WFC as well as PFC. This distribution could be attributed to Strecker aldehydes, furanic compounds and pyrazines, which were characterized by positive signs and thus directly linked to the composite cakes. On PC2 vs PC3, however, it emerged that certain pyrazines and furanic compounds also correlated with the starch cakes. Among the thermal reaction markers, Strecker aldehydes with known malty odors were characterized by high odor activities [START_REF] Buttery | Additional Studies on Flavor Components of Corn Tortilla Chips[END_REF][START_REF] Pico | Wheat Bread Aroma Compounds in Crumb and Crust: A Review[END_REF][START_REF] Rega | On-Line Dynamic HS-SPME for Monitoring Endogenous Aroma Compounds Released During the Baking of a Model Cake[END_REF], and were thus forecast to be key odorants in the composite cakes. In addition, pyrazines have been reported to possess nutty and roasted aromas and might have been important contributors to overall flavor, particularly of the composite and starch cakes [START_REF] Buttery | Additional Studies on Flavor Components of Corn Tortilla Chips[END_REF][START_REF] Pico | Wheat Bread Aroma Compounds in Crumb and Crust: A Review[END_REF][START_REF] Rega | On-Line Dynamic HS-SPME for Monitoring Endogenous Aroma Compounds Released During the Baking of a Model Cake[END_REF].

Overall, these findings suggested that formulations based on purified starch, and in particular combined with isolated proteins, were more likely to undergo heat-induced reactions than the whole flour. This might indicate the occurrence of molecular changes during the fractionation process, possibly resulting in a greater availability of precursors (i.e. glucose and amino acids) for thermal reactions. Moreover, protein changes were reflected by the inactivity of LOX, thus leading to considerably less fatty acid degradation. Notwithstanding, the composite products appeared to be associated with selected lipid oxidation markers on PC2 as opposed to PSC, MSC and WFC, which implied that fractionation produced a protein isolate rich in unsaturated fatty acids that were rapidly degraded via non-enzymatic oxidation compared to those derived from wheat flour, egg or oil. Consistent with this, it could be presumed that some lipid oxidation markers might be perceived in PSPPIC and MSPPIC if they had not been masked by the Maillard aroma compounds mentioned above.

Moreover, PC2 vs PC3 revealed a clear separation of WFC from the other products (Figure 5), indicating the lowest potential to form volatiles through any reaction pathway, potentially due to a limited availability of precursors to undergo changes. Moreover, the corresponding flour was characterized by a low ash content (0.9%) compared to PPI (6.0%)

and PF (3.5%) (Table S1), which thus might have stimulated the Maillard reaction in products containing PPI and PF [START_REF] Hayase | Effects of Oxygen and Transition Metals on the Advanced Maillard Reaction of Proteins with Glucose[END_REF].

Another result worth mentioning was the similar behavior of pea and maize starch in both the composite and starch formulations (Figure 5), which confirmed that chemical composition rather than product microstructure influenced reactivity during cake development.

Finally, particular attention should be paid to furan because of its classification as "possibly carcinogenic to humans" (Group 2B) by the International Agency for Research on Cancer [START_REF] Iarc | Dry Cleaning, Some Chlorinated Solvents and Other Industrial Chemicals[END_REF]. This component was detected in the composite and starch cakes, but not in the products based on pea or wheat flour. From this, it was deduced that flour fractionation led to an increased probability of furan formation and thus counteracted the positive influence on the formation of lipid oxidation-associated off-flavors. However, a more sensitive quantification method needs to be applied in order to accurately quantify furan in the cakes and determine whether its occurrence raises any safety concerns. 

