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Abstract: A sensitive electrochemical method was used for the determination of the total phenolic
content and antioxidant activity of Echinacea purpurea extracts. In this study, 3 glassy carbon
electrodes (GCE) were used: one unmodified and the other two newly manufactured glassy carbon
electrodes modified with carbon nanotubes (CNTs) and chitosan (CS) in different concentrations,
having the following composition: 1 mg/mL CNTs/CS 5%/GCE and 20 mg/mL CNTs/CS 0.5%/GCE.
The determinations were performed on 3 different pharmaceutical forms (capsules, tablets and
tincture), which contain E. pururea extract from the root or aerial part of the plant. Standard chicoric
and caftaric polyphenolic acids, as well as food supplements extracts, were characterized using
voltammetry, in a Britton-Robinson (B-R) electrolyte buffer. The modified 1 mg/mL CNTs/CS 5%/GCE
electrode has superior properties compared to the other two (the unmodified and 20 mg/mL CNTs/CS
0.5%/GCE-modified) electrodes used in the study. Echinacea tincture had the highest antioxidant
capacity and the biggest total amount of polyphenols (28.72 mg/equivalent of 500 mg powder).
Echinacea capsules had the lowest antioxidant capacity, but also the lowest total amount of polyphenols
(19.50 mg/500 mg powder); similarly, tablets had approximately the same values of polyphenols
content (19.80 mg/500 mg powder), and also antioxidant capacity. The total polyphenol content
was consistent with the one indicated by the manufacturers. Pulse-differential cyclic voltammetry
represents a rapid, simple and sensitive technique to establish the entire polyphenolic amount and
the antioxidant activity of the E. purpurea extracts.

Keywords: polyphenols; antioxidant activity; Echinacea purpurea extracts; glassy carbon electrode
(GCE); carbon nanotubes (CNTs)
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1. Introduction

Echinacea purpurea (L.) Moench, which is included in the Asteraceae (Compositae) family, is
acknowledged to be one of the most significant medicinal plants worldwide. The extracts obtained
from different parts of Echinacea purpurea were traditionally used in North America as remedies for
wounds and different types of infections, and came to be extremely well-known herbal remedies [1].
Dietary supplements and extracts of this plant present antiviral, antibacterial, antifungal and antioxidant
action, different parts of many plants being used from antiquity [2] to treat viral and inflammatory
illnesses [1,3]. Many studies have revealed that Echinacea extracts promote the secretion of cytokines
like interleukins (Il-1, 11-6, 11-8, 11-12), tumour necrosis factor alfa (TNF-«) and nitric oxide (NO), and an
increased activation of macrophages [4-6]. The most significant potential active substances found
in E. purpurea are represented by polyphenols—derivatives of caffeic acid, as follows: chicoric acid,
chlorogenic acid, caftaric acid, echinacoside and cynarin [7,8].

All species of Echinacea that were studied presented radical scavenging action, the most
efficient being E. purpurea [8]. The principal component of Echinacea root—chicoric acid (Figure 1A)—
is considered a significant antioxidant in the plant, being a suitable marker for the quality of products
containing this plant, due to its powerful immunostimulatory, antioxidant and antiviral characteristics
and due to its degradation susceptibility [9,10]. Another important phenolic component in E. purpurea
is caftaric acid (Figure 1B), which inhibits the oxidation of low-density lipoprotein (LDL) cholesterol
isolated from human plasma and removes 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals in a
cell-free assay [11].
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Figure 1. Structural formula: (A) Chicoric acid, (B) Caftaric acid.

Various researchers have focused on studying the antioxidant activity and polyphenolic composition
of Echinacea extracts using different methods, such as High-Performance Liquid Chromatography
(HPLC) and Ultra-High Performance Liquid Chromatography (UPLC) techniques [12-14], colorimetric
methods—chemical 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2’-Azino-bis(3-ethyl-benzothiazoline-
6-sulfonic acid) (ABTS)—radical scavenging techniques [3,8,10]. In general, chemical methods
need various preparation stages and extended duration to finish the measurement. Nevertheless,
prolonged steps and complexness in some of the methods above makes them inappropriate for precise
determination. Therefore, rapid and simple techniques have become a significant requirement. Lately,
it has been noted that electrochemical methods may be established to determine the polyphenolic
composition [15-18]. Electrochemical methods that are used for the determination are simple and
sensitive. Furthermore, voltammetric methods show very good functioning in terms of enhanced
sensitivity, reduced overpotential and decreased detection limit [19,20]. Square Wave Voltammetry
was used to determination of the antioxidant activity in Echinacea purpurea roots [21].

At present, carbon nanotubes (CNTs) are extensively used as modifiers due to their physicochemical
attributes, distinctive structure and compatibility with biological molecules. CNTs are considered
an essential category of nanomaterials. Because of their specific properties—mechanical, chemical
and electrical—they have been seen as analytical tools, being considered as rolled up graphite sheets
connected by Van der Waal’s bonds [22]. The reactivity of graphene sheet as compared to the nanotubes’
chemical reactivity improved as a direct outcome of the CNT surface curvature [23].
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Recent studies showed that transforming electrodes by adding carbon CNTs makes the
electrochemical processes that involve biomolecules easier and enhances the measured signal.
The development of electrochemical sensors has attracted considerable attention as a low-cost method
for the sensitive detection of a variety of pharmaceutical analytes. Since the discovery of CNTs
in 1991 [24], research on them has grown rapidly. In recent years, CNTs have also been used as
electrode-modified materials because they offer unique advantages, including enhanced electronic
properties, a large edge plane/basal plane ratio, and electron transfer reactions [25]. Thus, CNTs-based
sensors generally have higher sensitivities in a low concentration or in the complex matrix, lower limits
of detection and faster electron transfer kinetics than traditional carbon electrodes.

