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Abstract

:

Quercetin (Qt) is a natural flavonoid of high biological significance, and it occurs in a wide variety of plant foods. Although its oxidation by various means has been extensively studied, its behavior with regard to thermal treatments remains a challenge. The study described herein aimed at investigating Qt thermal decomposition, by proposing an empirical sigmoidal model for tracing degradation kinetics. This model was employed to examine the effect of addition of antioxidants on Qt thermal degradation, including ascorbic acid, L-cysteine, and sulfite. Furthermore, degradation pathways were proposed by performing liquid chromatography-tandem mass spectrometry analyses. Upon addition of any antioxidant used, the sigmoidal course of Qt thermal degradation was pronounced, evidencing the validity of the empirical model used in the study of similar cases. The antioxidants retarded Qt degradation in a manner that appeared to depend on Qt/antioxidant molar ratio. No major differentiation in the degradation mechanism was observed in response to the addition of various antioxidants, and in all cases protocatechuic acid and phloroglucinol carboxylic acid were typical degradation products identified. Furthermore, in all cases tested the solutions resulted after thermal treatment possessed inferior antioxidant properties compared to the initial Qt solutions, and this demonstrated the detrimental effects of heating on Qt. The empirical model proposed could be of assistance in interpreting the degradation behavior of other polyphenols, but its validity merits further investigation.






Keywords:


antioxidants; degradation kinetics; oxidation; quercetin












1. Introduction


Polyphenols are ubiquitous plant secondary metabolites, and they are undisputedly a highly significant field of interest in human nutrition. A growing body of research over the last two decades suggests that polyphenol intake through consumption of plant foods may play a vital role in maintaining a good health status, by regulating metabolism, battling chronic degenerative diseases, and controlling cell proliferation. To date, accumulated epidemiological evidence indicates that various polyphenols may exhibit strong antioxidant and anti-inflammatory properties, which could be implicated in the prevention of cardiovascular disease, neurodegenerative disorders, cancer, etc. [1].



Amongst several polyphenol classes, flavonols are probably one of the most prominent ones, because they are abundant at significant amounts in many commonly consumed fruit and vegetables, but also in foods of plant origin, such as fruit juices, tea and wine [2]. The major flavonol representative is quercetin, which occurs in plant tissues mainly as glycoside, although various types of processing may result in glycoside decomposition, releasing the aglycone [3]. Quercetin has powerful antioxidant properties, and its biological significance has been appraised by numerous investigations [4,5]. On the other hand, quercetin is a molecule susceptible to chemical and enzymic attacks, which may result in decomposition, skeleton rearrangement, and dimerization [6]. Such modifications can inevitably lead to alteration of the biological properties of quercetin, but this does not necessarily entail loss of biological activity. Decomposition or oxidation may end up in obtaining products of inferior antioxidant potency [7], but quercetin and other structurally related flavonoids were also shown to retain antioxidant activity, despite chemical or enzymic oxidation [8,9]. Quercetin oxidation may also result in generating compounds with enhanced biological activity [10]. Therefore, the changes in quercetin structure brought about through oxidative modification should be a subject of thorough appraisal.



The issue of food thermal processing on flavonols has been long before addressed, on the basis of findings which indicated that regular domestic practices (frying, boiling) could have an important impact on flavonol content and composition of certain plant tissues [11]. Latter studies confirmed that onion boiling may provoke notable decreases in flavonol glycosides and antioxidant activity, the extent of which was linked to glycoside structure [12]. More recent studies were in concurrence, highlighting the importance of domestic processing (frying, baking, steaming) on onion flavonol glycosides and its nutritional consequences [13]. Polyphenol thermal degradation has also been observed in black rice flour [14] and apple juice [15] thermal processing. However, other investigations suggested that the changes traced for flavonols in processed foods may depend on the mode of processing, yielding either increased or decreased flavonol content [16]. Indeed, it has been supported that heat treatments may contribute to increasing polyphenolic content in vegetables, as a result of thermal destruction of cell walls and sub cellular compartments during the cooking process, which would allow for polyphenol release [17].



