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TOWARDS SCREENING THE ENHANCE OF LUMINESCENCE
PROPERTIES OF OXIDIZED TANNINS BY A FENTON-LIKE REACTION
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Abstract. After modification of enotannins, flavonols monomer units could be obtained with polyfunctional properties.
Moreover, polyphenols are known to generate H,O, and other free radicals under alkaline conditions. Reactive oxygen
species generation and catalytic influence of ferrous ions enhance the chemiluminescence light. Therefore, Oxidized
Tannin/Tris-EDTA/Fe*" ions system have been used for screening luminescent properties of oxidized tannins.
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Introduction

One of the most abundant classes of natural compounds found in plants, with advanced therapeutic properties
and polyfunctional morphological structure, is considered flavanoid group. These polyphenols contain compounds with
monomeric unit, such as quercetin, catechin, rutin, luteolin, kaempherol, or oligo-polymeric chain, such as condensed
and hydrolyzable tannins. Significant sources of tannin content with remarkable antibacterial properties, can be found in
grape seeds from local Moldavian wine industries [1,2]. Moreover polyphenols are known for their potent antioxidant
activity, that have been widely discussed in the literature as efficient free radical scavengers [3]. Polyphenols are
exhibiting their antioxidant potential through a complex red-ox mechanism, which mainly is considered to be triggered
after hydrogen abstraction followed by electron-donor transfer to molecules with unpaired electrons in their ground
state. These unpaired electrons define molecules as highly chemically active, that could act as oxidant species [4,5].
ROS species

Among dangerous oxidant species are considered reactive oxygen species (ROS) such as superoxide anion
radical (0O,"), singlet oxygen (Oz(a’Ag)), hydroxyl radical (OH") and hydrogen peroxide (H,0,), which are known for
their destructive mediated action of lipids, proteins and cell DNA. Singlet oxygen is the most active ROS with a lifetime
of 40 minutes in ultrapure water, but with a short decay of action within microseconds after excitation in the presence of
other transition metals and other radicals [6,7].

Reactive oxygen species are formed by electron’s addition to O,, which proceeds through a complex mechanism
with evolution of superoxide anion radical (Eq.(1)). Intermediate chain reaction product, H,O,, which is a relatively

272
good oxidant, undergoes two-electron reduction (Eq.(4)) to give OH (in basic solution) and H,O (in acidic media) [8,9].

0,——0- (1)
20,+2H" —> H,0,+0,(a'A) 2
20, +2H,0 — > H,0,+ 20H 3)
H,0,+2¢ — 20H- 4)
H,0,+2¢+2H" = 2H,0 ®)

Oxidation of Tannins

It is known that tannins dissolved in water solution and exposed to air, within room temperature, could follow
autooxidation reactions rapidly. Therefore, it is indicated to carefully manage tannins extraction, separation and their
storage conditions [10,11].

Tannin polyphenols are a large class of compounds that could be divided into two general sub-classes: condensed
tannins and hydrolyzable tannins. Grape seed tannins contain more predominantly condensed tannins, which contain
polymers formed by condensation via C4—C8 carbon-carbon bond between catechin (epicatechin) monomer units, as
showed in Figure 1 [1,12].
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catechin

Figure 1. General enotannin structure [1].

Although oxidative cleavage of tannins involves a complex mechanism, several oxidation attempts have been
investigated for monomer units in model solutions, like oxidation of quercetin, catechin and others flavanoids [13,14].
In Figure 2, it is represented the mechanism of H-abstraction and electron detachment from a quercetin molecule, in
alkaline conditions [14].

semiquinone anion form semiquinone radical form

0)

(c) semiquinone anion radical form (d) guinone product (P)

Figure 2. Schematic mechanism representation for quercetin autooxidation in alkaline conditions.

In order to elucidate the corresponding mechanism involved in these oxidation reactions, it is necessary the
presence of several key-determinants in one’s molecule structure, to be taken into account. The mechanism for the first
H-abstraction from B-ring, which is a catechol moiety, is mainly due to the pKa values for C4’-OH and C3’-OH present in
the B-ring, which are lower than other pKa of carbon-hydroxyl sites from resorcinol (A-ring) in positions C5-OH, C7-OH
or from the heterocycle (C-ring) in position C3-OH. This makes B-ring to be more affordable for oxidation attack by
physical quenching mechanism [14,15].