Many factors need to be investigated in order to create an optimal CNTs-based sensor. Electrode
performance can be influenced by the pretreatment of the nanotube, CNTs surface modification,
the method of electrode attachment and the addition of electron mediators. With the further development
of CNTs and nanotechnology, studies on preparation, properties and application of CNTs-based
modified electrodes have still been a hot topic attracting lots of researchers around the world.
This research focused on the application of CNTs-modified electrodes in different pharmaceutical
analytes, which mainly includes the electrochemical studies on weak basic/acidic pharmaceuticals
and other related small biological molecules. The physical and catalytic properties make CNTs ideal
for use in sensors with extremely varied applications [26]. Most notably, CNTs display high electrical
conductivity, chemical stability and mechanical strength [27]. A disadvantage of using CNTs can be
considered the low wettability of their surface, which induces a weak surface bond [28]. This involves
improving the mechanical properties of CNTs with chitosan (CS), a natural polysaccharide used in
pharmaceutical [29] and medical applications [30,31], having the role of fixing CNTs to the glassy carbon
electrode (GCE) surface and to functionalize the CNTs in order to increase their electroactive surface.

The aim of this study was to determine the total polyphenolic content and, secondary,
the antioxidant capacity of commercial food supplements containing extracts of Echinacea purpurea,
through differential pulse voltammetry, using both an unmodified glassy carbon electrode (GCE) and
two modified with CNTs. The novelty of the paper consists precisely in the use of these glassy carbon
electrodes modified with CNTs, newly manufactured by the authors, which, after being characterized
by cyclic voltammetry, were observed to generate oxidation/reduction peaks, higher than other types
of electrodes. The method of analysis with the modified electrode is original due to the fact that, to our
knowledge, no voltammetric dosing of polyphenols has been performed using electrodes modified
with CNTs and CS.

2. Materials and Methods

2.1. Reagents

In this research, standard chicoric and caftaric polyphenolic acids, as well as food supplement
extracts, were characterized using voltammetry, in a Britton-Robinson (B-R) electrolyte buffer.
The characteristics of the standard substances and reagents that were used are described in Table 1.
Double-distilled water was used to prepare the solutions. The studied products are commercial and
were purchased from pharmaceutical units, and they are presented in Table 2.

Table 1. Reagents used.

Reagent Purity CAS Supplier Purpose of Usage
1,1-diphenyl-2-picrylylhydrazyl = >98% (HPLC) 1898-66-4 Sigma-Aldrich, USA DPPH method
Acetone p-a. 299% 67-64-1 Chempur, Poland Solvent
Boric acid pa. >99% 10043-35-3 Micromchim, Buffer B-R preparation
Romania

Caftaric acid

(2-Caffeoyl-L-tartaric acid) >97.0% 67879-58-7 Sigma-Aldrich, USA Dosage
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Reagent Purity CAS Supplier Purpose of Usage
Cichoric/Chicoric acid o . .
(2,3-Dicaffeoyl-L-tartaric acid) >95%, (HPLC) 6537-80-0 Sigma-Aldrich, USA Dosage
Copper (II) sulphate >98% 7758-99-8  Sigma-Aldrich, USA Interferent
pentahydrate
D-(+)-glucose monohydrate 7.0-9.5% water 14431-43-7  Sigma-Aldrich, USA Interferent
Ethanol 95% 64-17-5 Chempur, Poland Solvent
Total content of
Folin-Ciocalteu reagent - 12111-13-6 ~ Sigma-Aldrich, USA polyphenolic
compounds
determination
Gallic acid >98% (HPLC) ~ 5995-86-8  Sigma-Aldrich, USA ~_ DUPH antioxidant
activity determination
Glacial acetic acid p-a. 299% 64-19-7 Chempur, Poland Buffer B-R preparation
Chitosan Low mf)lecular 9012-76-4 Merck, Germany Modified ele_ctrode
weight preparation
L-ascorbic acid >99% 50-81-7 Sigma-Aldrich, USA DPP H ant10x1.dar1t
activity determination
Magnesium chloride Anl;}glg(;ous, 7786-30-3 Sigma-Aldrich, USA Interferent
Methanol >99% 67-56-1 Chempur, Poland Solvent
MWCNT <100% 308068-56-6  Sigma-Aldrich, Usa ~ Modified electrode
preparation
Nickel (I1) sulphate >98% 10101-97-0  Chempur, Poland Interferent
hexahydrate
Phenol 99-100.5% 108-95-2 Sigma-Aldrich, USA Interferent
ACS reagent,
Phosphoric acid >85 wt.% in 7664-38-2 Merck, Germany Buffer B-R preparation
H,O0
Potassium ferrlF yanide, Red >99% 13746-66-2 Merck, Germany Redox couple
prussiate
Potassium ferrocy anide, >98.5% 14459-95-1 Merck, Germany Redox couple
Yellow prussiate
Potassium nitrate >99% 7757-79-1 Merck, Germany Interferent
Resorcinol >99% 108-46-3 Chempur, Poland Interferent
Total content of
Sodium carbonat BioXira, 497-1908  Chempur, Poland polyphenolic
odium carbonate >99.0% emput, Fo5a compounds
determination
BioXtra, >98.0%
Sodium hydroxide (ams;ﬁleeitsnc)’ 1310-73-2 Chempur, Poland Interferent
(anhydrous)
Sodium chloride >99% 7647-14-5 Sigma-Aldrich, USA Interferent
Tartaric acid >99.5% 87-69-4 Sigma-Aldrich, USA Interferent
Uric acid >99% 69-93-2 Chempur, Poland Interferent