Considering the above concepts, the current study aimed at assessing the effect of thermal treatment on quercetin degradation in model solutions. The phenomenon was approached by implementing a novel kinetic model, through which the effects of pH and addition of antioxidants were evaluated. The elucidation of quercetin degradation mechanism was carried out with liquid chromatography-tandem mass spectrometry (LC-MS/MS), and putative consequences on the antioxidant activity were discussed on the ground of the results from representative in vitro assays. To the best of the authors’ knowledge, such a kinetic approach is, for the first time, proposed for the study of polyphenol thermal degradation.




2. Materials and Methods


2.1. Chemicals


Potassium phosphate dibasic trihydrate (≥99%), L-ascorbic acid, 2,2-diphenylpicrylhydrazyl (DPPH), sodium sulfite (>98%), 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), quercetin dihydrate (>95%), 3,4-dihydroxybenzoic acid (protocatechuic acid), 2,4,6-trihydroxybenzoic acid (phloroglucinol carboxylic acid), and citric acid were from Sigma-Aldrich (St. Louis, MO, USA). L-Cysteine was from BioChemica AppliChem (Darmstadt, Germany). Trolox™ was from Sigma-Aldrich (Steinheim, Germany). Iron(III) chloride hexahydrate was from Honeywell-Fluka (Harvey St, Muskegon, MI, USA). Quercetin stock solution with concentration of 20 mM was prepared in acetone and stored at −17 °C. Stock solution of L-ascorbic acid (5 mM), L-cysteine (5 mM), and sodium sulfite (5 mM mM) were prepared exactly before used in double-distilled water. Solvents used for liquid chromatography were of HPLC grade.




2.2. Model Solutions and Thermal Treatment


A volume of 50 mL of citrate-phosphate dibasic buffer, adjusted at pH 6.5, 7.0, and 7.5, was placed in 100-mL dark glass vial and heated up at 90 °C, by means of an oil bath, placed on a hotplate (VELP Scientifica, Bohemia, NY, USA). The solution was then set under stirring, at 400 rpm, and spiked with appropriate volume of quercetin stock solution, to give a final concentration of 100 μmol L−1. To test the effect of L-ascorbic acid, sodium sulfite, and L-cysteine, Qt solutions were also spiked with suitable volumes of stock solutions of these compounds, to provide the desired concentration.




2.3. Degradation Kinetics


To trace kinetics, sampling was accomplished at predetermined intervals by withdrawing 0.5 mL of model solution. This aliquot was then mixed with 0.5 mL methanol containing 2% HCl and absorbance readings were obtained in a double-beam JASCO V-530 UV/Vis spectrophotometer (Tokyo, Japan). For monitoring quercetin degradation, absorbance was measured at wavelength corresponding to λmax of the Band I of the flavonol skeleton [18]. The λmax was determined by obtaining Qt UV–VIS spectrum within the range 200–600 nm, in a 50% aqueous methanol containing 1% HCl. A calibration curve was constructed by measuring the absorbance at λmax and plotting it against concentration (5–50 μmol L−1).




2.4. Antioxidant Activity


To assess the antioxidant activity of the model systems, two complementary tests were performed, the antiradical activity (AAR) and the ferric-reducing power (PR) [19]. Results for AAR and PR were expressed as mmol Trolox equivalents (TRE) and μM ascorbic acid equivalents (AAE), respectively.




2.5. Liquid Chromatography-Tandem Mass Spectrometry (LC/MS/MS)


The equipment used was a chromatograph TSQ Quantum Access LC/MS/MS, a surveyor pump (Thermo Scientific, Walltham, MA, USA), interfaced by XCalibur 2.1, TSQ 2.1 software. Chromatography was carried out on a Superspher RP-18 column, 125 mm × 2 mm, 4 μm, at 40 °C, with 10 μL injection volume and a flow rate of 0.3 mL min−1. Eluent (A) was 1% aqueous acetic acid and eluent (B) methanol containing 1% acetic acid. The elution program was a linear gradient, as follows: 0 min, 5% B; 35 min, 100% B. Mass spectra were acquired in negative ionization mode, after performing a full scan within 100–700 amu (scan time = 1 s), using the following settings: auxiliary gas pressure, 15 mTorr; sheath gas pressure, 30 mTorr; collision pressure at 1.5 mTorr; capillary temperature, 300 °C.