In a work by Bors et al., it is stipulated that three key-functional groups in the chemical structure of a polyphenol
are the main cause of H-abstraction and electron donor afterwards, influenced by resonance structure’s stabilization of
the molecule: (i) the 3°,4’-dihydroxy in the catechol B-ring configuration, which after the donation of a hydrogen atom
gives the most stable semiquinone radicals; (ii) the double effect, of 2,3-double bond with the C4-carbonyl group in the
C-ring, favours relocation of an electron from the B-ring phenoxy radical structure to resorcinol A-ring, and (iii) the
combination of the 2,3-double(C2-C3) bond in C-ring and the hydroxyl group at C3 position [16,17].

The most close molecule structure for aforementioned main characteristics, which is related to the prooxidant
nature, is considered quercetin (Figure 2) [17].

Quercetin is a unique chemical molecule with remarkable antioxidant activities, which is being considered as
one of the most potent antiradical among other flavanoids. Due to the presence of dihydroxyl groups on B-ring and the
combination of the double bond in C-ring, quercetin has been used in different experiments for the inhibiting of free
oxygen, peroxynitrite, DPPH and ABTS radicals [18,19]. Thus, amplified antioxidant properties are characteristic for
quercetin, its ability to exert prooxidant activities has been remarked for low concentration in solutions up to 2 pumol/L
[20]. For this reason the toxicity of quercetin, upon DNA damage by promoting of superoxide anion radicals, when used
in vivo should be analyzed very carefully [21].
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Nevertheless, in order to describe the complex oxidation mechanism of tannins, it is necessary to identify
products obtained after oxidation by advanced separation on columns with specific stationary phase, due to mixed
nature of polarity of the compounds, highly instrumentation detection as mass spectrometry (ESI-MS, APCI-MS),
NMR, MALDI and others.

Nowadays, modification and utilization of ecologically neglected tannins extracted from wine industry
waste by-products represent a high potential for obtaining of new polyfunctional materials with amplified therapeutic
efficiencies. Moreover, Lupascu T. and co-workers have identified remarkable antibacterial and antifungal properties
exerted by the new product (Enoxil), obtained after oxidation of enotannins. After chromatographic separations and
identification of compounds by mass spectrometry detector, it was revealed that oxidized tannins mixture contain lower
molecular weight compounds, such as catechin monomers, quercetin, carboxylic and peroxy components [2,22].
Chemiluminescence detection- a promising tool

Chemiluminescence (CL) is considered a light’s production system, induced by chemical reactions, that
involves direct transformation of a chemical into electronic energy. This type of reaction belongs to the class of
luminescence interactions based on the relaxation energy obtained after transition from excited state of the molecules
to their ground state. This lead to a structural rearrangement at the molecule electronic levels, that in result show
different physical and chemical properties compared to the ground state of the molecule. An effective CL reaction
requires important components, described as follows: (i) chemiluminescent substrate molecule by emitting light after
excitation, or transferring the energy to another molecule; (ii) an electron acceptor such as oxygen, when involved in an
oxidation reaction; (iii) catalyst, which may be an enzyme or a metal ion [23]. General reactions that are involved in a
chemiluminescence assay are represented by the following reactions (Eq.(6-7)):

Te —»T +hv (6)
Te+ A — T + A+ (CL signal produced after transferring the energy to another molecule) @)

For the analysis and identification of reactive oxygen species, photoluminescence technique has been successful
utilized. Baier J. and co-workers have measured luminescence of singlet oxygen at around 1.270 nm, but the signal
obtained is ultra weak and very short in time (microseconds to one second) that needs highly advanced instrumentation
[7]. To the contrary, by using exogenous photo-sensitizer, the luminescence could be enhanced and is explained by
involvement of red-ox chemical reaction, which leads to a chemiluminescence signal response [6,10]. The appearance of
chemiluminescence emission during chemical reactions is known for a long time and is closely related to the formation of
free radical intermediates. Chemiluminescence was observed during the oxidation of polycyclic aromatic hydrocarbons,
especially in the oxidation reaction by hydrogen peroxide upon a range of compounds such as amino acids, proteins,
liver homogenates, riboflavin and polyphenols. In most of the chemiluminescence assays, it have been used oxidation
reactions between a sensitizer (luminol, lucigen) and an oxidant specie (H,O,) present in alkaline solution, intended for
the determination of antioxidant activities of natural flavanoids [23,24].

Chemiluminescence detection has been used for the identification and calibration of tannic acid [25], quercetin
[26] and catechin [27]. In all these experiments, phenolic compounds with prooxidant activities are involved.

