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The antioxidant capacity (AOC) of chicoric acid (ChA, the main antioxidant component of Echinacea) or an
ethanol/water-extract of Echinacea flowers was determined by potentiometric and UV-Vis absorption
spectrophotometric titrations with ABTS'* radical cations as the oxidizing probe. The potentiometric and
spectrophotometric titration results agreed well with each other. The trolox-equivalent antioxidant
(TEAC) of ChA was found to be 5.00 + 0.07 and 481 + 0.06
(spectrophotometry) at pH 7.4, and the TEAC value has been proven to be actually equal to the ratio of
the stoichiometric ratio of the ABTS "—ChA redox reaction to that of the ABTS'*-trolox redox reaction.
The TEAC of the ethanol/water-extract of Echinacea flowers, expressed in mM (trolox) per gram per liter
(Echinacea extract), was found to be 0.241 + 0.006 mmol g~ (potentiometry) and 0.240 + 0.007 mmol
g~! (spectrophotometry) at pH 7.4. The stoichiometric ratio of the ABTS"*—ChA redox reaction varied
from 10.8 to 3.2, depending on the solution pH and the final ABTS"*—~ChA concentration ratio. However,
the stoichiometric ratio of the ABTS *—trolox redox reaction remained ca. 2.0 at various solution-pH

capacity (potentiometry)

values and final ABTS " —trolox concentration ratios. The unusual stoichiometric ratio of the ABTS'*—ChA
redox reaction is examined by potentiometric/spectrophotometric titrations and cyclic voltammetry,
clearly revealing the new mechanism of a rapid redox process followed by a slow redox process at pH
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acquisition of quantitative information on various redox reac-

1. Introduction

(cc)

The oxidative stress resulting from reactive oxygen species is
related to the pathogenesis of many diseases, and thus the anti-
oxidation study is of good practical significance."” To date, the
methods of evaluating antioxidant capacity (AOC) mainly include
UV-Vis absorption spectrophotometry, molecular fluorescence
spectrophotometry and electrochemical methods.*”* The widely
employed oxidizing radical probes include the oxidized states of
2,2/-azino-bis(3-ethylbenzothiazoline-6-sulfonic  acid)  (ABTS,
Scheme S17),° 1,1-diphenyl-2-picrylhydrazyl (DPPH),” and 2,2’
azobis[2-methylpropionamidine] dihydrochloride (AAPH).* In
general, electrochemical methods have the advantages of fast and
simple operation, low instrument cost, high sensitivity, direct
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tions, and high compatibility to colored or turbid solution
systems which are usually difficult to be studied by optical
approaches. There are many kinds of electrochemical methods,
including electrolytic cell methods such as cyclic voltammetry
(CV) and galvanic cell methods such as direct potentiometry and
potentiometric titration, and appropriate electrochemical
methods can be selected according to actual conditions. For
example, Rebelo et al. employed differential pulse voltammetry
and UV-Vis spectrophotometry to determine the AOCs of various
wines.® Gulaboski et al. employed CV to accurately detect the
antioxidant properties of edible oils, as compared with UV-Vis
spectrophotometry.’® Milardovic et al. measured the AOCs of
coffee, fruit juice and other drinks by amperometry on interdigi-
tated array microelectrodes." The AOCs of herbal extracts were
determined by potentiometric titration by Ivanova et al.’> Martinez
et al. determined the AOCs of wines with electrogenerated chlo-
rine.”® Mitsuaki et al. developed an automatic potentiometric
titrator to determine the radical scavenging activity of flavonoids
by oxidized AAPH.™ In our opinion, the AOC systems can be
divided into three categories from the potentiometric titration
point of view. (1) Both the redox pairs of the oxidizing probe and
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the antioxidant are reversible, and thus the whole process of
potentiometric titration can be quantitatively depicted by the
Nernst equation. (2) Only one reversible redox pair exists between
the oxidizing probe and the antioxidant, and thus the potentio-
metric titration only when the reversible redox pair takes effect
can be quantitatively depicted by the Nernst equation. (3) Both the
redox pairs of the oxidizing probe and the antioxidant are irre-
versible, making the whole process of potentiometric titration
impossible to be quantitatively depicted by the Nernst equation,
and thus the potentiometric titration, as we are aware, has not
been used for AOC studies on the irreversible redox pairs of both
the oxidizing probe and the antioxidant to date. Imaginably, the
potentiometric titration method is good for the quantitative AOC
evaluation of many systems, since this convenient and cost-
effective method can quantitatively return valuable process
information on the involved redox reactions. It is also expected
that the potentiometry coupled with more common spectropho-
tometry should be able to provide important information on the
redox chemistry of many systems in a mutual-authentication way.