2.6. Statistical Analysis


Curve fitting for kinetic models, and all linear and non-linear regressions were performed with SigmaPlot™ 12.5 (Systat Software Inc., San Jose, CA, USA). Distribution analysis was performed with JMP™ Pro 13 (SAS, Cary, NC, USA). Determinations were carried out in triplicate and the values reported are average (±standard deviation).





3. Results and Discussion


3.1. The Effect of pH


The thermal degradation of Qt at 90 °C was first assessed as a function of pH near neutrality, that is, within the range 6.5–7.5. The evolution of the decrease of Qt concentration, C (μmol L−1), was plotted against time, t (s), and at all three pH values tested (6.5, 7.0, and 7.5) it was observed that the curve obtained had a sigmoid trend (Figure 1). Therefore, a sigmoidal model was implemented, as follows:


   C t  =      C 0    1 +    e  −  (    t −    t  1 / 2    b   )       



(1)




where C0 and Ct are the initial molar Qt concentration and the concentration at any time, t, respectively, t1/2 is the half-life of the degradation reaction (s), and   −  1 b    the apparent first-order degradation rate, k (s−1). The examination was also carried out using first-order kinetics (Figure 2), as follows:


  ln  (     C t     C 0     )  =   − k t  



(2)







The decline in absorbance is virtually stabilized after some time, which actually signified the end of the reaction within the time limits initially set. These points do not contribute in tracing kinetic curves, and they were, therefore, excluded from the linear representation in Figure 1.



As can be seen in Table 1, the implementation of the sigmoidal model exhibited higher R2, which indicated a better fitting to the experimental data compared to first-order model. However, for both sigmoidal and first-order models, the statistical significance was higher than 95% (p < 0.05).



Determination of degradation rate constants, k, and degradation half-lives, t1/2, revealed important discrepancies between models (Table 1). In particular, k determined that the sigmoidal model were 2.3 to 2.5 higher than those determined with the first-order model. However, for pH 7.5, t1/2 determined with the sigmoidal model was 1.55-times higher than that determined with the first-order model. This finding pointed to an underestimation of the degradation rate constant, when the first-order model was used, but also to a different relationship between k and t1/2 in the sigmoidal model, as implied by Equation (1). At this point, the issue that arises is the reason for which the sigmoidal model, which rather traces Qt degradation more accurately, delivers higher k. The monitoring of Qt degradation is carried out by recording the decrease in λmax (370 nm). Yet, decrease of absorbance at 370 nm occurs not when Qt starts to break down into simpler phenolics, but as soon as Qt is converted into the initial oxidation product, which is its quinone (Figure 3) [20].



Should this be the case, then initially, decrease in λmax might be slower. This is because Qt quinone exhibits a λmax at around 425–430 nm [21] and, thus, it may possess notable absorbance at 370 nm, which would affect monitoring of Qt disappearance. First-order kinetics fails to incorporate this stage, and the points included in tracing Qt degradation are those corresponding to rapid Qt disappearance, which takes place during quinone decomposition. Cleavage of the Qt quinone skeleton would lead to decreases at 370 nm, yielding degradation products (simpler phenolics) that possess practically no absorbance at this region of the spectrum [22]. This is most probably the rationale behind the differences observed when kinetic parameters were determined with the sigmoidal model instead of the first-order model.