HPLC-High-Performance Liquid Chromatography; DPPH-2,2-diphenyl-1-picrylhydrazyl; MWCNT-Multiwall
carbon nanotube; B-R-Britton-Robinson; ACS-American Chemical Society; HyO-water.

Table 2. Pharmaceutical forms with Echinacea.

Manufacturer Content Category
Cosmopharm, Bucharest, Concentrated Echinacea extract, Natural
Capsules 500 mg . . .
Romania 20 mg polyphenols immunostimulant
Tablets 500 mg Alevia, Falticeni, Romania Echinacea Purpurea standardized Food supplement

Tincture 50 mL

Dacia Plant, Bod, Romania

extract, 4% polyphenols
Extract 1: 3.75 in hydroalcoholic

solution (ethyl alcohol/water—
35/65 by mass) from aerial parts of
Echinacea purpurea

Food supplement
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2.2. Solutions and Sample Preparation

The stock solutions of chicoric acid and caftaric acid, both 25 mmol/L, were prepared in a
volumetric mixture of ethanol/water (1:1), and B-R buffer was used for the range of pH 2 to 10, with the
buffer consisting of a mixture of 3 acids, as follows: H3PO,, H3BO3 and CH3COOH, all of them at a
concentration of 0.04 mol/L. pH adjustment was done with 0.01 mol/L NaOH.

Extraction of caffeic acid derivatives from the pharmaceutical forms was performed by
dissolving/diluting a quantity/volume of powder/solution in a mixture of 20 mL acetone: water = 60:40,
under continuous stirring, for 30 min, after which the mixture was centrifuged for 15 min at 5000 rpm.
The acetone:water extract was dried in a rotary evaporator at 30 °C, then dissolved in a mixture of
methanol:water = 1:1 [21]. The solution obtained is diluted with B-R buffer, obtaining solutions of
different concentrations for which the voltammograms are recorded.

Stock solutions were stored at -5 °C, protected from light. When using the solutions, they are
protected by wrapping the voltammetric cell with aluminum foil. Stock solutions can be stored for up
to 5 weeks.

All measurements were performed in triplicate.

2.3. Apparatus

Voltammetric measurements were performed with an Autolab PGSTAT 128N electrochemical
device (Utrecht, Kingdom of the Netherlands), using Nova 2.1.2 software, in a 20 mL electrochemical
cell, equipped with 3 electrodes: reference electrode Ag/AgCl, auxiliary platinum (Pt) electrode wire
and working glass carbon electrode (GCE, 3 mm diameter, Metrohm-Autolab, Switzerland). All of the
measurements were performed at room temperature (25 + 2 °C). The voltammetric peak intensities
were measured using the baseline corresponding to each peak. The pH of the B-R buffer solution was
adjusted with 0.01 M NaOH solution, using the Brinkmann Metrohm 632 pH-meter (Metrohm AG,
Herisau, Switzerland) equipped with a combined pH electrode. Spectrophotometric determinations
were performed using T70 ultraviolet-visible (UV-VIS) spectrometer with sequential automatic scanning
(PG Instruments Ltd., Leicestershire, United Kingdom), controlled by UVWIN software.

2.4. Preparation of CNTs in CS

For the modification of the GCE, a solution of CS 5% in 2% acetic acid solution was prepared.
CNTs were dispersed in this solution so as to obtain a solution of concentration 1 mg CNTs/mL, in an
ultrasonication bath SONOREX SUPER (Bandelin-Electronic GmbH & Co. KG, Berlin, Germany), at a
temperature of 25 + 2 °C, for 30 min (1 mg/mL CNTs/CS 5%/GCE). Another suspension prepared
for electrode modification contained 20 mg CNTs/mL 0.5% CS solution in 2% acetic acid solution
(20 mg/mL CNTs/CS 0.5%/GCE) [32,33]. CS has the role of fixing the strong electroactive material of
CNTs to the surface of the glassy carbon electrode.