An enhancement of luminescence was observed after addition of quercetin in the CL, generation system
Luminol/Carbonate buffer (pH=9.9), that was correlated to the ROS involved in the autoxidation of quercetin in alkaline
aqueous solution. This enhancement was due to the existence of semiquinone radical anion form of quercetin in solution
(Figure 2), that led to the superoxide radical anion by electron donation to oxygen molecule (Eq.(1)). Similar process of
O, formation (see Eq.(11)) is involved in oxidation reaction of luminol (LumH). In result, more potent O, molecules,
will interact with diazosemiquinine radical anion (Lum™) and more content of luminol endoperoxide (LumO,*) will
be produced (see Eq.(12)). The following reactions (see Eq.(8-14)) describe the oxidation processes of initial luminol
(LumH) to final product, (D*), obtained after heterocycle opening and elimination of N,. Chemiluminescent signal (/v)
occurs after transition of (D>*), in the lowest excited single state, to to the less vibrationally excited state (D*) [28].

LumH —22= Lum ®)
_ ©

Lum —< 5 Lum’ )
(10)

Lum' —2* 5 Lum~
. O . ( 1 )
Lum” ——— Lum+O,

(12)
Lum~+0,"(or O, (alAg)) — LumO,* (13)
LumO,> —— D*’(the lowest excited single state) +N, (14)

D** —— D*(less vibrationally excited state) +hv, A=428 nm
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Fenton reaction

Fenton chemistry is widely used in scientific researches as source of free OH" radicals. A special interest is
accorded for Fenton type reactions and their importance in environmental science, as a catalytic oxidation mechanism
for water pollutants removal [29,30]. In Eq.(15) is described the formation of OH' radicals, which could be involved in
further production of free radicals (Eq.(16)) [6].

Fe* +H,0, —>Fe** +OH +OH (15)
H,0, + HO* — O, -+ H,0" (in alkaline solutions) (16)

As have been mentioned, chemiluminescence analysis is a fast and reliable method for the determination of
prooxidant/antioxidant potential of natural polyphenols. The goal of this work was to interpret the general aspects
related to the autooxidation mechanism of low molecular polyphenolic compounds, obtained after depolymerization
of enotannins, by using an enhanced chemiluminescence assay. In addition, it has been discussed the pathway of
luminescent light’s production after physico-chemical interaction of ROS with flavanoids, in mild alkaline solutions, in
the presence of Fe? ions as catalyst.

Experimental
Apparatus

In this work Luminometer, Promega Glomax 20/20, USA, with photomultiplier tube (PMT) detector and
spectral range between 350-650 nm, have been used. Luminescence sensitivity expressed as relative luminescence units
(10%-10°, RLU, with an accuracy £50). Relative luminescence units (a.u.) have been recorded as total sum of photon
counts/10 seconds over the range 350-650nm.
Reagents

For these experiments have been used: Tris-EDTA buffer, pH 8.0 (BioUltra, 99% purity); oxidized tannins
(Tox) were obtained by oxidation reactions of the enotannins of local origin, several concentrations of Tox in distilled
water have been prepared, in the [Tox] range between 0.005-0.8% (g/100 mL H,0); Moh’r salt solution (Fe** ion
source, [Fe*]=0.001 mol/L) and distilled water. The motivation of the use Moh’r salt in these experiments, relay on the
consideration that Fe(II) present in this salt is more resistant to oxidation than in ferrous sulphate (FeSO,), due to the
presence of acidifying ammonium ions.
Chemiluminescence assay

For the reference sample, in a microcentrifuge tube of 1.5 mL, 200 pL of Tox solution have been accurately
transferred followed by the addition of 800 uL of Tris-EDTA buffer. The luminescence data have been collected in
the Excel program, exactly after 10 seconds from initial mixing. In case of chemiluminescence signal enhancement,
triggered by Fe*" ions, 200 pL Tox solution have been transferred to 1.5 mL centrifuge tube, followed by simultaneously
addition of 750 pL of Tris-EDTA buffer and 50 pL of Fe(II) solution (Mohr salt) with the data collection after the same
10 seconds.

Results and discussion

Although Tox represent a complex mixture of compounds obtained after tannin oxidation, for simplicity it has
been treated as a whole chemical entity molecule in this work.