The determination of k with either model demonstrated an approximate 5-fold increase from pH 6.5 to 7.5, illustrating the effect of pH. Although information on thermal degradation kinetics of quercetin at 95 °C was previously provided to some extent [23], no data regarding the effect of pH at similar temperatures have been reported. Early examinations demonstrated the dependence of quercetin oxidative degradation on pH within the range 4–7, suggesting a logarithmic increase in first-order kinetics constant as a function of pH, at 50 °C [24]. In the same line, more recent studies showed an increase in first-order decomposition of quercetin as pH increased from 6.0 to 7.5 [25]. It was proposed that quercetin deprotonation at alkaline pH accelerates its oxidation, affecting the C-ring and the o-diphenol structure of the B-ring, and leading to the formation of a benzofuranone derivative [26,27].



The LC-MS/MS analysis of a Qt solution after treatment at 90 °C for 50 min (Figure 4) enabled the tentative identification of typical degradation products, including protocatechuic acid (PCA) and phloroglucinol carboxylic acid (PGCA) (Table 2; Figure 3).



Identification of both PCA and PGCA was based on mass spectral data previously reported [28]. Qt quinone was also detected, which confirmed its formation as an intermediate in Qt degradation. The typical oxidation product 2-(hydroxybenzoyl)-2-hydroxybenzofuran-3(2H)-one (benzofuranone), which may arise as a result of Qt oxidation by various means [28], was not detected. This fact might be attributed to the relatively high temperature of the treatment, which most probably triggered benzofuranone thermal decomposition. On the other hand, alternative oxidation pathways might have taken place as previously proposed [18,29], resulting in PCA and PGCA formation. It should be noted that Qt oxidation in the absence of H2O2 did not yield PCA and PGCA [30,31]. Therefore, the degradation pathway(s) involved would be likely to include formation of H2O2 too, as intermediate. This could arise through reaction of O2 with 2H atoms offered by Qt, hence the formation of Qt quinone. Such a reaction would be facilitated at the mildly alkaline pH used (7.5). Then H2O2 nucleophilic attack at the C2 position would lead to cross ring cyclic peroxylation, resulting an intermediate depside. Decomposition of this depside would eventually yield PCA and PGCA [31]. Such a reaction would also be feasible through radical formation, as previously suggested [29].




3.2. The Effect of AsA Addition


To test the effect of AsA, increasing AsA amounts varying from 10 to 200 μmol L−1 were added into Qt solutions, to provide a Qt/AsA molar ratio range from 10 to 0.5. In this case, the sigmoidal course of degradation was more evident as AsA concentration increased (Figure 5). Although AsA at levels of 10 and 25 μmol L−1 resulted in lower k, an increasing trend observed for k, from 10 and up to 100 μmol L−1 AsA (Table 3). However, the differences in k compared to control treatment (no AsA addition) were about 14%, at most. On the other hand, t1/2 displayed a consistent increasing tendency within the whole range of AsA concentrations tested. This outcome suggested that the effect of AsA on k was dependent on Qt/AsA molar ratio, but a rise in AsA concentration up to a Qt/AsA molar ration of 0.5 provided a proportional Qt stability, as implied by the increased t1/2.



Such a phenomenon could be attributed to a stabilizing effect on Qt quinone, or, if Qt radical formation has preceded, donation of a H atom to convert Qt radical back to Qt. The latter would prevent O2-mediated oxidation of Qt, which would further decompose into simpler phenolics [29]. The fact that Qt was oxidized first could be supported by its lower oxidation potential, compared to AsA [32,33].



Therefore, it would be likely that, in a mixture of AsA and Qt, the latter is preferably oxidized, giving rise to Qt radicals and/or Qt quinone. Then, AsA might scavenge O2 (and/or H2O2), delaying to some extent further Qt oxidation and decomposition. This is likely the reason for determining increasing t1/2 upon addition of increasing AsA concentration.



Upon depletion of AsA, Qt would react with O2 (or H2O2) generating eventually PCA and PGCA. To verify whether the presence of AsA could alter the mechanism of Qt decomposition, the mixture of Qt treated in the presence of 200 μmol L−1 AsA for 50 min, at 90 °C, was analyzed by LC-MS/MS. Once again, as in the case of Qt alone, the major compounds detected were PCA and PGCA, but also another one with m/z = 179. The latter was tentatively assigned to 3,4-dione-2-oxo-phenylacetic acid (Figure 3), and it could derive from decomposition of 2,3,4-chalcan-trione o-quinone, as previously proposed [31]. In such a case, formation of Qt quinone should precede and, therefore, it could be supported that, in the presence of AsA, Qt quinone formation and subsequent decomposition could be a plausible predominant pathway.