2.5. Preparation of Modified GCE

Two types of methods (physical and chemical) were used to clean the electrode for every work
phase. The physical treatment consisted of polishing the electrode manually, using alumina power
(@ = 0.3 micron), for one minute, then rinsing it using deionized water. The chemical treatment
consisted of sonicating the electrode in 6 M HCI solution for three minutes and rinsing it using
deionized water, followed by sonication in ethanol for three minutes, then rinsing with deionized
water. The modification of the glass carbon electrode was performed by depositing 5 uL suspension of
CNTs in CS, followed by air drying.
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2.6. Determination of the Total Polyphenol Content

2.6.1. Differential Pulse Voltammetry

To calculate the amount of caffeic acid and catechins in pharmaceutical forms, the following
steps were taken: knowing the current intensity for the mixture of standard solution of caffeic and
chicoric acids, the current intensities for caffeic acid (approximately 0.203 + 0.007 V), mixture of caffeic
acid + chicoric (approximately 0.520 + 0.024 V) and catechins (approximately 0.690 = 0.005 V) were
combined, and a proportionality calculation determined the respective compounds. These calculations
were performed due to the fact that in Echinacea extracts, there are polyphenols that could be attributed
to caffeic acid and catechins.

2.6.2. Spectrophotometry

The total content of polyphenolic compounds in Echinacea purpurea extracts was colorimetrically
determined, using Folin-Ciocalteu reagent and gallic acid (GA) [34]. The selection of GA as a standard
was based on its availability to be stable in the pure substance state. Folin-Ciocalteu reagent is used
for colorimetric analysis of phenolic and polyphenolic antioxidants. Basically, a sample of 0.2 mL of
Echinacea purpurea extract was added to a test tube and mixed with 2 mL of Folin-Ciocalteu reagent;
after 5 min of reaction, 1.8 mL of sodium carbonate (7.5%) was added. The absorbance was measured
at 750 nm, using the UV-VIS spectrophotometer. The curve was established for analysis using GA.
The polyphenolic content was determined using the standard GA calibration curve and expressed in
mg of GA equivalents (GAE).

2.7. Antioxidant Activity Determination

2.7.1. Cyclic Voltammetry

To draw a calibration line, a 1072 M ascorbic acid (AA) solution was prepared and was used to
record the differential pulse voltammograms for 7 AA solutions (with concentrations between 0.25 and
4.59 mM) in B-R buffer. Similarly, a 1072 M GA solution was prepared for tracing a calibration line
that was used to record differential pulse voltammograms for 10 GA solutions (with concentrations
between 0.25 and 6.55 mM) in B-R buffer.

2.7.2. DPPH Method

The antioxidant activity of the standardized Echinacea purpurea extract was measured with a stable
free radical 1,1-diphenyl-2-picrilhydrazyl (DPPH) according to the Briefly method [35]. The method
involves reducing the DPPH staining (from purple to yellow) in the presence of a phenolic antioxidant
(FeOH), in methanolic solution, according to the reactions:

DPPH: + FeOH — DPPH-H + FeO-:

DPPH-H + FeO-— Degradation/oxidation products

The DPPH method is based on the reaction with electron donors or hydrogen radicals (H-)
producing antioxidant compounds. It was found that the ability to capture free radicals from extracts
increases with increasing concentrations of antioxidants. The reduction in DPPH is directly proportional
to the amount of antioxidant present in the reaction mixture.

Each analyzed extract (0.20 mL of the previously prepared solutions) was mixed with 2.80 mL
0.1 mM of freshly prepared solution of DPPH radical in methanol. The mixture was kept in the dark
for 15 min at 37 °C, after which its absorbance was read at 517 nm in 1 cm quartz cuvettes, compared
to a solution of DPPH radical in methanol. Antioxidant activity was expressed as mM equivalents
of AA per g dry weight (DW), using the calibration curve constructed with 0.05, 0.1, 0.2, 0.3, 0.4 and
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0.5 mM AA dissolved in methanol and with the same concentrations of GA (0.05, 0.1, 0.2, 0.3, 0.4 and
0.5 mM) also dissolved in methanol.

3. Results

3.1. Electrochemical Characterization of Electrodes by Cyclic Voltammetry

In order to characterize the modified electrode, cyclic voltammetry was used for a redox probe,
consisting of 2 electroactive species K3[Fe(CN)4]/K4[Fe(CN)g], in the form of a 10 mM solution in
B-R buffer. Scanning voltammetry was performed in the range —0.500 to 0.800 V in anodic direction,
returning to the initial point in the cathodic direction with a scanning speed of 0.1 V/s (Figure 2).

——GCE ~
800+ |——1 mg/mL CNTs/CS5 %/GCE
20 mg/mL CNTs/CS 0.5%/GCE .

I JuA

-200

-400

-600 -

-800 - N

-1000 T T T T T T T T 1
-06 -04 -02 0.0 0.2 0.4 0.6 0.8 1.0

E /V vs. Ag/AgClI

Figure 2. Cyclic voltammograms of electrodes in Kz[Fe(CN)s]/K4[Fe(CN)g] 10 mM solution in
Britton-Robinson (B-R) buffer (pH 3), 0.100 V/s scan rate.