Echinacea (asters division) is a perennial herb with important
immune stimulation and anti-inflammatory bioactivities,
including anti-anxiety, anti-depression, antioxidation, anti-
cytotoxicity, and anti-mutagenicity.'**® Chicoric acid (ChA) is
the main anti-oxidation component of Echinacea. ChA is
a water-soluble phenolic acid with anti-inflammation, antiviral
and anti-oxidation activities,'”*® and its chemical structure is
shown in Scheme S1. The reported methods for determining
the AOC of ChA include UV-Vis spectrophotometry and square
wave voltammetry.”*' For example, Hu et al. determined the
antioxidant activity of Echinacea root extract by spectropho-
tometry.?! The use of ABTS " (the oxidized state of ABTS, Scheme
S1t) to potentiometrically evaluate the AOC of ChA belongs to
the first category of AOC systems defined as above, in which the
whole process of potentiometric titration can be perfectly
quantified by the Nernst equation. However, to the best of our
knowledge, the ABTS*~ChA system has not been studied by
potentiometric titration to date.

Herein, ABTS'" is selected as the oxidizing probe to evaluate
the AOC of ChA or an ethanol/water-extract of Echinacea flowers
by potentiometric and UV-Vis absorption spectrophotometric
titrations. Trolox (Scheme S17) is selected as the reference
antioxidant. Potentiometry and spectrophotometry give AOC
results well agreeable with each other. The unusual stoichio-
metric ratio of ABTS'~ChA redox reaction is found and dis-
cussed by potentiometric and spectrophotometric titrations as
well as CV, revealing a rapid redox process followed by a slow
redox process at appropriate solution-pH values and ABTS '~
ChA molar concentration ratios.

2. Experimental section

2.1 Instrumentation and chemicals

All electrochemical experiments were performed on CHI660E
electrochemical workstation (Shanghai Chenhua Instrument
Co., Ltd.), and a conventional three-electrode electrolytic cell
was employed. A disk glassy carbon electrode (GCE, 3.0 mm
diameter) served as the working electrode, a graphite rod as the
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counter electrode, and a KCl-saturated calomel electrode (SCE)
as the reference electrode. All potentials are reported versus
SCE. UV-Vis spectrophotometric results were obtained from
Shimadzu UV-2450 UV-Vis spectrophotometer (Japan).

ABTS, ChA, trolox, and ethanol were purchased from Tokyo
Chemical Industry Co., Ltd., Bide Pharmaceutical Co., Ltd.,
Hefei Bomei Biotechnology Co., Ltd., and Tianjin Fuyu Fine
Chemical Co., Ltd., respectively. K,S,0g and H,SO, were
purchased from Chinese Medicine Chemical Reagent Co. Ltd.
0.1 M phosphate buffer (pH 7.4, 0.1 M NaH,PO, — Na,HPO, +
0.1 M Na,SO,) was employed, and appropriate NaOH or H,SO,
aqueous solution was used to adjust its pH value when needed.
Milli-Q ultrapure water (=18 MQ cm) was used throughout. An
ABTS'" free radical cation solution was prepared by mixing
ABTS (7 mM) and K,S,0; (2.45 mM) at 1 : 1 volume ratio,” and
the reaction was conducted at room temperature for ca. 12 h.
According to the redox reaction of S,04>~ with ABTS,?> 2ABTS +
S,04>~ = 2ABTS"" + 250,%~, ABTS should be in excess so that
the interference from the unreacted S,04>~ can be eliminated.
The prepared ABTS'" solution was diluted with pH 7.4 phos-
phate buffer. Original ChA solution was prepared with a mixture
of water and anhydrous ethanol at 1:1 volume ratio, and
original trolox solution was prepared with anhydrous ethanol.

2.2 Electrochemical experiments

The GCE was mechanically/chemically/electrochemically treated,
followed by CV characterization using the electroactive ferrocya-
nide probe. First, the GCE was polished with fine sandpapers and
0.05 pm Al,O; slurry, rinsed with ultrapure water and ultrasoni-
cally cleaned successively in water, ethanol and water. Second,
the GCE was treated with concentrated sulfuric acid for 15 s.
Third, the GCE was treated by CV in 0.1 M aqueous H,SO, (from
—1Vto1V,0.05Vs ') until the CV curve became reproducible.
Finally, the GCE was placed in 0.2 M aqueous Na,SO, containing
2.0 mM K,Fe(CN), for CV characterization, and the peak-to-peak
separation (AE,) of Fe(CN),*> "*~ redox electrochemistry was less
than 75 mV (theoretically 56.5 mV at 25 °C for a reversible one-
electron electrode reaction), indicating that the GCE had been
well cleaned.