Occurrence of superoxide radical anion (Eq.(1)) is accomplished by the transition of an electron, released from
semiquinone anion radical of Tox (Tox™), to molecular oxygen, similar to the mechanism presented in Figure 2, (Eq.
(17)). Furthermore, O, by proton’s addition, led to the formation of hydrogen peroxide and oxygen singlet (Eq.(18))
[30,31]. As a consequence of polyphenol oxidation in mild to strong alkaline (pH 7.5-11.5) solutions, a weak
chemiluminescent signal was exhibited. This yellow-green light, arises from a charge-transfer intramolecular character,
which favours the ultrafast intermediary formation of the lowest excited state specie (ToxQ**, Eq.(21)). Occurrence of
intermediary peroxide dianion form (ToxO,*, Eq.(20)) is due to the chemical type addition of O, (a‘Ag) by flavonol (Tox)
mainly responsible for oxygen attack on C-ring, with C4-oxy-group and C2-C3 double bond [32-35].

02 (17)
Tox"- ¢ ——— P(quinone) +O,~ (18)
20,- 2%, H,0,+0,(a'A)

19)
20,"+ OH'——> OH+0, (a'A) (20)
Tox+0, (a‘Ag) (0,") —> ToxO,*(intermediary peroxide dianion form, chemical addition) 1)
Tox00,> ——> ToxQ** (lowest excited state) (22)

ToxQ** — ToxQ?* (quinone dianion form, less excited state) + hv, A=440 - 520nm
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Lifetime of singlet oxygen, in protic media solutions, is from 1-200 us depending on the solvent media used
(ethanol, acetonitrile, acetone, DMSO). To the contrary, superoxide radical is extremely long-lived in alkaline media
[36]. Therefore more content of O, present in alkaline solution catalyse the formation of the singlet oxygen, which
by radiative deactivation of the excited state O, (a‘Ag) would give O, (3Zg') - in triplet ground state with a maximum at
A=635nm as shown in the following reaction (Eq.(23)) [37]:

20,(2'A) (2'Y,)—> 20,(Y,) +hv, A=635nm (23)

Although this is the direct way of the photon’s emission resulted after transition of excited state of oxygen
singlet to its triplet ground state, this light is quite difficult to quantify. Nevertheless other indirect ways of light’s
emission could be also involved. In a work by Tournaire C. et al., it has been suggested that weak light has been observed
after physical interaction of flavanol molecule with oxygen singlet (Eq.(24)). This was characterized by the energy
transferred to a flavanol (FIv) molecule (Eq.(7)), resulted in the radiative deactivation of O, (a]Ag) (Eq.(23)). Afterwards,
it follows the same processes as explained in reaction given by Eq.(6) with photon emission in the range of 420-520nm
[38].

20, (a'A)(@'Y. ) + Flv — 20, (Y. ) + Flv* (24)
2 g g 2 i

The ability of polyphenols in reduction of Fe*"ions (Eq.(15)) in aqueous solution, by a physical interaction
between phenolate anion (Tox’) and Fe** ions, would trigger so called “Fenton-like reactions”, due to the indirect
mechanism of reactions, which led to the formation of Fe** ions and resume the OH" production (Eq.(15)) [6,39].

Tox" + Fe** ——> Fe?** + Tox™ (25)

Combining the reactions described by the Eqgs.(17-25), we would get a general view for the initiation,
propagation and catalytic influence on the autooxidation reactions of polyphenols (Figure 3) [40].

OH

OH
OH
L
(Catalysis)
Fed+ Felt+
>_< 2
Oy 0z

Figure 3. Mechanism of catechin’s autooxidation in the presence of catalyst
(adapted and modified according to [40]).

As have been mentioned, a weak luminescent light is formed by initiation of autooxidation reactions of
polyphenols in mild to strong alkaline solutions advocated by the reactions described in Eq.(17-22). The interval
characteristic for a weak luminescence is between 1-10%-1-10° (RLU, a.u.), while a high level intensity luminescence
corresponds to the range between 1-10°- 1-10°(RLU, a.u.)

After mixing 200puL of polyphenols with 800 pL of Tris-EDTA, luminescent light have been measured exactly
after 10 seconds, counting from the initial mixing. In Figure 4, it can be seen that weak light (max RLU=246 a.u.),
is formed, which corresponds to the autooxidation reactions of Tox in mild alkaline solutions (Tris-EDTA, pH 8.0),
increasing insignificantly by variation in Tox concentration (0.005-0.5, %).
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Figure 4. Chemiluminescent signal obtained in a CL generation system,
Tox-Tris-EDTA pH 8.0, by increasing the Tox aqueous concentrations (%).

These results corroborates with the work by Slawinska D. and co-workers, where only a weak light was emitted,
that has been interpreted as the sum of photon’s distribution pattern over the range of 440-520 nm.

