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Abstract

:

Catechin exhibits numerous physiological characteristics. In this study, we determined the photosensitivity of catechin to various lights under alkaline conditions, and the mechanisms by which catechin generates free radical species and polymerizes via a photoreaction. In addition to this, the application of catechin photolysis was investigated. A solution of catechin is transparent, but turns yellowish under blue light illumination (BLI) in neutral or weak alkaline solutions. When catechin is subjected to BLI, a dimeric catechin (proanthocyanidin) and a superoxide anion radical (   O 2  • −    ) are generated in a photolytic reaction. When ascorbic acid or gallic acid is added to catechin and the mixture is subjected to BLI at alkaline pH, fewer catechin dimers and less    O 2  • −     are produced, because both acids inhibit the photosensitive oxidation of catechin. When AlCl3 is added to catechin and the mixture is subjected to BLI at pH 8, a photolytic reaction is suppressed by AlCl3, and AlCl3 acts as a catalyst for the disconnection of proanthocyanidin during photolysis. Under alkaline conditions, catechin generates    O 2  • −     via photosensitive oxidation, which suppresses the growth of Acinetobacter baumannii (A. baumannii) by at least 4 logs, and deactivates its multi-drug-resistant strain. This study shows that catechin photolysis is a process of oxidation, and that it can be safely applied as a tool for environmental applications.
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1. Introduction


Phenolic compounds are secondary metabolites within plants, and most are polyhydroxyl examples. Catechin is a member of the plant polyphenols, and it mainly exists in chocolate, grapes, green tea, and wine. The polyphenol content in green tea leaves is high, at approximately 10–30% by dry weight [1]. In green tea leaves, 80% of all polyphenols are catechin compounds, and these feature anti-oxidation, anti-aging, and anti-bacterial activities [2,3,4]. Polyphenols are composed of an aromatic component that is attached to one or more hydroxyl groups, including diverse phenolic compounds [5].



Catechin is a flavin compound, and its main frame is attached to five hydroxyl groups, as shown in Figure 1. Depending on the C3 position of catechin and the mechanism by which esterification occurs in gallic acid, there are two types of catechin-like compounds: non-esterified catechins (non-gallate-type), including catechin and epicatechin (EC), and esterified catechins (gallate-type), including epigallocate catechin (ECG) and epigallocatechin gallate (EGCG) [6].



Catechin can be easily oxidized, as it is not chemically stable in an aqueous solution [7]. During the oxidation process, a significant change in pH causes a catechin-containing beverage to undergo a non-enzymatic browning reaction [8]. Research has also reported that green tea catechins are unstable, and are degraded almost entirely after a few minutes in an alkaline solution (pH > 8), but are relatively stable in acidic conditions (pH < 4) [9]. The radical-scavenging ability of catechin compounds is a feature of tea, but tea beverages are unstable when bottled during manufacturing, because catechin is unstable [10]. The oxidative brown reaction of green tea catechin can affect the taste of the tea [8]. Ascorbic acid is often added to bottled tea in order to prevent oxidation and the browning reaction of the polyphenols; however, the taste is changed by the addition of the acid, and thus sodium carbonate is added in order to adjust the pH and maintain the flavor [4,11]. The inhibition of the non-enzymatic browning reaction in beverages containing catechin compounds is important for the tea industry. In this study, we determined the mechanism for photosensitivity in catechin, based on the instability of catechin, which was demonstrated.




2. Photoreaction of Catechin


2.1. Effect of Light Quality on the Photoreaction of Catechin


When produced using a process that does not involve fermentation, the catechin compounds in green tea remain almost intact. Research reported that there is a color change when green tea is left in a lit room or in the dark for 72 h. A sample in the lit room had a darker color, but a sample in the dark showed no significant change in color; therefore, light chemically affects the ingredients of green tea beverages [12].



Proanthocyanidin is composed of catechin. Hayashi et al. noted that the proanthocyanidin in fresh purple rice is sensitive to light irradiation, and that the color of purple rice darkens because an internal molecular bond is formed when proanthocyanidin is oxidized [13]. Catechin is also sensitive to ultraviolet (UV) light, which changes its structure. Forest et al. studied the UV-induced epimerization of EC, and showed that catechin photolysis undergoes reversible photoisomerization to produce EC [14].