Electrochemical experiments to evaluate AOC included CV
and potentiometric titration. First, 0.100 mM ChA, 0.100 mM
trolox or 0.100 mM ABTS was characterized by CV in 0.1 M
phosphate buffer at different pH. Second, the prepared ABTS""
solution was diluted to 4 mL with 0.1 M phosphate buffer (ca.
87.5 uM final ABTS" concentration), and the open-circuit
potential (OCP) was monitored. ChA was then titrated into the
ABTS'" solution, until a potential-decrease jump and then
gradual potential decreases were observed. Similarly, trolox as
a reference was titrated into the ABTS'* solution to obtain the
potentiometric titration curve. The redox reaction between the
antioxidant (AO, here ChA or trolox) and the ABTS™" radical
cations can be depicted by eqn (1),

PABTS™ + AO,cq — BABTS + AO,, (1)

where b is the reaction stoichiometric ratio (b5 for AO, bcna for
ChA, and byyo10x for trolox).
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The OCP here should obey the Nernst equation, E = E” + (RT/
nF)In(cox/crea), Where E represents the OCP during the experi-
ment, E” is the formal potential of the redox pair, n is the
number of electrons transferred, F is the Faraday constant
(96 485.3 C mol %), R is the gas constant (8.314 ] mol 'K '), T'is
the thermodynamic temperature, and c,x and c.q are the
concentrations of oxidized and reduced states, respectively.
Note that, for the reduction titration (additions of antioxidant
into ABTS'" solution), in the first stage of potentiometric titra-
tion with excess ABTS'", the ABTS"*/ABTS redox pair takes effect,
but in the second stage of potentiometric titration (after the
potential-decrease jump), ABTS'" is exhausted, and thus the
redox pair of antioxidant (trolox or ChA) takes effect instead.

The antioxidant activity of a pure (single-component) antiox-
idant is expressed as the trolox-equivalent antioxidant capacity
(TEAC),** which represents the concentration ratio of trolox to
a tested pure antioxidant just when the concentration of trolox
(Ctroloxs in M) shows the same antioxidant activity as that of the
tested antioxidant (cao, in KM), as expressed in eqn (2).

TEAC = cyolox/cao = (AcapTs /birolox)/(AcapTs+/bao)
= bAO/btrolox (2)

where Acyprs+ represents either Acaprs/rolox (the concentration
of reacted ABTS'" at the end point of trolox titration) or Acaprs-+/a0
(the concentration of reacted ABTS:" at the end point of AO
titration), and Acaprs/trolox Must be equal to (or be calibrated to
be equal t0) Acaprs-+/ao (i.€., ACaprs = ACapTs trolox = ACaBTS/A0)
to ensure the antioxidant activity of a specified AO concentration
precisely equal to that of a specified trolox concentration.

Eqn (2) reveals that the TEAC value is actually equal to the
ratio of two redox reaction stoichiometric ratios, which will be
quantitatively proven from both potentiometry and spectro-
photometry in this research for the first time. In principle, eqn
(2) that involves the redox reaction stoichiometric ratios can be
reasonably extended to the systems of other pure target/
reference antioxidants.

2.3 UV-Vis spectrophotometric experiment

UV-Vis spectrophotometry has been widely used for antioxidant
activity evaluation.>® The ABTS'" solution was appropriately
diluted with pH 7.4 phosphate buffer, which gave an absorption
peak at 734 nm that is interference-free in the tested systems. The
reaction of ChA or trolox at a certain concentration with ABTS""
free radical cations should result in the absorbance decrease
from the original absorbance A, to the final absorbance A, after
the reaction is completed. The absorbance is proportional to the
ABTS"" concentration according to Lambert-Beer's law, A = ebc,
where ¢ is the molar absorption coefficient (15 000 L mol " em ™"
for ABTS'"),® b is the optical path (here 1 ¢m), and ¢ is the
concentration of ABTS™ radical cations. The AOC can be
expressed as the TEAC defined in eqn (2).