3.3. The Effect of CySH Addition


As in the case of AsA addition, the sigmoidal course of Qt decomposition was also pronounced by the addition of increasing amounts of CySH (Figure 6), compared to control, although less so compared to AsA. The addition of increasing amounts of CySH resulted in a consistently decreasing tendency in k, and when CySH was added at a level of 200 μmol L−1, Qt displayed the least k, which was by almost 43% lower compared to control (no CySH addition). On the other hand, t1/2 increased up to 50 μmol L−1 CySH, but then it exhibited a rather stabilizing trend (Table 3). Based on the hypothesis set out for AsA, it would appear that CySH stabilized Qt quinone by preventing quinone reaction with oxygen, or by acting as radical scavenger, up to 50 μmol L−1; additional increase in CySH had no or little effect. Stabilizing effect of CySH against thermally-induced, copper-catalyzed oxidative Qt degradation has been previously reported to occur at 1:1 molar ratio [34]. The authors attributed this protective action to the ability of CySH to react with oxygen, giving stable products, such as L-cystine, L-cysteine sulphinic acid, and L-cysteine sulphonic acid. On the other hand, under different conditions, CySH might accelerate Qt degradation through the involvement of cysteinyl radicals [18]. However, given the stabilizing effect observed, the latter case would be rather unlikely.



The chromatographic profile of a Qt mixture with 200 μmol L−1 CySH, after 50 min of treatment at 90 °C, did not show any difference compared to that of Qt alone, and the major products detected were PCA, PGCA, and Qt quinone (Table 2). Unlike previous examinations [18,34], the appearance of peaks that would manifest Qt reaction with CySH was not evidenced. Such a finding would strongly point to a non-radical degradation mechanism, as also supported for Qt/AsA mixtures.




3.4. The Effect of Sulfite Addition


Similarly to what was observed by addition of either AsA or CySH, the sigmoidal course of Qt degradation was more evident by the addition of sodium sulfite (Figure 7). At a concentration of 10 μmol L−1, sulfite provoked a decrease in k by almost 15% compared to control (no sulfite addition), but at 25 μmol L−1 an increase was recorded (Table 3). Thereafter, k followed a constant decline, as in the case of CySH. Likewise, although t1/2 decreased up to 50 μmol L−1, from 100 to 200 μmol L−1 an increase was seen. This outcome indicated that sulfite showed a consistent stabilizing effect from 50 μmol L−1 onwards.



Sulfite may act as oxygen scavenger and reducing agent [35]. Therefore, the protective action it could exert would be through preventing reaction of Qt (or Qt quinone) with oxygen, or reduction of the Qt quinone back to Qt. Sulfur dioxide (SO2) has been proven to prevent Qt electrochemical oxidation [36], and the authors claimed that the antioxidant protection seen was a result of quinone reduction or semiquinone radical reduction. Judging by the degradation products generated, it was also concluded that Qt oxidative degradation follows the same pathway, irrespective of the presence of SO2. To test this hypothesis, as well as to shed more light onto the effect of sulfite on Qt oxidative degradation, a Qt solution treated for 50 min, at 90 °C, in the presence of 200 μmol L−1 sodium sulfite, was subjected to LC-MS/MS analysis. Apart from the typical degradation products PCA, PGCA and Qt quinone, two other peaks with m/z = 381 and 379 were also detected (Table 3). These compounds were encountered neither in Qt solutions, nor in Qt solutions treated with AsA and CySH. The peak with m/z = 381 might correspond to Qt 3-sulfate, as previously proposed [37,38], while the peak with m/z = 379 could be its quinone (Figure 3). This finding raised evidence for plausible reaction(s) between Qt and sulfite.