Much of the chemistry of catechin photolysis is illustrated by the generation of reactive B ring quinone methide intermediates [15]. A study reported that the C ring within the flavanols of catechin and EC dissolved in methanol can be opened after irradiation by exposure to ultraviolet C for 20 h [15]. Shi et al. also noted that catechin and EC are sensitive to ultraviolet B illumination, which causes these two compounds to form yellow products [3]. The illumination of catechin and EC by UV light opens the rings of these two compounds, and causes isomerization between catechins [14,15].



Catechin is also sensitive to visible light. Liang et al. showed that catechin exhibits different reactivity under illumination by light with different properties. Catechin is more sensitive to blue light, which causes a photosensitive reaction, and shows little or no activity when it is illuminated by green or red light [11]. In neutral or alkaline conditions, and when subjected to blue light illumination, a transparent catechin solution turns yellowish, and its level of the total polyphenols and ability to scavenge    O 2  • −     remain the same, as shown by the chromatographic and spectrometric analysis of the products. When monomeric catechin is subjected to blue light illumination, it forms a dimeric proanthocyanidin compound [11].




2.2. Effect of pH on the Reaction of Catechin


The Folin–Ciocalteu (FC) assay is used for quantitative analysis in order to determine the total polyphenols in biological samples, using catechin as a standard. A mixture of Folin–Ciocalteu reagent (FCR) and polyphenols is stable in acid, but unstable in an alkaline solution. In an alkaline solution, a phenolic proton is dissociated, and a phenolate anion reduces FCR. Phenolic compounds react with FCR and change color via an electron transfer process only in an alkaline environment [16]. Phenolic compounds are determined by the reduction of Mo6+ to Mo5+, which can be measured optically at 730 nm in alkaline conditions [16,17].



Chobot et al. determined the effect of acidic and alkaline pH on catechin. Catechin changes color in an aqueous solution of pH 7.4 after 96 h, but is stable after 240 h at pH 3.6 [18]. In an aqueous solution at alkaline pH, catechin is oxidized when it loses hydrogen atoms, forms an intermediate of semi-quinone, and finally becomes an oxidized quinone compound [19,20].



Catechin is stable in acidic conditions, but unstable when subjected to heat at a neutral or an alkaline pH [21]. Chen et al. showed that, under alkaline conditions, as the temperature increases, catechin undergoes esterification with dicarboxylic acids to form a complex [17]. Heating catechin produces non-enzymatic oligomers [22]. Using chromatographic and mass analysis, Chen et al. showed that, when heated in basic conditions, the level of catechin is decreased because the ether linkage on catechin is broken due to oxidization to form an isomeric intermediate [21].



Liang et al. showed that the diminishing percentages of catechin after being subjected to blue light irradiation (BLI) at 20 W/m2 for 240 min were 17.3%, 43.8%, and 63.9% at pH 6, 7, and 8, respectively. The signal intensities for catechin and dimeric catechin (B-type proanthocyanidin), as measured by high performance liquid chromatography and mass spectrometry (HPLC-MS), were negatively correlated with the pH change, and thus catechin is unstable in alkaline or neutral conditions when subjected to BLI [11].




2.3. Proposed Photoreaction Mechanism for Catechin


Shishido et al. showed that when catechin is illuminated with ultraviolet A at 400 nm, its pro-oxidative mode is related to the formation of reactive oxygen species (ROS), as shown by an electron paramagnetic resonance (EPR) spin-trapping technique [23]. Under BLI and basic conditions, catechin forms a B-type proanthocyanidin, and    O 2  • −     is generated by photosensitized oxidation in a photolytic reaction and with the dimeric catechin at m/z 577 in a condensation reaction [4,24]. The proposed scheme for the photolysis of catechin is shown in Figure 2. This phenomenon shows the mechanism by which catechin generates a dimeric compound when subjected to BLI under basic conditions, and the dimer is diminished in the presence of aluminum chloride, ascorbic acid, or gallic acid [4,24,25].