An intensity of the oxidation peak for 1 mg/mL CNTs/CS 5%/GCE-modified electrode can be
observed at 803 pA, for GCE, at 349 pA, and for 20 mg/mL CNTs/CS 0.5%/GCE electrode, at 114 pA.
This indicates a clearly superior electroactive surface of 1 mg/mL CNTs/CS 5%/GCE-modified electrode
compared to the other two electrodes. It is a fact also confirmed by the calculation of the electroactive
surface with the Randels-Sevcik Equation (Equation (1)) [36], for all three electrodes investigated in
the cyclic voltammograms recorded in the redox probe Ks[Fe(CN)g]/K4[Fe(CN)g] 10 mM, in B-R buffer,
as follows:

I, = 2.69 x 10° x n¥? ADY212C 1)

where I, is current intensity (A), n is number of electrons transferred (usually 1), A is the electroactive
surface of the electrode (cm?), D is the diffusion coefficient (cm?/s), C is concentration (mol/mL) and v
is scan speed (V/s).

For the anodic peak, the largest electroactive surface is at the electrode 1 mg/mL CNTs/CS 5%/GCE
(0.342 cm?) and the smallest at the electrode 20 mg/mL CNTs/GCE (0.048 cm?), increasing by 7.125 times.
In these calculations, the unmodified GCE is intermediate (0.149 cmz) in terms of signal. Regarding
the cathodic peak, the signal difference is no longer very different due to the higher cathodic peak of
the electrode 20 mg/mL CNTs/CS 0.5%/GCE. In the following, the best performing electrode 1 mg/mL
CNTs/CS 5%/GCE will be denoted as CNTs/CS/GCE.

3.1.1. Influence of Scanning Speed on the Intensity of the Anodic/Cathodic Peak

Cyclic voltammograms were recorded in the range —0.500 to 0.800 V for a 10 mM chicoric acid
solution, at different scanning speeds (0.010, 0.025, 0.050, 0.075, 0.100, 0.150, 0.200 and 0.300 V/s),
in solution of B-R buffer (Figure 3A). As the scanning speed intensifies, voltammograms describe
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a sharp increase in oxidation peaks, and the potential of these peaks shifts to higher values. Also,
the maximum potentials moved to increased (0.610 + 0.060 V) and decreased (0.435 + 0.055 V) values
for the oxidation and reduction processes. The intensities of oxidation and reduction currents also vary
in direct proportion with the square root of the scanning speed (Figure 3B). This is demonstrated by
linear regression equations:

Ipa(A) = —28.52645 + 0.0076 X v'/2 (V/s) ()

Ipc(nA) = 32.45163 — 0.0081 x v'/2 (V/s) (3)

with a correlation coefficient of 0.98191 and 0.98067, which indicates that the electrochemical reaction
is a controlled diffusion process that occurs in all solutions and is due to unequal local concentrations
of reagents.

200 125
——0.010 V/s -
——0.025 V/s 2 100
1809 | 0.050 Vis ’s .
0.075 Vfs ) )
100 4 0.100 V/s 72% 50 .
0.150 V/s / \ 25 -
< 504 [——0.200V/s / / . - = Oxidation
=S - 0.300 Vis <ol - Reduction
07 25 A
-50 - - N\ -50
. -75 .
-100 100
-150 T T T T T T T T 1 -125 -
06 04 -02 00 02 04 06 08 10 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018
E /V vs. Ag/AgCl (Scan rate)1/2 (V/s)
A B

Figure 3. (A) Cyclic voltammograms for a 10 mM chicoric acid solution with scan speeds of 0.010, 0.025,
0.050, 0.075, 0.100, 0.150, 0.200 and 0.300 V/s, in B-R buffer (pH = 3) with modified electrode containing
20 mg CNTs/mL 0.5% CS solution in 2% acetic acid solution (20 mg/mL CNTs/CS 0.5%/GCE) denoted
CNTs/CS/GCE. (B) The linearity between the peak current (Ip) and the square root of the scan rate v'/%

Ataslow scanning speed, the diffusion layer will develop at a greater distance from the electroactive
surface of the sensor compared to a rapid scanning of the potential. Electron flux at the electrode is
lower at slow scanning speeds versus faster scanning speeds.

3.1.2. Optimization of the pH Value

The solution with 10 mM concentration of chicoric acid in B-R buffer, at different pH values, was
tested. Differential pulse voltammograms recorded in the range 0 to 1.0 V are shown in Figure 4A.
A high current intensity is observed for a solution with pH = 3 intensity that decreases with increasing
pH of the B-R buffer. Moreover, the shift of the oxidation peak to lower potential values can be observed
simultaneously with the increase of the pH values of the B-R solution (except the pH = 2 B-R solution)
(Figure 4B).

3.1.3. Calibration Iines

The calibration lines were determined by differential pulse voltammetry in the range 0.0 to 1.0 V.
Stock solutions of caftaric and chicoric acids were prepared, both with a concentration of 25 mM,
in a mixture of ethanol:water (1:1). Aliquots of acids were successively added over 10 mL of B-R
electrolyte solution. The measurements were recorded with the same system of three electrodes:
Ag/AgCl electrode (reference electrode), platinum wire electrode (counter electrode) and CNTs/CS/GCE
(working electrode). Differential pulse voltammograms are shown in Figure 5A,B. The calibration
diagrams resulted in arranging the peak amplitude against the standard solutions concentration.
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The peak current amplitude against concentration dependence was registered in the concentration
interval of the analyte (Figure 5C,D).