3.5. Impact on Antioxidant Activity


To test whether Qt decomposition could impact its antioxidant properties to a significant extent, a Qt solution of 100 μmol L−1 was assayed before and after treatment at pH 7.5 and 90 °C, for 50 min. As can be seen in Figure 8, both AAR and PR were significantly reduced after treatment (p < 0.05). This outcome clearly pointed to a detrimental effect of Qt thermal break down on its antioxidant potency. The examination of solutions with 200 μmol L−1 of either AsA, CySH and sulfite showed that AAR may be less affected, although the reduction was still significant compared to non-treated Qt solution. Regarding PR, the reduction was significant irrespective of the antioxidant added.



Qt is considered a powerful antioxidant, due to unique structural features, which are not encountered in other flavonoids, such as the combination of the o-diphenol in B-ring, the C2–C3 double bond, the 4-oxo group and the 5-hydroxyl group [39]. Once the skeleton is cleaved, these features are abrogated and thus it would be reasonable to anticipate reduced antioxidant activity. Furthermore, the two major degradation products, PCA and PGCA, have been proven to be of considerably lower efficiency [22]. AsA, CySH, and sulfite may also degrade and/or oxidize to some extent and apparently could not compensate for the antioxidant activity lost.





4. Conclusions


The thermal degradation of Qt in an aqueous model system, at pH 7.5, was shown to obey a sigmoidal curve, and on this ground a novel empirical kinetic model was proposed, to investigate the decomposition behavior of Qt. This sigmoidal trend was even more evident when Qt solutions were treated in the presence of compounds that express antioxidant effect, including AsA, CySH, and sulfite. In all cases it was found that addition of antioxidants may delay Qt thermal degradation, but this depended on the molar ratio Qt/antioxidant. Some reaction products between Qt and sulfite tentatively identified may also play a role in this regard. However, the typical degradation products detected were PCA and PGCA, irrespective of the antioxidant added. In any case, the solution resulted after thermal treatment possessed inferior antioxidant properties compared to the initial Qt solution, and this demonstrated the detrimental effects of heating on Qt. The kinetic model proposed should be considered strictly as empirical, and it may be of assistance in interpreting the degradation behavior of other polyphenols. Thus, testing of a wider range of structures could reveal its validity in assessing various factors (pH, antioxidants) in polyphenol thermal degradation, but also its limitations, which are yet to be defined.
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Nomenclature




	AAR
	Antiradical activity (mmol TRE L−1)



	C0
	Initial concentration of quercetin (μmol L−1)



	Ct
	Concentration of quercetin at time t (μmol L−1)



	k
	Quercetin first-order degradation constant (s−1)



	PR
	Ferric-reducing power (μmol AAE L−1)



	T
	Temperature (°C)



	t
	Time (s)
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Figure 1. Kinetics of Qt thermal degradation (100 μmol L−1) at pH 7.5 and 90 °C (upper plot). Verification of the first-order kinetics are shown by a linear plot (lower plot). 
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Figure 2. Adjustment of the sigmoidal model on the kinetic data obtained for Qt thermal degradation at various pH. 
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Figure 3. Structures of Qt degradation/oxidation/reaction products tentatively identified in the model solutions tested. Assignments: (1) Protocatechuic acid (m/z = 151); (2) phloroglucinol carboxylic acid (m/z = 169); (3) Qt quinone (m/z = 299); (4), 2,3,4,-chalcan-trione o-quinone; (5) 3,4-dione-2-oxo-phenylacetic acid (m/z = 179); (6) Qt 3-sulfate (m/z = 381); (7) Qt 3-sulfate quinone (m/z = 379). 
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Figure 4. Total ion chromatogram (TIC) of a Qt solution (100 μmol L−1), treated at 90 °C, for 50 min, at pH 7.5. For peak assignment, see Table 2. 






Figure 4. Total ion chromatogram (TIC) of a Qt solution (100 μmol L−1), treated at 90 °C, for 50 min, at pH 7.5. For peak assignment, see Table 2.