Two pathways are proposed for catechin’s photo-oxidation under BLI [4]. Shi et al. reported that the excitation of catechin/EC under UV irradiation occurs at the -OH bond and the oxane-like heterocyclic ring. The excitation of the bond that is linked to the OH in catechin is attributed to the formation of a quinone compound, and the heterocyclic ring (C ring) is opened preferentially via photolytic cleavage at the low-dissociation-energy C-O ether linkage, which results in the generation of a free radical species at m/z 289 [3]. For catechin and EC illuminated by UV in MeOH, Wilhelm-Mouton et al. reported that a structural change occurs because there is photolytic opening of the C ring of flavan-3-ols [15]. Figure 2B shows that the heterocyclic ring (C ring) of catechin is photolytically and exclusively broken by the cleavage of the ether bond, and a free radical species is formed at m/z 289 [4,25]. The radical species that is generated is further oxidized in a polar solvent via an electron transfer process to form a transient catechin phenolate carbocation, as shown in Figure 2C [4,25,26].



During photo-oxidation, the -OH bond of the B ring of catechin generates a quinone at m/z 287, as shown in Figure 2F. This results in the loss of an electron from the B ring, and the formation of    O 2  • −     from molecular oxygen. The quinone compound that is produced by the photo-oxidation of catechin is unstable, and it spontaneously combines with a catechin phenolate carbocation because the two have a high affinity. This process generates a dimer or polymer that rearranges via an enol-like conversion reaction by trapping two hydrogen atoms and forming new diphenols [4,25,27].



A study of the proanthocyanidin structure in terms of the major tandem mass spectrometry fragment ions at m/z 287 and 289 from B-type proanthocyanidin at m/z 577 showed that the compound is a 4→8 linked procyanidin dimer [28]. Figure 2G also shows the presence of B-type proanthocyanidin, which forms in an additional proton transfer, and the quinone compound condenses with the catechin phenolate carbocation intermediate [4,25,28,29,30]. The semi-quinone radical is quenched by photo-induced electron transfer, which generates an o-quinone intermediate, as shown in Figure 2I,J, followed by the conversion of compounds, J to A, via cyclization and protonation [4,25].




2.4. Effect of Ascorbic Acid or Gallic Acid on the Photoreaction of Catechin


Yang et al. and Huang et al. showed that, at alkaline pH, catechin or EC forms a dimeric catechin compound under BLI; however, the formation of the dimer is inhibited by the addition of ascorbic acid or gallic acid, because a photo-induced electron transfer is inhibited by these two acids [4,24]. Ascorbic acid is a strong reducing agent that is used as an antioxidant. Figure 2 shows that proanthocyanidin disconnection is caused by the cleavage of the C–C bond for the two moieties of catechin by the hydrogen ions and electrons from ascorbic acid [30].



Gallic acid (trihydroxybenzoic, GA) is an antioxidant, and it belongs to the phenolic compounds group. GA can be oxidized rapidly through the three hydroxyl groups attached to the aromatic ring in an alkaline condition, which are apt to oxidation [31], resulting in a scheme containing a two-proton, two-electron, and anionic gallate free radical oxidation [32]. Catechin and EC are isomers that are structurally similar. When EC is subjected to BLI in an alkaline solution,    O 2  • −     is produced, and monomeric, dimeric, and trimeric compounds are formed via a photosensitive redox reaction [24]. Research has reported that the disconnection within proanthocyanidins from EC under BLI treatment occurred via C–C or C–O–C bond cleavage between the moieties of dimeric B-type proanthocyanidin or the trimeric A-type proanthocyanidin via the protons or quinone methide cleavage through GA in an alkaline condition [4,30,31,33,34]. Eventually, a depolymerization procedure facilitates the generation of monomeric catechin and/or EC [24].



Huang et al. showed that the photolytic formation of non-gallate-type catechin and the gallate-type catechin under BLI was different in an alkaline solution [24]. Catechin or EC is a non-gallate-type catechin, and is unstable under BLI in an alkaline solution. Epigallocatechin gallate (EGCG) is a gallate-type catechin. It is an ester that is formed when GA reacts with non-gallate-type catechins, and is stable under BLI in an alkaline solution. If EGCG is added to EC under BLI, the photolysis decreases [24]. Huang et al. reported that the photoreaction of EGCG in a phosphate buffer solution at pH 8 subjected to BLI produced GA, as confirmed by chromatographic and mass analysis, and the carbonyl group on the gallate moiety stabilized against photo-oxidation [24].