0.0 02 04 06 08 1.0 t 2 3 4 5 6 7 8
E IV vs. Ag/AgCI pH

A B

Figure 4. (A) Differential pulse voltammograms for a 10 mM chicoric acid solution in Britton-Robinson
buffer at different pH values. (B) Plot of anodic peak potential and peak current vs. pH.

The two calibration lines are expressed through the following equations:
I(1A) = —0.96521 + 6.8482 °C (mM) (4)

I(1A) = 24.85987 + 1.0636 °C (mM) (5)

having values of R = 0.99500 and R = 0.98484, respectively. The amplitude of the peak current was
considered as the interval between the baseline and the maximum value of the current.

In Figure 5A,B, the oxidation peak of caftaric acid occurs at 0.505 + 0.002 V, and that of chicoric
acid at 0.515 + 0.001 V.

100

180

— blank 160 — blank
90 ———0.85mM A 269 mM
] —1.68 mM 140 / —3.20 mM
80 - | ——2.50 mM 2 —3.69 MM
| 3.30 mM ‘ 4.18 mM
< 704 4.08 mM < 10 | 4.66 mM
3 =
80
60
4 = S ==
3 ' ¥ § ' § ' ® 0.0 0.2 0.4 0.6 0.8 1.0
0.0 0.2 0.4 0.6 0.8 1.0 : - - - : :

E /V vs. Ad/AaCl
E /V vs. Ag/AgCI

304

304 1

C 254 D /
254 y
20 ¥

20 [}
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S S5
— 154 -

104 10

5 5 V

0 T T T T T T T d 0 T T T T 1

05 10 15 20 25 30 35 40 45 25 3.0 35 40 45 5.0
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Figure 5. Differential pulse voltammograms for (A) caftaric acid: 0.85, 1.68, 2.50, 3.30 and 4.08 mM,
(B) chicoric acid: 2.69, 3.20, 3.69, 4.18 and 4.66 mM in Britton-Robinson buffer (pH = 3), (C) calibration
curve for A, (D) calibration curve for B.
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The amplitude of the peak current was considered as the interval between the baseline and
the maximum value of the current. Limits of detection (LOD) were calculated using the 30/S ratio,
(o—standard deviation of the response, S—slope of the calibration curve) and limits of quantification
(LOQ) were specified using the 100/S ratio, and their values are summarized in Table 3.

Table 3. Detection and quantification limits for caftaric and chicoric acids.

Acid Linearity Range  Limit of Detection (mM)  Limit of Quantification

Caftaric 0.850—4.084 0.283 0.850
Chicoric 2.691-4.661 0.897 2.691

3.1.4. Electrode Stability

The reproducibility of the modified electrode with CNTs was investigated. Thus, differential pulse
voltammograms were recorded for a 10 mM chicoric acid solution for two consecutive weeks (Figure 6).
The standard deviation of the oxidation peaks measured 3 times for each day was 2.69%, which means
that the CNTs/CS/GCE electrode has a good reproducibility.

100

04 | |——Day1
| Day7
80 \ —— Day 14
\
3 704
T 60
50 -
40
304

0.0 0.2 0.4 0.6 0.8 1.0
E /V vs. Ag/AgCI

Figure 6. Differential pulse voltammograms for a 10 mM chicoric acid solution measured on days 1, 7
and 14 using the CNTs/CS/GCE electrode in Britton-Robinson buffer (pH = 3).

3.1.5. Interference Studies

For a solution containing both caftaric and chicoric acids, in concentrations of 6.40 and 5.55 mM,
the influence of interferences was studied. Organic substances (such as resorcinol, glucose, uric acid,
phenol and tartaric acid) with a concentration of 10 mM in solution, brought an increase in the intensity
of the oxidation peaks corresponding to caftaric acid and caffeic acid, with a maximum of 3.2%.
Inorganic ions (i.e., Na*, K7, Mg2+, Ni2*, Cu?*, C1~, NO;~ and SO42~, Table 1), having concentrations
of 100 mM in the solution of caftaric acid and chicoric acid, also did not significantly alter the signal of
the oxidation peak. So, the CNTs/CS/GCE electrode had a good selectivity in determining the two
acids (caftaric and chicoric).

3.2. Voltammetric Study of Echinacea Purpurea in Pharmaceutical Forms

Differential pulse voltammograms were recorded in the same range of 0.0 to 1.0 V in B-R buffer.

Figure 7 shows the differential pulse voltammograms for a solution of caftaric acid and chicoric
acid (concentration of 6.40 and 5.55 mM) along with 3 other solutions of Echinacea purpurea extract
3.00 mg/mL from capsules/tablets/tincture in B-R buffer. The presence of strong oxidation peaks at
0.515 £ 0.025 V, due to the oxidation of 3,4-dihydroxyl substituents (caftaric acid and chicoric acid),
is noted.
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Figure 7. Differential pulse voltammograms for caftaric acid solution (6.40 mM) and chicoric acid

(5.55 mM), for Echinacea purpurea extracts (capsules, tablets, tincture) 3 mg/mL in Britton-Robinson
buffer (pH 3).