Conclusion

Pea ingredients were used successfully to produce sponge cakes with similar or improved composition, structure and appearance compared to wheat. Moreover, their use was accompanied with the development of a more complex profile of VOCs. Lipid oxidation emerged as a critical reaction occurring during the beating of pea flour batter, leading to a remarkable increase in intermediate and volatile reaction markers. Pea flour batter contained small and homogenously distributed lipid droplets with large reaction surfaces which might have favored the catalysis of highly active endogenous lipoxygenase. This phenomenon was inhibited when pea flour was replaced with pea protein isolate extracted from it, due to the inactivation of enzymes during isolation. Consistent with this, products based on the combination of isolated pea protein and pea starch were characterized by significantly lower susceptibility to generate compounds via oxidation. On the other hand, baking appeared to trigger the Maillard reaction and caramelization to a greater extent in products made from pea starch and protein isolate, as reflected by the significant development of Strecker aldehydes and pyrazines. This suggested greater availability of amino acids and sugars for thermal reactions in the purified ingredients. These heat-induced markers with typical malty-nutty odors may thus be important contributors to the overall flavor of the composite cakes, whereas oxidation-derived volatiles linked to green-beany off-notes may be of sensory importance in the pea flour cake. Nevertheless, further sensory studies need to be carried out in order to confirm the most odor-active compounds in these applications and their individual contributions to the overall perception. This study further revealed that pea starch has great potential for use in bakery products, as it behaved similarly to maize starch in terms of both textural and sensory aspects. Overall, the results highlighted the possibility of tailoring food products to desired functionalities and odor profiles by crosslinking processes and formulations.

Figure 1 .

 1 Figure 1. Profiles of VOCs [µg/g sample] extracted from flours/fractions, batters and cakes. Molecules are categorized into alcohols (■), ketones (■), aldehydes (■), esters (■), furanic (■), nitrogenous (■) and sulfurous compounds (■). n.d. = not detected. Relative amounts are estimated based on the internal deuterated standards furfural-d4 (furanic compounds), 2-methylpyrazine-d6 (nitrogenous compounds) and hexanal-d12 (remaining compounds). Different letters within a column of one food matrix indicate significantly different means (p<0.05). PF = pea flour, WF = wheat flour, PS = pea starch, MS = maize starch, PPI = pea protein isolate.

  Different letters within a column indicate significantly different means (p<0.05). PFB = pea flour batter, WFB = wheat flour batter, PSPPIB = pea protein + pea starch batter, MSPPIB = pea protein + maize starch batter, PSB = pea starch batter, MSB = maize starch batter.

Figure 2 .

 2 Figure 2. Confocal laser scanning microscopy images of sponge cake batters. Proteins are stained in green, lipids in red. Dark circles represent air bubbles. Magnification: 10×, scale bar: 100 µm. PFB = pea flour batter, WFB = wheat flour batter, PSPPIB = pea protein + pea starch batter, MSPPIB = pea protein + maize starch batter, PSB = pea starch batter, MSB = maize starch batter.

Figure 3 .

 3 Figure 3. Appearance and characteristics of sponge cakes. Different letters within a graph indicate significantly different means (p<0.05). PFC = pea flour cake, WFC = wheat flour cake, PSPPIC = pea protein + pea starch cake, MSPPIC = pea protein + maize starch cake, PSC = pea starch cake, MSC = maize starch cake.

Figure 4 .

 4 Figure 4. Conjugated dienes expressed as specific absorbance and peroxide value in batters (n) and cakes (n). Different letters within a graph indicate significantly different means (p<0.05). PF = pea flour, WF = wheat flour, PS = pea starch, MS = maize starch, PPI = pea protein isolate.

Figure 5 .

 5 Figure 5. PCA biplots of volatile reaction markers, categorized into pyrazines (■), pyrroles (□), furanic compounds (▲), Strecker aldehydes and derivatives (•), further Maillard and/or caramelization markers (○), lipid oxidation and fermentation markers (♦) and sulfurous compounds (Δ). PFC = pea flour cake, WFC = wheat flour cake, PSPPIC = pea protein + pea starch cake, MSPPIC = pea protein + maize starch cake, PSC = pea starch cake, MSC = maize starch cake.

  

Acknowledgements

This research received financial support from the European Union's Horizon 2020 Research and Innovation Program under the Marie Skłodowska Curie Training Network FOODENGINE (Grant Agreement No. 765415).

The authors wish to thank Séverine Keller and Nicolas Descharles for their assistance with experimental work and Cassandre Leverrier for her valuable contribution through fruitful discussions.

16899); 3-Methylbutanal (PubChem CID: 11552); 2-Methylpropanal (PubChem CID: 6561); 2,5-Dimethylpyrazine (PubChem CID: 31252); 2-Ethyl-3,5-dimethylpyrazine (PubChem CID: 26334); Furfural (PubChem CID: 7362);