2.5. Effect of Metal Ions on Catechin


Catechin is also unstable in the presence of metal ions. Torreggiani et al. reported that when catechin was treated with Cu2+ and Zn2+ at pH 8, a great amount of yellowish auto-oxidant was produced when the catechin polymerized. This process was produced when catechin and metal interacted for 2–6 days [35]. Using spectroscopic and pulse radiolysis, Torreggiani et al. also noted that catechin acted as a bidentate ligand, because the catechol moiety on the B ring in the reaction formed a catechin–metal complex [35]. Kumamoto et al. used an apparent acid dissociation constant (pKa1) to determine the binding strength of metal ions to EC. The pKa1 for EC was measured in the presence of Al3+, Cu2+, Fe2+, and Fe3+. The results show that the pKa1 of EC (8.68) was significantly decreased by the presence of Cu2+ (6.84), Fe2+ (6.28) and Fe3+ (6.33), but was only slightly changed in the presence of Al3+ (8.33), thereby indicating that Cu2+, Fe2+ and Fe3+ preferentially bind to EC [36]. Chen et al. reported that when aluminum chloride was added to catechin and aged for 30 days at pH 5.5, the Al reacted with the B ring of the catechin to generate a complex with a stoichiometric ratio of 1:1 [37].



Aluminum ions (Al3+) are triply charged, and belong to hard metal ions with a relatively small ionic radius. Al is non-essential, but Al3+ is reactive and harmful in biological systems, mainly due to its high charge density [38]. Al causes neurotoxicity in animals, followed by the formation of neurofibrillary tangles [39,40]. A study reported that genes encoding pro-inflammatory signaling elements were significantly up-regulated by Al [41]. Exposure to Al may increase pro-inflammatory cytokine levels [42], along with elevated gene expression of both tumor necrosis factor alpha and macrophage inflammatory protein-1alpha in a concentration-dependent manner [43,44].



Cytokines that are released due to Al exposure can recruit leukocytes, which secrete more pro-inflammatory cytokines and other chemokines, exacerbating the inflammation [43,45]. Exposure to toxic levels of Al causes immunotoxicity, leading to the inhibition of lymphocyte and macrophage functions [46]. The immunosuppression arising from oxidative stress is associated with the apoptosis of lymphocytes [47], and causes damage to thymocytes and lymphocytes [43,48].



Tea contains abundant Al, catechins, fluorine (F), and oxalate (Ox) [1,49,50,51]. Aluminum is an amphoteric species that changes in acidic and alkaline situations. After the ingestion of green tea, the Al species significantly change, because the pH changes between the stomach and the small intestine. Yokel and Florence found that the percentage of the oral bioavailability of Al from tea is 0.37% [52]. Tang et al. showed that the ratio of Al3+ to catechin was more than two, that Al–catechin complexes begin polymerization when the hydroxyl group of the C ring of catechin is chelated with Al3+ at pH 6.2, and that the Al–catechin complex decreases the concentration of aluminum that is absorbed in the intestine [53].



Aluminum ions (Al3+) form a complex with anionic fluoride (   F −   ), oxalate (   C 2   O 4  2 −    ), or phosphate, which affects the toxicity of Al [54]. Research has reported that oxalate-Al and fluoro-Al species were the main aluminum species in green tea at pH 2.0 [55]. During the transit through the small intestine, the pH increases from 5.9–6.3 in the proximal parts to pH 7.4–7.8 in the distal parts [56]. Yang et al. reported that    F −    and    C 2   O 4  2 −     had an insignificant effect on the reaction of catechin in the presence of AlCl3, with or without BLI treatment at pH 8, because Al species are either neutral or negatively charged, and do not generate a complex with anions in alkaline conditions [25]. Liang et al. used a Geochem model to measure the Al species in green tea, and showed that 85.16% of Al species at pH 7.5 exist as a solid compound with     OH  −    [Al(OH)3] [57]. Most aluminum hydroxide species are soluble at the pH level of the human intestine, and     [ Al   ( OH )  4  ]  −    is produced in the absence of other ligands to generate a complex with aluminum [58,59].




2.6. Effect of Aluminum Chloride on the Photoreaction of Catechin


Tea contains abundant catechins and aluminum. Yang et al. studied the photoreaction of catechin used as a model for the investigation of the effect of AlCl3 on the changes of catechin and the alteration of aluminum species under BLI treatment in alkaline conditions, using a chromatography–mass-spectroscopy method [25]. For the catechin photolysis that occurs in the presence of AlCl3, the generation of    O 2  • −     and proanthocyanidin are simultaneously inhibited, which is achieved by the intrinsic potential of Al3+ to stabilize    O 2  • −     and catalyze the disconnection of proanthocyanidin during the process under BLI in alkaline conditions [25]. The effect of AlCl3 on the changes of catechin under BLI treatment in alkaline conditions is shown below.