2.4 AOC measurement of Echinacea extract

The extraction of active components from Echinacea was con-
ducted as reported,” with some modifications. The dried
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flowers were obtained from a local market, 5 g of which was
refluxed at 80 °C in 150 mL mixture of water and anhydrous
ethanol (1 : 4 volume ratio) for 4 h. The obtained extract was
filtered through a filter paper and then centrifuged at
10 000 rpm for 10 min. The ethanol/water extract was dried by
a rotatory evaporator at 60 °C. 0.700 g extract was dissolved in
200 mL of ethanol and water (1 : 1) mixture, which was stored at
4 °C before use.

The AOC value of Echinacea extract as a mixture of various
known and unknown substances including antioxidants is also
evaluated by the TEAC value (mmol g~ %) in mM of equivalent
trolox per gram per liter of extract,*® as shown in eqn (3).

TEAC (mmol gil) = Ctrolox/CAO = (AC/btrolox)/(Csample/D) (3)

where trolox at a concentration of Cioox (in mM) shows the
same antioxidant activity as the extract at a concentration of
Caro (in g L), AC is the concentration of reacted ABTS " at the
end point of Echinacea extract titration (here ca. 0.0539 mM),
Dirolox 1S the stoichiometric ratio of ABTS"" with trolox (AC/byolox
should be the equivalent concentration of trolox consumed at
the end point of Echinacea extract titration), Cgample is the
original weight concentration of the prepared extract sample
(here 0.700 g Echinacea extract dissolved in 0.2 L ethanol/H,O at
1 : 1 volume ratio, s0 Csampie = 3.50 g L"), and D is the dilution
ratio of the prepared extract sample at the end point of Echi-
nacea extract titration (here 4.00 mL original ABTS" solution
consumed ca. 0.123 mL Echinacea extract at the end point of
titration, thus D = (4.00 + 0.123) mL/0.123 mL = 33.5).

3. Results and discussion

3.1 Potentiometric titration for AOC evaluation

First, the electrochemical behaviors of ABTS, trolox and ChA
were studied by CV. As shown in Fig. 1, the redox peak poten-
tials of ChA and trolox negatively shifted with the solution-pH
increase, and the solution-pH increase also decreased the
peak currents, but the peak potentials/currents of ABTS
remained almost the same at various pH values, demonstrating
that both the ChA electrochemistry and the trolox electro-
chemistry are proton-transfer coupled electron-transfer
processes dependent on solution-pH,*” but the ABTS is a pure
electron-transfer process independent of solution-pH.?*** At pH
7.4, the formal potentials of ChA, trolox and ABTS redox pairs
are ca. 0.15V, 0.11 V and 0.43 V, respectively, accompanied with
their relatively large peak currents. Considering that the phys-
iological pH and the larger formal-potential difference between
ABTS redox pair and ChA (or trolox) redox pair that is more
favorable for the redox potentiometric titration, pH 7.4 is
selected as the optimized pH.

Second, the potentiometric titration of ABTS'" with ChA or
trolox was studied. Fig. 2 shows the potentiometric titration
curve for ChA or trolox. Obviously, the concentration can be
evaluated from the OCP and the Nernst equation. In the initial
ABTS'" + ABTS solution (0-40 s), the concentration of ABTS'" is
calculated to be 47.5 pM (OCP = 0.434 V at 0 s, blue line) or 43.8
uM (OCP = 0.430 V at 0 s, red line). The initial total ABTS'" plus

This journal is © The Royal Society of Chemistry 2020
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Fig.1 CV curves on GCE in 0.1 M phosphate buffer (pH 5.0, 6.0, 7.0,
7.4, or 8.0) containing 0.1 M K,SO4 and 0.100 mM ChA (A), 0.100 mM
trolox (B), or 0.100 mM ABTS (C). Scan rate: 100 mV s~ initial
potential: —0.2 V.