[image: Applsci 11 02579 g004]







[image: Applsci 11 02579 g005 550] 





Figure 5. Implementation of the sigmoidal kinetic model to trace Qt thermal degradation in the presence of various concentrations of AsA. 
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Figure 6. Implementation of the sigmoidal kinetic model to trace Qt thermal degradation in the presence of various concentrations of CySH. 
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Figure 7. Implementation of the sigmoidal kinetic model to trace Qt thermal degradation in the presence of various concentrations of sulfite. 
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Figure 8. Antiradical activity (upper plot) and ferric-reducing power (lower plot) of a Qt solution (100 μmol L−1), at pH 7.5, prior to thermal treatment (Qt(i)), after 50 min at 90 °C (Qt(f)) and after 50 min at 90 °C in the presence of 200 μmol L−1 AsA, CySH and sulfite. Bars designated with different letters indicate statistically different value (p < 0.05). 
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Table 1. Kinetic data generated after implementing first-order and sigmoidal kinetic models.
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pH

	
First-Order Model

	
Sigmoidal Model




	
k (s−1) (×10−3)

	
t½ (s)

	
R2

	
k (s−1) (×10−3)

	
t½ (s)

	
R2






	
6.5

	
0.30

	
2310

	
0.94

	
0.76

	
2189

	
0.99




	
7.0

	
0.40

	
1733

	
0.97

	
0.92

	
1470

	
0.99




	
7.5

	
1.60

	
433

	
0.93

	
3.65

	
673

	
1.00
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Table 2. Mass spectral data of the major Qt degradation products, detected in Qt solutions after treatment for 50 min, at 90 °C.
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	Peak #
	Rt (min)
	Molecular Ion (m/z)
	Other Fragments (m/z)
	Tentative Identity
	Formula
	Qt a
	Qt + AsA b
	Qt + CySH c
	Qt + Sulfite d





	1
	2.90
	169
	151 (-H2O)
	Phloroglucinol carboxylic acid

(2,4,6,-trihydroxybenzoic acid)
	C7H5O5
	+
	+
	+
	+



	2
	5.16
	153
	109 (-CO2)
	Protocatechuic acid

(2,4-dihydroxybenzoic acid)
	C7H5O4
	+
	+
	+
	+



	3
	12.10
	179
	119
	3,4-dione-2-oxo-phenylacetic acid
	C8H3O5
	-
	+
	-
	-



	4
	12.41
	381
	-
	Quercetin 3-sulfate
	C15H13O7S
	-
	-
	-
	+



	5
	14.22
	379
	-
	Quercetin 3-sulfate quinone
	C15H11O7S
	-
	-
	-
	+



	6
	20.27
	301
	-
	Quercetin
	C15H10O7
	-
	+
	+
	+



	7
	21.66
	299
	-
	Quercetin quinone
	C15H8O7
	+
	+
	+
	+







a Treatment of 100 μmol L−1 Qt; b Treatment of 100 μmol L−1 Qt + 200 μmol L−1 AsA; c Treatment of 100 μmol L−1 Qt + 200 μmol L−1 CySH; d Treatment of 100 μmol L−1 Qt + 200 μmol L−1 sulfite.
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Table 3. The effect of antioxidants on Qt degradation kinetics using the sigmoidal model.
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Antioxidant Added (μmol L−1)

	
Kinetic Constants *




	

	
k (s−1) (×10−3)

	
t½ (s)

	
R2




	
No Addition

	
3.65

	
673

	
1.00






	
AsA

	

	

	




	
10

	
3.51

	
942

	
0.99




	
25

	
3.58

	
969

	
0.99




	
50

	
4.09

	
1042

	
0.99




	
100

	
4.18

	
1151

	
0.99




	
200

	
3.86

	
1402

	
0.99




	
CySH

	

	

	




	
10

	
3.36

	
709

	
1.00




	
25

	
2.84

	
749

	
0.99




	
50

	
2.37

	
880

	
0.99




	
100

	
2.11

	
875

	
1.00




	
200

	
2.10

	
855

	
0.99




	
Na2SO3

	

	

	




	
10

	
3.09

	
901

	
0.99




	
25

	
3.51

	
885

	
0.99




	
50

	
3.42

	
865

	
0.99




	
100

	
3.21

	
910

	
0.99




	
200

	
2.78

	
980

	
0.99








* Significance of model fitting was at a level higher than 99.9% (p < 0.0001).