Mujika et al. studied the difference in the hydrolysis of Al3+ species at different pH values:     [ Al   (  H 2  O )  6  ]   3 +     for pH < 5.0, and   trans −   [ Al    (  OH  )   3    (  H 2  O )  3  ]  0   ,     [ Al    (  OH  )   2    (  H 2  O )  4  ]  +   , and     [ Al  (  OH  )    (  H 2  O )  5  ]   2 +     for pH levels of 5 to 6.2 [60]. The Al species can be   [ Al   ( OH )   4        (   H 2  O  ) 2   ]   −    and/or   trans −   [ Al    (  OH  )   3    (  H 2  O )  3  ]  0  ,   which are intermediates in weak alkaline solutions [60]. The generation of an Al3+−superoxide complex is pH-dependent in aqueous solutions, because Al stabilizes    O 2  • −    . There is a linear relationship between the interactions between Al and    O 2  • −     [60]. The Al3+−superoxide compound is formed by the displacement of a water molecule from the first solvation shell of Al3+ in an aqueous solution, and Al3+ species are the major pathway for the formation of a superoxide complex in water [60]. The displacement of one     OH  −  /  H 2  O   ligand by    O 2  • −     in a weak alkaline solution is described by Equations (1) and (2) [60]:


     [ Al    (  OH  )   3    (  H 2  O )  3  ]  0  +      O   2  • −     →   [ Al  (       O   2 •   )    ( OH )  3    (  H 2  O )  2  ]  −  +      H   2  O →      [ Al  (       O   2 •   )    ( OH )  2    (  H 2  O )  3  ]  0  +   OH  −    



(1)









     [ Al   ( OH )  4  ]  −  +      O   2  • −     →     [ Al  (       O   2 •   )    ( OH )  3  ]  −  +   OH  −  .   



(2)







The generation of an Al3+−superoxide complex eases electron transfer, and pro-oxidant activity is increased when an Al3+−superoxide is produced [60]. The binding of cationic species with radical anions controls the electron transfer reactivity of the substrate [61].    O 2  • −    –metal ion complexes are formed by photo-induced electron transfer from the excited state of a dimeric organic compound, in which photolysis produces a two-electron donor, and then produces two    O 2  • −    –metal ion complex radical ions and two monomeric cations [62,63].



Ma et al. reported that flavan-3-ol and flavan-3-ol C-4 carbocation intermediates are disconnected from proanthocyanidin in diluted mineral acids [64]. Huang et al. showed that Al3+ acts as a catalyst for the disconnection of dimeric B-type proanthocyanidin (BtPA) during the photolysis of catechin under BLI in alkaline conditions, and that the Al3+−superoxide complex stabilizes    O 2  • −     [25,60]. Equation (3) shows the depolymerization of BtPA via the photolysis of catechin in a reaction in which aluminum ions act as a catalyst [25,62,65]. The catechin carbocation (Figure 2H) then forms catechin at m/z 289 (Figure 2A) [4,24,64]:


  B t P A   + 2      O   2       hv ,    2 A  l  3 +            ⟶             2      e   −     transfer      2    carbocation    + 2   (  O 2    • −     · · ·   Al   3 +   ) .  



(3)








2.7. Effect of the Photoreaction of Catechin on the Deactivation of Microorganisms


Reactive oxygen species (ROS) include H2O2,   • OH  ,    O 2  • −    , and   ROO •   [66].    O 2  • −     can be an intermediate of a redox reaction, leading to the aging of cellular tissue, inflammation, atherosclerosis, and numerous other symptoms [67,68]. Blue light causes the photo-degradation of riboflavin, followed by electron transfer to form    O 2  • −     [69]. Studies have reported that riboflavin or riboflavin-5′-monophosphate (FMN) produces    O 2  • −     under blue light illumination, which degrades crystal violet and tetracycline [70,71], damages nucleic acids [72], and deactivates microorganisms, such as Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and multi-drug-resistant S. aureus (MRSA) [72,73,74].