ABTS concentration should be the original ABTS concentration
of 87.5 uM. In the first stage of potentiometric titration with
ChA (40 to ca. 1250 s) or trolox (20 to ca. 1750 s), the OCP should
be governed by the ABTS redox pair, which gradually and finally
rapidly decreased due to the redox exhaustion of ABTS'". In the
second stage of potentiometric titration with ChA (ca. 1250-
1550 s) or trolox (ca. 1750-2300 s), the OCP should be governed
by the ChA or trolox redox pair, which gradually decreased in
the recording time window. The potentiometric titration curves
here show similar shapes to that for the potentiometric titration
of wine into chlorine.®

The redox reaction stoichiometry ratio of ABTS'" to ChA
(bcna) or trolox (Buolox) can be estimated from the Nernst
equation and the end-point potential. At the end point for
each, the initial 47.5 pM ABTS"" consumed 4.48 uM ChA, and

0.5

04r

03F

02F

E/V vs SCE

—— ChAtitration
01} —— Trolox titration
oo™ L s N .
0 500 1000 1500 2000 2500
t/'s

Fig. 2 Potentiometric titration curve on GCE for the successive
additions of ChA (addition of 5 uL of 0.500 mM ChA for each) into
4.0 mL of 0.1 M phosphate buffer (pH 7.4) containing 0.1 M Na,SOy,4, 40
uM ABTS and 47.5 uM ABTS™*, or of trolox (addition of 10 uL of 1.00
mM trolox for each) into 4.0 mL of 0.1 M phosphate buffer (pH 7.4)
containing 0.1 M Na,SO,, 43.7 uM ABTS and 43.8 uM ABTS'*.
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the initial 43.8 uM ABTS'" consumed 21.0 pM trolox, giving
bcha = 10.6 (10.4 £+ 0.4 for three parallel experiments) and
Dirolox = 2.09 (2.11 £ 0.1 for three parallel experiments). The
obtained bo0x Values agree well with those reported for tro-
lox.”> The obtained bcns values are notably larger than the
number of four phenolic hydroxyl groups in ChA structure,
which will be discussed later. Thygesen et al. obtained bcpa = 4
with DPPH’ radical in ethanol solution.** From the above
consumption of ChA or trolox by ABTS"" at the end point, we
can calculate the TEAC value to be TEAC = Cyolox/Ccha = (22.7
uM)/(4.48 uM) = 5.07, or TEAC = bcha/burolox = 10.6/2.09 =
5.07, proving that the c-ratio-based and b-ratio-based TEAC
definitions in eqn (2) are both correct in potentiometry. Three
parallel experiments give TEAC = 5.00 £ 0.07.

3.2 UV-Vis spectrophotometry for AOC evaluation

Fig. 3 shows the absorbance responses to the additions of ChA
or trolox into ABTS"" solution. The original peak absorbance of
ABTS'" at 734 nm was recorded. According to Lambert-Beer's
law, the original ABTS'" concentration is calculated to be 46.7
uM in Fig. 3A and 46.8 pM in Fig. 3B, respectively. With the
additions of antioxidant, the consumption of ABTS'* led to the
absorbance decrease.* Insets show good linearity between the
peak absorbance of ABTS'" at 734 nm and the concentration of
ChA or trolox, indicating a proportionable redox reaction of
ABTS"" with each antioxidant under the titration conditions. At
the end points just when the peak absorbance of ABTS™" at
734 nm drops to zero, the initial 46.7 uM ABTS'" consumed 4.68
UM ChA, and the initial 46.8 uM ABTS'* consumed 22.2 uM
trolox. According to eqn (1), the b value is bcpa = 9.98 (10.1 + 0.1
for three parallel experiments) or beo1ox = 2.11 (2.13 £ 0.03 for
three parallel experiments). The TEAC value is calculated to be
TEAC = Cyolox/Ccha = (22.2 pM)/(4.68 pM) = 4.74, or TEAC =
bcna/birolox = 9.98/2.11 = 4.73, also proving that the c-ratio-
based and b-ratio-based TEAC definitions in eqn (2) are both
correct in spectrophotometry. Three parallel experiments give
TEAC = 4.81 £ 0.06. Obviously, both potentiometric and spec-
trophotometric titration methods give well comparable b or
TEAC values.