To the contrary by adding to the CL assay, Fe** ions, the luminescence light measured was almost 7 times
higher as compared with a CL reaction without ferrous ions. In Table 1 it is presented the data obtained after CL light’s
measurement for Tox aqueous concentrations (0.005 - 0.1, %).

Table 1
Luminescence detection (RLU, a.u.) in a CL generation system, Tox/Tris-EDTA/Fe*" for a range of Tox
concentrations (0.005-0.1, %) obtained after 10 seconds from initial mixing.

Concentration of Tox, % RLU (a.u.) with Fe’* RLU (a.u.) without Fe**
0.005 230+10 124+12
0.01 370+£35 157423
0.02 490+41 190+27
0.04 750423 -
0.06 990+25 20516
0.08 1235+38 -
0.1 1450+46 230+24

Note: all measurements have been done in triplicate

Interestingly that CL intensity (RLU, a.u.) is increasing linearly over the range of CL (200-2000, a.u.), with a
linear regression (R>=0.9994), which could be considered a confident result when a calibration curve should be obtained
for the modified tannin (see Figure 5). However this increase is linearly only in the [Tox] > 0.1% (Figures 5 and 6).
Further experiments are required for a deep analysis of inter-dependency conditions such as optimal concentrations
of ferrous ions, detection of hydrogen peroxide content, specification of ROS species involved (OH', O,, O, (alAg) in
oxidation mechanism, instrument’s limit of detection and the interference by other chemical species that could influence
the result.

Although the change in the concentration of Tox aqueous solutions is directly proportional to the increase in the
chemiluminescent signal (Figure 5), in the case [Tox] = 0.25 % (g/100 mL H,O) a decrease of the luminescent light
have been noticed (Figure 6).
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This phenomena could explained by Tox participation in ROS production (Egs.(17-25)), in the first place, for
[Tox]<0.25 %, which is associated to the prooxidant activities exerted by polyphenols. At such lower concentration of
Tox, it is believed that the rate of formation (R,) [ROS] >> [Tox] with reduction properties available in the solution and
will determine the formation of an oxidizing environment. Moreover, the reactions are mainly oriented to the initiation
and propagation of chain reactions involving free radicals, which led to chemiluminescent light emission.

To the contrary, for [Tox] = 0.25 %, antioxidant free radical scavenger reactions are more likely to occur. This
could be explained by a predominant polyphenol proton-donation transfer to ROS free radicals, which will result in their

inhibition.

Intensity CL, RLU (a.u.)

According to this situation [Tox] = 0.25 %, the prevalence in solution of Tox molecules, with proton-donor
properties, would inhibit ROS in the first place. This environment could be characterized as a system with predominant
reducing properties. This affirmation corroborate with our previous work, where for values of [Enoxil] = 0.3%
(g/100 mL H,O) there is an increase of antioxidant activities (by 45%) compared to initial tannins, determined by

Intensity CL, RLU (a.u.)

Figure 5. Decreasing luminescence versus increasing amount of [Tox]
in a CL generation system, with Fe?* ions.
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Figure 6. Decreasing luminescence versus increasing amount of [Tox]
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Conclusions

In this work, it is described a general overview of autooxidation’s reaction mechanism of polyphenols
obtained after enotannin modification and chemiluminescence signal occurrence afterwards. Polyphenols in alkaline
solutions are subject to autooxidation reactions, that could generate in result ROS (hydrogen peroxide, superoxide
radical anion and oxygen singlet) by H-abstraction and proton-donor pathway. The catechol moiety on B-ring,
in the flavanoid structure, is more susceptible for oxidation reactions by ROS through physical quenching, while
chemical oxidation reactions are mainly involved on C-ring’s, which has the oxy-group and carbon-carbon double
bond. In this experiment, a light generation system has been developed, using oxidized tannin/Tris-EDTA/Fe*" ions
in the range of detection A=360-650, and a detailed explanation of this light occurrence have been presented. It has
been observed that addition of ferrous ions into the system, led to an enhancement of chemiluminescence light by
Fenton-like reactions. The CL intensity was direct proportional to increasing Tox concentrations (0.005-0.1, %).
It have been established, that for [Tox]<0.25 %, ROS formation is promoted, but for [Tox] = 0.25 %, free radical
scavenger ability is enhanced and ROS formation was inhibited.

Due to a complex mixture of compounds obtained after tannin modification, further experiments are required
for identification of components responsible for generation of active free radicals or for the antioxidant properties,
respectively.
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