The generation of    O 2  • −     from a riboflavin/nitro blue tetrazolium (B2/NBT) system illuminated with blue light was studied using the NBT reduction method [75]. Yang et al. detected    O 2  • −     within a catechin/NBT system, and showed thatthe reactivity of catechin was proportional to the duration of BLI, as shown by the high level of    O 2  • −     formation [4,25]. During the photo-oxidative process, catechin forms oxidized quinone intermediates, and    O 2  • −     is formed, as shown in Figure 2. The formation of    O 2  • −     is mainly driven by the reduction of O2 in a one-electron process.



EPR spectroscopy is a method for studying materials containing unpaired electrons by which electronic transitions can be detected in an applied magnetic field [76]. The EPR spin-trapping technique enables the detection of a reactive free radical species when it is forming a stable EPR-active adduct by its reaction with spin traps, and it has become an essential tool for the detection of ROS in biological systems [76,77]. Shishido et al. identified the pro-oxidative mode for photo-irradiated catechin at 400  nm  in  terms of the  ROS  generation using the EPR spin-trapping technique [23].



A. baumannii is a Gram-negative bacterium that is an increasing threat to humans, and is a pathogen in intensive care units (ICUs) [78]. Yang et al. showed that catechin subjected to BLI formed    O 2  • −     via photosensitive oxidation inhibited the growth of A. baumannii by at least 4 logs, and deactivated the multi-drug-resistant strain of A. baumannii is [4]. Shishido et al. showed that catechin that was photo-irradiated at 400  nm  for 20 min inhibited the growth of S. aureus by at least 5 logs [23]. The photo-oxidation of catechin is an efficient protocol for the deactivation of microbiological species.




2.8. Application of Catechin Photolysis


Catechins with numerous oligomeric constructions exist in nature, mainly in the condensed tannins that are known as proanthocyanidins [79]. Proanthocyanidins are oligomeric catechins. These generally exist as multimer- or monomer-linked moieties between catechin units, and are categorized as either A- or B-type proanthocyanidins [80]. Proanthocyanidins are present in many foods, including apples, blueberries, chocolate, and cranberries [11,81,82,83]. They are used as agents against cancer and inflammation, and to reduce the risk of cardiovascular mortality [84]. In clinical applications, the monomeric forms of oligomeric flavonoids are unstable when subjected to light, heat, and alkaline conditions, which results in their poor bioavailability, low membrane permeability, and a rapid metabolism [85,86,87,88,89,90,91].



As reported previously, polymeric compounds of catechin can be obtained by various reaction pathways, such as enzymatic polymerization [92,93,94], photopolymerization [11,86], HCl-catalyzed polymerization [95], polycondensation with aldehydes in the presence of acid catalysts [96,97,98], and cross-linking reactions of catechin with glycerol diglycidyl ether [99]. A study also reported that the complex condensed aromatic compounds of natural tannins result in high thermal resistance [100].



Latos-Brozio and Masek reported that a polymeric catechin complex is generated when catechin is placed in a phosphate-buffered solution, subjected to BLI, and dried at 55 °C. This process produces (+)-catechin photo-polymerization, and the polymeric catechin complex exhibits better thermal stability and a better ability to reduce transition metal ions compared with catechin [86,99]. A polymeric complex of catechin can potentially be used as a pro-ecological stabilizing agent, in addition to being applied as a functional additive for polymeric materials, and as a dressing material in medicine [86,99].



In terms of ROS, the hydroxyl radical (  • OH  ) is an intermediate of a redox reaction that degrades contaminants [70,71]. Fenton reactions are used to treat wastewater. These reactions include Fenton-like processes and photo-Fenton-like systems that use Fe(II) and/or Fe(III) salts and peroxide in acidic conditions [101]. Photo-Fenton-like systems readily absorb UV-vis radiation, and stabilize Fe(III) over a broader pH range [101]. A photolytic Fenton-type reaction has been found to be the most effective way to remove various organic pollutants from aqueous media, soils, and sediments via the generation of the diffusible radical species   • OH   [102,103,104,105].



Catechin is a natural catecholate siderophore. Fe(III) complexes, pH values, and catechin concentration affect the degradation of Inderal via the generation of   • OH   from a photochemical reaction under UV irradiation in the Fe(III)–catechin system [105]. ROS are also used to degrade crystal violet and tetracycline [70,71], and to deactivate microorganisms [72,73,74]. Catechin is sensitive to blue light [11]. Future works may study the generation of   • OH   in the Fe(III)–catechin system by the photoreaction of visible light.