200 300 400 500 600 700
Alnm

Fig. 3 Spectrophotometric titration results for the successive addi-
tions of ChA (addition of 5 uL of 0.500 mM ChA for each) into 4.0 mL of
0.1 M phosphate buffer (pH 7.4) containing 0.1 M Na,SO4, 40.8 uM
ABTS and 46.7 uM ABTS* and the relationship of peak absorbance at
734 nm versus ChA concentration (inset) (A), or of trolox (addition of 10
pL of 1.00 mM trolox for each) into 4.0 mL of 0.1 M phosphate buffer
(pH 7.4) containing 0.1 M NaySO,4, 40.7 uM ABTS and 46.8 uM ABTS'*
(B) and the relationship of peak absorbance at 734 nm versus trolox
concentration (inset).
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As shown in Fig. S17 (panels A and B), a linear relationship
is obtained between the concentrations of unreacted ABTS™"
and added trolox in a potentiometric titration
experiment (y = 47.8 — 2.39x, R> = 0.995, panel A), or in
a spectrophotometric titration experiment (y = 47.0 — 2.15x,
R® =0.998, panel B), proving again that the potentiometric and
spectrophotometric titration methods can yield well compa-
rable results. We also potentiometrically and spectrophoto-
metrically titrated ABTS'' at different concentrations and
calculated the ChA concentrations consumed at the end
points. Fig. S1Cf shows the correlation of consumed ChA
concentrations found by spectrophotometric and potentio-
metric titrations. A linear relationship of y = —0.270 + 0.958x
(R*> = 0.997) is obtained, and the slope of 0.958 indicates the
good agreement between the two methods. In our experi-
ments, 1.50 pM ABTS™" solution still had a stable and
reasonable potential, and 7.00 uM ABTS"" solution had a net
absorbance of 0.003 at 734 nm, indicating that potentiometric
titration should have its detection limit somewhat lower than
spectrophotometric titration here. Anyway, both potentio-
metric and spectrophotometric titration methods give well
agreeable results for AOC evaluation.

3.3 Discussion on the unusual stoichiometric ratio of the
ABTS *-ChA redox reaction

The four phenolic hydroxyl groups in ChA structure and the one
phenolic hydroxyl group in trolox can be easily oxidized by
ABTS™", so the b values simply for phenolic hydroxyl oxidation
may be 4 for ChA and 1 for trolox. However, the redox stoi-
chiometric ratios obtained as above are ca. 10 for ChA and ca. 2
for trolox. Unusually “overlarge” b values have also been re-
ported for AOC evaluations of gallic acid and quercetin.***” We
believe that the deep oxidation of ChA after the expected
oxidation of phenolic hydroxyl groups by ABTS'" takes place
here, which results in the “overlarge” stoichiometric ratio. In
this research, the effects of solution pH, concentration ratio,
and dissolved oxygen were studied as follows.

First, Fig. 4 shows the dependence of boha and bo10x ON the
solution pH (3.0, 5.0, 7.0, or 9.0) obtained from potentiometric
and spectrophotometric titrations. bcnha increases from 3.2 to
10.8 with the pH increase, but by.10x rFemains almost the same at
various pH values (Diolox = 2-12 + 0.09 for potentiometry and
212 + 0.03 for spectrophotometry). Both

b trolox —

—%— Potentiometry
—+— Spectrophotometry.

—+— Potentiometry
—*— Spectrophotometry

Fig. 4 bcha OF byolox Values obtained from potentiometric and spec-
trophotometric titrations of ChA (A) or trolox (B) into 0.1 M phosphate
buffer at different pH (3.0, 5.0, 7.4, or 9.0) containing 0.1 M Na,SOy,, 117
uM ABTS"* and 58.0 uM ABTS.
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Fig. 5 Potentiometric titration kinetics curves for a single dose of 25
puM ChA (A) or 50 puM trolox (B) at O s into 0.1 M phosphate buffer at
different pH (5.0, 7.4, or 9.0) containing 0.1 M Na,SO,, 117 uM ABTS"*
and 58.0 uM ABTS.

potentiometric and spectrophotometric titrations give well
agreeable bcpa (OF birolox) Values, proving the reliability of data
obtained from both methods.

Fig. 5 shows the potentiometric titration kinetics curves for
a single dose of ChA (or trolox) into 0.1 M phosphate buffer at
different pH (5.0, 7.4, or 9.0) containing 0.1 M Na,SO,, 117 uM
ABTS'" and 58.0 uM ABTS. For the ChA titrations at pH 5.0, 7.4,
and 9.0 shown in Fig. 5A, we observed a very rapid potential-
decrease to ca. 0.38 V at each pH for the first ca. 10 s, which
may be caused by the rapid oxidation of the four phenolic
hydroxyl groups of ChA by ABTS'". Then, the potential became
almost steady at pH 5.0, but the potential gradually (gradual
consumption of ABTS'") and then rapidly (approaching to the
full exhaustion of ABTS'") decreased at pH 7.4 or 9.0, demon-
strating the deep oxidation of ChA by ABTS"" at pH 7.4 and 9.0.
In another sentence, the ABTS'*~ChA redox chemistry at pH 7.4
or 9.0 is featured by a rapid redox process followed by a slow
redox process. In contrast, as shown in Fig. 5B, the trolox
titrations at pH 5.0, 7.4, and 9.0 gave almost the same titration
kinetics curves, demonstrating that the ABTS''-trolox redox
chemistry is simply a rapid redox process at pH 5.0, 7.4, or 9.0.