The presence of the other two oxidation peaks from 0.209 + 0.002 V and 0.697 + 0.005 V of
the studied pharmaceutical forms can be attributed to caffeic acid or quercetin [21] respectively,
to malvidin-3-glucoside, catechin or chlorogenic acid [37,38]. Amounts of polyphenols have similar
values to those found by Oniszczuk et al. [39].

By correlating the oxidation peaks for both caftaric and chicoric acids with the current intensities for
the oxidation peaks of the analyzed pharmaceutical forms, the quantities of polyphenols existing in the
Echinacea extracts were obtained. The polyphenolic content was determined by the spectrophotometric
method, and the standard GA calibration curve (expressed in GAE) was used. The values obtained are
specified in Table 4.

Table 4. The amounts of acids present in the analyzed pharmaceutical forms with Echinacea.

Voltammetry Spectrophotometry
Total . Total Content of
. Caftaric + Total Content
Pharm. Phenolic . . . . . Polyphenols Found
Form Derivatives Caffeic Acid Cx:cl;g;lc Catechins of P(;:lgrprlllgnols mg GAE/500 mg
Theoretically u Powder
mg/500 mg Powder
Capsules 20 2.006 +0.214*  16.129 £0.159  1.366 + 0.583 19.501 + 0.483 2.638 + 0.258
Tablets 20 1.958 + 0.348 16.222 £0.291  1.622 +0.794 19.802 + 0.678 2.682 +0.592
Tincture 30 2.161 +0.287 22.701 £ 0127  3.866 + 0.927 28.728 + 0.826 3.890 + 0.156

* SD: standard deviation for 3 determinations; GAE: gallic acid equivalents.

3.3. Antioxidant Activity

The differential pulse voltammograms for the gallic and ascorbic polyphenolic acids standards
are shown in Figure 8A,B. Characteristic irreversible oxidation processes were registered for both
compounds, similar to those observed for other antioxidant compounds (with one anodic peak
Epa =0.515 + 0.035 V for ascorbic acid [40-43], and two anodic peaks E(I)pa = 0.370 + 0.040 V,
E(II)pa = 0.550 + 0.030 V for gallic acid [44,45]).

The equations of the calibration lines (Figure 8C,D) of AA (Equation (6)) and GA (Equation (7)) are:

I(A) = 21.42588 + 1376.17861 °C(mol/L); R = 0.99806 (6)

I(1A) = 1.12068 + 2708.14749 °C(mol/L); R = 0.99827 @)
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Using the equations of the calibration lines for the two acids, the equivalent concentration was
calculated for the three pharmaceutical forms analyzed in relation to the respective acids. Thus,
the antioxidant capacity of Echinacea extract powder, relative to AA and GA, is shown in Table 5.

60
— blank — blank
60
55
50
50
< <
ES
= 40+ = 451
304 40
e 35 ~ .
204 . g ) /,/'
T T T T T T 30 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
E /V vs. Ag/AgCI E /V vs. Ag/AgCI
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%/ 15
26 - -
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o
- :
22 4 %/ N
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C/mM C/mM

Figure 8. Differential pulse voltammograms for (A) ascorbic acid solutions 0.25, 0.70, 1.30, 2.00, 2.86,
3.75 and 4.59 mM, and (B) gallic acid 0.24, 0.70, 1.30, 2.00, 2.86, 3.75, 4.59, 5.35, 6.00 and 6.55 mM,
in Britton-Robinson buffer (pH = 3). (C) Calibration curve for A, (D) calibration curve for B.

Table 5. Antioxidant capacity equivalent to ascorbic/gallic acid (AA/GA).

Antioxidant Activity, mg acid/g Extract

Pharmaceutical Form Voltammetry Spectrophotometry
AA GA AA GA
Capsules 6.125 +0.428 2 0.952 + 0.819 8917 +0.482 3.009 + 0.294
Tablets 6.354 + 0.181 1.133 + 0.483 9.457 + 0.824 3.191 + 0.326
Tincture 6.722 + 0.537 1.245 + 0.724 9.826 + 0.624 3.457 + 0.753

a SD: standard deviation for 3 determinations.

In the case of determination by the DPPH method, the calibration curves for AA and GA are linear
(with a correlation coefficient >0.99), which indicates a good correspondence between the concentration
of the analyzed solutions and the respective absorbance: Ay = 0.02079 + 1.0937 C (mM), R = 0.99663
and R? = 0.99579, and Aga = 0.10301 + 1.26575 C (mM), R = 0.99290 and R? = 0.99112, as it is also
shown in Figure 9.
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Figure 9. Calibration lines for (A) ascorbic acid and (B) gallic acid.

The possible association between the total polyphenol content and the antioxidant activity was
tested, and it resulted in a direct, positive and strong association in intensity, regardless of the report
(r=0.93542, R? =0.87502, p = 0.23—equivalent to AA; r = 0.880797, R? = 0.65282, p = 0.4—equivalent
to GA).

4. Discussion

The determination of total content of polyphenols and antioxidant activity of natural
pharmaceutical products is a difficult goal, being both selective and sensitive at the same time. For this
purpose, simple and fast techniques are needed. Our research presented a sensitive electrochemical
method of determination (both for the total polyphenols content and for the antioxidant activity of
Echinacea purpurea extracts), benefiting from a newly manufactured glassy carbon electrode, modified
with CNTs. CNTs are the most relevant representatives of the nanomaterials that are used in the
manufacturing process of the electrochemical sensors, having high performance. Multiwalled CNTs
are usually selected, taking into account their many advantages (high electrocatalytic activity and
rapid electron transfer rate).