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
C (umol L")

120

100

80

0 pimol L™ Na,SO,
10
25
50
100
200

.
o
v
a
=
o

500 1000 1500 2000 2500

1(s)





media/file4.png
C (umol L)

120 -

100

80

60 - ® pH6.S5

O pH7.0

40 - v pH75
— Fitted model

20 ~

t(s)





nav.xhtml


  applsci-11-02579


  
    		
      applsci-11-02579
    


  




  





media/file18.png
P, (umol AAE L)

180 -

160 -

140 -

120

100 -

80 -

60 -

40 -

20 A

e

"

j =
HHS

HHo

Q}® Q&® o> Cﬁgb

N ¥ s W
X q‘ X q‘QQ X m““

S






media/file2.png
C (umol LY

In(CJC,)

0.5

0.0

-1.0

-1.5

2000 4000 6000 8000 10000
t(s)
pH 6.5
pH 7.0
pH 7.5
1 I 1 1 I 1
1000 2000 3000 4000 5000 6000

t (s)





media/file5.jpg
o
Ho.

H
HO

@ JC)
on o
"
" "
)
o
0
o, on vo. o
o o
o
7
‘ 1
bl WL





media/file3.jpg
€ (mol L")

120

100

80

60

40

® pHGS
o pHTO
v pH7S
—— Fitted model
. .

2000

4000 6000 8000 10000
1(s)





media/file1.jpg
mcjc)

o

PGS
P70
ps

05

o0 o0 o0 o0
©
o pies
o pi70
v opins

©





media/file16.jpg
P, (mol AAE L")

180

160

140

120

100

a
b
b o 2
I B
a® a o » o S B
) RN Y






media/file7.jpg
511 518
1" 504 sz
w !
® il :
il e

| 1052 I
J e [l 3 s s
Vate, iz 19 0 ne) 0w s

Tine (min)





media/file10.png
C (umol L)

120

100

80

60

40

20

OomP>b4q40CO

200

0 wmol L' AsA
10

25

50

100

500

t(s)





media/file12.png
C(umol L'l)

120

100

80

60

40

20

0 umol L' CySH
10

25

50

100

200

oOmP>4q4aO O

500 1000 1500 2000 2500

£ (s)





media/file9.jpg
0pmol L AsA.
10
25
50
100
200

100

omp<oe

50 N

60

40

€ (umol L)

0 500 1000 1500 2000 2500

t(s)





media/file0.png





media/file17.png
-1
A (mmol TRE L)

3.0 1

a
2.5 1 T B c
T 1
1 1 C
2.0 1 T
b T
1.5 1
1.0
0.5 -
0.0 1 1 1 1 1
A Q}@ o g o C‘S%Q . S
Qv






media/file14.png
C (umol L)

120

100

80

60

40

20

OomE>40 @

0 umol L™ Na,SO,
10

25

50

100

200

500

1000

t(s)

1500





media/file8.png
Relative Abundance

1N
o

30

20

o

- 5.11 5.16

. 5.04 5028

E 7

; 21.66

- 1

] 2.90

] 10.92

1 2.04 22.63

E 571 25 58

-0.02 6.43 11.21  15.37 1559  20.53 2580 3085 34.92
T \ | \ L [ R R B 1 |
0 5 10 15 20 25 30

Time (min)





media/file11.jpg
100

80

60

40

0 umol L™ CySH
10
25
0
100
200

omb<«ce

500 1000 1500 2000 2500

1(s)





media/file6.png
HO

I
o

HO

(5)

OH

(1)

(7)





media/file15.jpg
3.0

a
25 =
c ¢

T * . I
3
B b il
S s
B
£
Zw

05

0.0