As shown in Fig. S2,} while the redox peaks of ABTS'* change
negligibly in all cases, the redox peaks of ChA at pH 7.4 or 9.0
decreased with time after adding 25 uM ChA into 117 uM
ABTS'", but the redox peaks of ChA changed very slightly at pH
5.0, implying that the electroactive ChA and its oxidized state of
quinones have been gradually turned into the electro-inactive
forms in the recording potential window due to the deep
oxidation by ABTS"" at pH 7.4 or 9.0. Fig. S31 shows no redox
peaks of trolox at different pH and different time, implying that
the reaction between trolox and ABTS"" is simply a rapid redox
process, and the original electroactive form of trolox is absent
after the ABTS "~trolox redox reaction. Fig. S4-S67 show that the
peak current drops slightly with time in 0.1 M phosphate
buffer + 0.1 M Na,SO, solution solely containing ABTS"" + ABTS
(or trolox, or ChA). It is seen that without the ABTS''~ChA (or
ABTS'"~trolox) redox reaction, the redox peaks of ABTS™" (or
trolox, or ChA) changed rather slowly with time at various pH.
Hence, the notable time-dependent decrease of ChA redox
peaks in the presence of ABTS'" should result from the deep
oxidation of ChA by ABTS " at pH 7.4 and 9.0.

Fig. 6 shows the spectrophotometric titration kinetics curves
for a single dose of ChA (or trolox) into 0.1 M phosphate buffer at

This journal is © The Royal Society of Chemistry 2020
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Fig.6 Spectrophotometric titration kinetics curves for a single dose of
25 uM ChA (A) or 50 uM trolox (B) at O s into 0.1 M phosphate buffer at
different pH (5.0, 7.4, and 9.0) containing 0.1 M Na,SQy, 117 pM ABTS"*
and 58.0 uM ABTS.

different pH (5.0, 7.4, and 9.0) containing 0.1 M Na,SO,, 117 uM
ABTS™* and 58.0 uM ABTS. For the ChA titrations at pH 5.0, 7.4,
and 9.0 shown in Fig. 6A, we observed a very rapid absorbance-
decrease to ca. 0.35 at each pH. Then, the absorbance became
almost steady at pH 5.0, but the absorbance gradually decreased
to 0 at pH 7.4 and 9.0. As shown in Fig. 6B, the trolox titrations at
PH 5.0, 7.4, and 9.0 gave the titration kinetics curves almost of
the same trends as those in Fig. 5B, confirming the conclusion of
deep oxidation of ChA by ABTS'* at pH 7.4 and 9.0 drawn from
the above potentiometric titrations.

Second, we explored the influence of ABTS '-antioxidant
concentration ratio, as shown in Fig. 7. As expected, the redox
consumption of ABTS'" can be accelerated by the increase of
ChA or trolox concentration. At the selected conditions of
ABTS " and ChA, ABTS"" can be fully redox-exhausted (below 0.2
V) by ChA, through either a single rapid redox process (50.0 pM
ChA) or a rapid redox process followed by a slow redox process
(25.0, 16.8, or 12.5 uM ChA). In contrast, solely a rapid redox
process was observed for all the trolox titrations, and thus the
buolox value should be independent of the ABTS''-trolox
concentration ratio. As expected, the observations reasonably
imply that a high ABTS "-ChA concentration ratio is beneficial
for the deep oxidation of ChA and then increasing the bcpa
value.

Third, in order to explore the influence of dissolved oxygen,
we conducted control experiments under nitrogen saturated
and air saturated conditions, as shown in Fig. S7.1 The ChA (or
trolox) titration kinetics curves under nitrogen saturated and air
saturated conditions agree acceptably with each other, indi-
cating that oxygen is not an important factor responsible for the
deep oxidation of ChA in this research.

A —— 500 ;M ChA

250 M CPA
—— 168 uMChA 0.4
—— 125,MChA

—— 100 1M trolox
—— 500 M trolox.
—— 37.5 M trolox.
—— 250 uMtrolox.