The structure of the caffeic acid derivatives that have ortho-dihydroxyl groups is highly
connected to their reaction of oxidation [46]. The oxidation process of the catechol moiety implies
a two-electron transfer that takes place stepwise through one-electron processes, succeeded by a
permanent/unchangeable chemical reaction for every stage to yield an o-quinone end-product [47].
Accordingly, at the glassy carbon electrode (GCE) surface, the Echinacea extracts, chicoric or caftaric
acid, that have comparable moiety of caffeic acid, will be oxidized. The modification of glassy carbon
electrodes increases the redox peak current; also, it could be used with higher sensitivity.

For the electrode characterization, a redox system was used, with 2 electroactive species,
which offers the advantage of showing a peak of oxidation, and respectively, a peak of reduction,
regardless of the scanning direction of the cyclic voltammetry. Thus, if scanned to positive potentials,
the oxidation peak of K4[Fe(CN)g] will be observed, and if the scanning direction is changed to
negative potentials, the reduction peak of K3[Fe(CN)¢] will be observed. If only K3[Fe(CN);] is used,
under conditions of scanning to positive potentials, no signal will be observed in the anodic half-cycle,
but a K3[Fe(CN)4] reduction signal will appear in the cathodic half-cycle as well as the oxidation of
K4[Fe(CN)4] generated in the next anodic half-cycle. The results indicated that the tested electrode has
a higher sensitivity than the other two electrodes used and can be used to determine the number of
polyphenols and antioxidant activity.

In cyclic voltammetry, Ip depends on several factors: scanning speed, concentration of electroactive
species, diffusion properties of electroactive species at the electrode surface, etc. Based on these
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considerations, and the first two factors listed above being identical for the three electrodes used, it is
obvious that a net higher value of Ip for the electrode CNTs/CS/GCE is due to a very good electroactive
surface compared to the other two electrodes used. If referring to the two modified electrodes, it can be
stated that a smaller amount of added CS cannot fix a large quantity of CNTs to the electrode surface
(based on the Ip values corresponding to the two modified electrodes).

Voltammetry studies have shown the presence of oxidation peaks at 0.505 V for caftaric acid
and 0.515 V for chicoric acid, and they increase in direct proportion with the increase of the acid
concentration in the range of 0.85-4.08 mM, and respectively in the range of 2.69-4.66 mM (Figure 5).
These peaks are due to the oxidation of the -OH groups to the quinoline form, oxidation that consumes
2 electrons and 2 protons to form o-quinone for the studied acids [48].

Oxidation peaks in voltammograms demonstrate the existence of electroactive phenolic species
in the extract and can be used to determine the total polyphenol content. This finding confirms that,
based on the current intensities, the two acids mentioned above are the main polyphenols existing in
the extract, because similar results were obtained for the standard phenolic compounds of caftaric and
chicoric acid. Oxidation potentials that occur at 0.505 V (Figure 7) and 0.515 V (Figure 7) for both acids
have close values that cannot be split by the electrode used. It should be noted that the shift of the
oxidation peak towards more negative and positive potential values for the analyzed forms is due to
the presence of other polyphenolic compounds in the studied extracts.

The antioxidant activity was examined by comparing and reporting two substances with strong
antioxidant effects: ascorbic acid and gallic acid. Of the three pharmaceutical forms studied, Echinacea
tincture had the highest antioxidant capacity (relative to ascorbic acid and gallic acid) and the total
amount of polyphenols (28.72 mg/equivalent of 500 mg powder). Echinacea capsules had the lowest
antioxidant capacity, but also the lowest total amount of polyphenols (19.50 mg/500 mg powder).
Similarly, the tablets had approximately the same values of polyphenols content (19.80 mg/500 mg
powder), and also antioxidant capacity. The positive association between total polyphenol content
and antioxidant activity demonstrates the importance of polyphenolic compounds that contribute to
the antioxidant activity of echinacea extracts, but also to the total antioxidant effect. These results
are consistent with other studies that evaluated the antioxidant activity of Echinacea purpurea by
spectrophotometric or electrochemical methods [21,49].

5. Conclusions

The results of this study indicate that the pulse-differential cyclic voltammetry represents a rapid,
simple and sensitive technique to establish the entire polyphenolic amount and the antioxidant activity
of the E. purpurea extracts. The modified 1 mg/mL CNTs/CS 5%/GCE electrode has superior properties
compared to the other two (the unmodified and 20 mg/mL CNTs/CS 0.5%/GCE-modified) electrodes
used and can be operated with to determine the polyphenol content and antioxidant capacity of natural
extracts, supplements and foods. Due to the very good correlation between the antioxidant action
obtained and the total polyphenolic content, it is considered that the antioxidant activity of the studied
products containing Echinacea comes largely from the derivatives of caffeic acid that are present in the
extracts of this plant. The use of dietary supplements containing Echinacea extracts, due to their action
in preventing oxidative reactions induced by free radicals, may bring health benefits.
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