3. Conclusions


Catechin is an antioxidant that is stable in acidic conditions and unstable in alkaline or neutral conditions. Catechin induces electron transfer via photo-oxidation when it is illuminated by blue light, whereupon it forms a colored dimeric catechin complex. Adding ascorbic acid or gallic acid inhibits the photosensitive oxidation of catechin and scavenges reactive radical species. Aluminum is an amphoteric species that stabilizes the photolysis of catechin in alkaline conditions by inhibiting the generation of    O 2  • −     and proanthocyanidin. Aluminum ions act as catalysts for this reaction in the catechin/Al system under BLI. Under blue light illumination, photosensitive catechin deactivates pathogenic microorganisms. Photosensitive catechin oxidation via blue light forms    O 2  • −    , which deactivates A. baumannii and its multi-resistant strain. Blue light was shown to allow the photosensitive oxidation of catechin.



The results of this study show that the photochemical treatment of catechin is a simple and safe tool to ensure clinical hygiene.   • OH   is generated in a photochemical reaction when the Fe(III)–catechin system is subjected to UV irradiation. The wavelength of blue light is longer than that of UV light. Light of shorter wavelengths has higher energy, and so poses a greater risk to cells. Future works might study the generation of   • OH   in the Fe(III)–catechin system through photoreactions under visible light. Citric acid is a tridentate ligand that is often added to tea to enhance its flavor. Tea is abundant in catechins and aluminum. For solutions in the presence of AlCl3 with a large amount of citric acid, citric acid can enhance the absorption of aluminum or compete with anions, such as    O 2  • −     or     OH  −    from an aluminum superoxide complex. The process of catechin photolysis could be used as a model to study the effect of citric acid on the changes in aluminum species and the alteration of catechin.
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Figure 1. The structure of catechin. 
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Figure 2. Proposed mechanism for the photolytic reaction of catechin treated with or without aluminum chloride, ascorbic acid, and gallic acid. Epigallocatechin gallate: EGCG. (A): catechin, (B): free radical at m/z 289, (C): catechin phenolate carbocation, (D): phenoxyl radical, (E): phenoxyl diradical, (F): o-quinone at m/z 287, (G): B-type proanthocyanidin, (H): catechin intermediate carbocation, (I): semi-quinone radical, and (J): o-quinone hydroxylate. 






Figure 2. Proposed mechanism for the photolytic reaction of catechin treated with or without aluminum chloride, ascorbic acid, and gallic acid. Epigallocatechin gallate: EGCG. (A): catechin, (B): free radical at m/z 289, (C): catechin phenolate carbocation, (D): phenoxyl radical, (E): phenoxyl diradical, (F): o-quinone at m/z 287, (G): B-type proanthocyanidin, (H): catechin intermediate carbocation, (I): semi-quinone radical, and (J): o-quinone hydroxylate.



[image: Processes 09 00293 g002]













	
	
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/file4.png
o OH
; Photo-induced
Photolysis oxidation : ebc%&:l:f:fer ®
OH

(B) free radical (C) phenolate carbocation
(m/z 289)

dimerization OH

Photosensitized OH hv
oxidation
(A) Catechin N .
Cooa00) phenoxyl diradical o-quinone L
15M14Y% ©)
(m/z 289) CagHacOra
A A B-type
Proanthocyanidin
OH dimer (m/z 577)
O__o hv
HO - — Dehydroascorbate —
HO OH
() semi-quinone Ascorbic acid
radical
hv + 2¢ ,2H" ———— >
Photo-induced 0o OH o} OH
electron transfer
air- oxidation
OH OH hv o _ o
OH H---O
Gallic acid; Gallate free radical

EGCG photoreaction
derivatives/Gallic acid

o-quinone
hydroxylate

reduction depolymerization

2AICI; + 20, hydrolysis at pH8; hv; Catalyst

two single electron oxidation, C-C bond celeavage

200 +2 and/or
[AI(O3)(OH)3]

depolymerization

intermediate —
. carbocation
reduction






nav.xhtml


  processes-09-00293


  
    		
      processes-09-00293
    


  




  





media/file0.png





media/file2.png





media/file3.jpg





media/file1.jpg