E/Vvs SCE
E/Vvs SCE

0 500 1000 1/500 2000 2500 3000 0 500 1000 1/500 2000 2500 3000

tls tls
Fig. 7 Potentiometric titration kinetics curves for a single different-
concentration dose of ChA (50.0, 25.0, 16.8, 12.5 uM) (A) or trolox (100,
50.0, 37.5, 25.0 uM) (B) at O s into 0.1 M phosphate buffer at pH 7.4
containing 0.1 M NaSO,, 117 uM ABTS'* and 58.0 uM ABTS.
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The above experiments demonstrate that the unusually large
bcna value should result from the deep oxidation of ChA by
ABTS'" radical cations. The solution pH determines the occur-
rence of such a deep oxidation (negligible at pH 5.0, but visible
at pH 7.4 and notable at pH 9.0). At pH 7.4, a high ABTS"*-ChA
concentration ratio is beneficial for the deep oxidation of ChA.
The deep oxidation takes place in both nitrogen saturated and
air saturated solutions at pH 7.4. Here, we have demonstrated
that the potentiometric/spectrophotometric titrations can be
used to monitor the deep-oxidation process of ChA in a real-
time manner. The exact reaction mechanism for the pH-
dependent oxidation of ChA by ABTS"* has not been reported
to date, as we are aware. According to the mechanisms reported
for the complicated oxidations of catechol structure-containing
caffeic acid, chlorogenic acid, catechol, and protocatechuic by
some free radicals,** the oxidation of ChA at pH 7.4 and pH
9.0 might similarly involve the following possible two-step
mechanism. (1) Catechol is oxidized to (semi)quinone by the
oxidant; and (2) the nucleophilic attack of the catechol reactant
to (semi)quinone may occur to form dimers or polymers,
leading to the reproduction of phenolic hydroxyl structures and
an overlarge b value. Possible mechanisms of the oxidation of
a catechol structure at high pH are shown and explained in
Scheme S2.1 Moreover, the oxidation of catechol structure is
coupled with proton transfer, and elevating the solution pH can
also facilitate the ionization of catechol structure that is
somewhat acidic, making the oxidation and nucleophilic reac-
tions easier at high pH values.*® In contrast, all the comparison
experiments of trolox titrations reveal that the ABTS '~trolox
redox chemistry is simply a rapid process, thus giving a constant
birolox Value of ca. 2.0 in all cases. Accordingly, trolox can be used
as a stable reference for antioxidation researches.

3.4 Evaluation of the TEAC of Echinacea extract

The results of potentiometric and spectrophotometric titrations
of Echinacea flowers extract at pH 7.4 are shown in Fig. S8.1
According to eqn (3) and the titration results, the TEAC value of
the extract is calculated to be TEAC = (AC/byolox)/(Csampie/D) =
(0.0539/2.11)/(3.50/33.5) = 0.245 mmol g~ * (0.241 + 0.006 mmol
¢! for three parallel experiments) for potentiometric titration,
or TEAC = (0.0547/2.13)/(3.50/33.3) = 0.244 mmol g~ * (0.240 +
0.007 mmol g~ for three parallel experiments) for spectro-
photometric titration. The TEAC values obtained from poten-
tiometric titration are in good agreement with those from
spectrophotometric titration. The obtained TEAC values agree
acceptably with the TEAC values of 0.278 + 0.004 mmol g *
reported for the aqueous-alcoholic extract of a mixture of
medicinal herb substances including licorice root and Echi-
nacea rhizomes.*®

4. Conclusions

In summary, a potentiometric titration method with ABTS™* as
the oxidizing probe has been suggested for evaluating the AOC
of ChA and an ethanol/water-extract of Echinacea flowers for the
first time. The potentiometric and spectrophotometric titration
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results agree well with each other. We have also found that the
TEAC value here for ChA is actually equal to the ratio of the
stoichiometric ratio of ABTS "~ChA redox reaction to that of
ABTS "~trolox redox reaction, and the new insight into TEAC
may be reasonably extended to the systems of other pure target/
reference antioxidants. The unusual stoichiometric ratio of
ABTS'"~ChA redox reaction has been found and discussed by
potentiometric/spectrophotometric titrations and CV for the
first time, which can be ascribed to the deep oxidation of ChA by
ABTS'". Although the complicated molecular mechanism of
deep oxidation of ChA by ABTS"' requires adequate structural
analyses to be made clearer in the future, the presented
methods and relevant discussion should help the quantitative
AOC evaluation of many antioxidants probed by many free
radicals and the observation/confirmation of possible deep-
oxidation behaviors.
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