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A B S T R A C T

The mangiferin molecule (MG) is a c-glucosyl xanthone present in the mango tree. Its structure contains poly-
phenolic groups which are responsible for its antioxidant properties. These properties make this natural mole-
cule, an attractive additive for pharmaceutic products and functional food. In this work, we report on an in-
vestigation of the electrochemical behavior of mangiferin upon bare and carbonaceous nanomaterials-modified
glassy carbon electrodes (GCEs). The electrodes modification was made with graphene oxide (GO), multi-walled
carbon nanotubes (MWCNT) or single-walled carbon nanotubes (SWCNT) suspended in water or in Nafion® ion
exchanger. The data obtained show that the mangiferin's oxidation process is governed by a mixed mechanism of
diffusion and adsorption. By implementing the electrodes modification, it was determined that, not only the
sensitivity increases in the oxidation signal of MG, but also the adsorption of the oxidized product is lower,
allowing the execution of several successive measurements without the need to polish the electrode. Calibration
curves were performed for all three systems (GCE-GO, GCE-MWCNT, and GCE-SWCNT); the obtained correlation
coefficients were higher than 0.9940 with detection limits of 0.063 μM, 0.189 μM, and 0.476 μM respectively.
These results make the developed material a viable option for direct determination of mangiferin.

1. Introduction

Because of the known role of free radicals in diverse diseases, like
cancer, diabetes, Parkinson and Alzheimer [1], antioxidant activity
benefits from functional food receive great attention. Antioxidants
counteract the action of radicals by reacting with them before they
reach biological targets [2].

Vitamins, carotenoids, minerals, and polyphenols are the main
components responsible for the antioxidant activity, and are present in
fruits and vegetables like mango, apple, orange, broccoli and carrot
[1,3–5]. In particular, mango trees (Mangifera indica L.) have been re-
ported to contain large amounts of polyphenols in leaves, peel, stem,
bark, and fruit [6–9]. For the mango fruit, approximately 70%–80% of
the total mass is pulp, 10%–12% is seed and between 8%–15% is peel,
depending on the particular species considered [11]. Regarding its
physicochemical properties, the seed and the shell have carbohydrate
percentages of 34%, as well as 5%–7% of proteins [12,13] and phenolic

compounds of around 90 mg/g–200 mg/g [14,15].
According to a study by Mejía et al. [12], a mass percentage fraction

of 50%–55% of the constituent material of the fruit is wasted in the
pulping of the mango at industrial level. This waste is composed mostly
of shell, seed, pulp and fiber remains. For Colombia's 2014 production
alone, it represents 135,216 of the total 270,432 tons produced. Mango
residue materials have high contents of ascorbic acid and polyphenolic
compounds in the seed and the shell which confer antioxidant activity
[10,14–17] and therefore can be used in the food industry.

The mangiferin molecule (Fig. 1A) is a glycosylated xanthone pre-
sent predominantly in leaves, bark, and the root of Mangifera indica L.
and has been the subject of studies associated with cognitive deficit
[18], antioxidant and anti-inflammatory activity [19], im-
munotherapeutic effects [20], cytoprotective activity [21,22], anti-
tumor agent, and hepatoprotective effect [23], among others.

Because of the increasing importance of MG, it is necessary to de-
velop methodologies that grant its determination in an easy, fast,
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sensitive, and cheap way. The determination of molecules that present
antioxidant activity is usually carried out by spectrophotometric tech-
niques that use radical scavenging molecules [3,24]. Nevertheless, the
electrochemical approach could offer a faster, cleaner, more sensitive
and economical alternative for the detection of this kind of molecules
[25].

Electrochemical techniques have impacted the field of pharmaceu-
tical, biological and food analysis because of their simplicity, reason-
able accuracy and precision, in addition to their low cost, high sensi-
tivity, selectivity, and rapidity. Furthermore, electrochemical
techniques have allowed the simultaneous detection and quantification
of substances such as uric acid, folic acid, ascorbic acid, epinephrine,
norepinephrine, acetaminophen, tryptophan, and many other

pharmaceutically relevant molecules, allowing significant recovery
percentages for these metabolites in real samples, and facilitating the
analysis of samples [27–33].

Studies about antioxidant activity of complex MG-Fe using cyclic
voltammetry (CV) with GCEs have been reported [21,22]. However,
there is little information regarding the use of electrochemical techni-
ques for quantification purposes of this particular polyphenol. The main
difficulty reported for this kind of sensors is the adsorption of the oxi-
dation products of polyphenols at the electrode surface [21,22,26],
which leads to a progressive electrode passivation.

The use of electrodes modified with ion exchange resins and car-
bonaceous materials, has allowed the development of sensors that are
specific and selective to different types of target molecules, such as

Fig. 1. A) Chemical structure of mangiferin, B) electro-
chemical oxidation of mangiferin.

Fig. 2. Successive cyclic voltammetry for mangiferin detection by GCE electrodes modified with nanocarbon materials suspended in H2O. A) Bare GCE, B) GCE-GO, C) GCE-MWCNT, D)
GCE-SWCNT at v = 50 mV·s−1, HClO4 0.1 M as supporting electrolyte.
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caffeine, dopamine, morphine, ondansetron, urea, and Escherichia coli
[34–39]. Electrodes modified with Nafion–CNT eliminate interfering
signals and possess enhanced storage time and performance; they also
present an improvement in surface area with high selectivity to charged
molecules [36,38].

In order to find the best composite to electrochemically quantify MG
at low concentrations, we compare various glassy carbon electrodes
modified with different carbonaceous nanomaterials (GO, MWCNT, or
SWCNT) suspended in water or in an ion exchange resin.

2. Experimental method

2.1. Materials

MG was purchased from Indofine Chemicals and MWCNT from
Smart Materials. GO, Nafion® and SWCNT were provided by Sigma-
Aldrich. Sodium hydroxide, ethanol, and perchloric acid were pur-
chased from Merck and were analytical grade.

2.2. Equipment

The electrochemical experiments were carried out using an Autolab
PGSTAT 101 potentiostat controlled by Nova 1.11 software (Metrohm,
The Netherlands). A conventional three-electrode configuration cell
was used, which includes a GCE as the working electrode, an
Ag|AgCl|KClsat as a reference electrode, and a Pt wire as counter
electrode.

2.3. Electrode modification

The GCEs were mechanically polished for 1 min using alumina
powder (Buehler, 0.05 μm) and then rinsed with abundant deionized
water to eliminate any alumina residue. The GCEs were next polished
with diamond paste (Buehler, 0.25 μm) for 1 min. The electrodes were
then rinsed with deionized water and sonicated for 10 s at low fre-
quencies. This procedure was done for each experiment before the
electrode modification. Finally, the electrodes were subjected to an
electrochemical activation process by chronoamperometry at 1.2 V (vs
Ag/AgCl) for 300 s in NaOH 0.1 M [40].

The carbonaceous nanomaterials (GO, MWCNT, SWCNT) were
suspended as received, in deionized water or Nafion® solutions. The
final concentration of the GO, MWCNT or SWCNT dispersions was

Fig. 3. Successive cyclic voltammetry for mangiferin detection by GCE electrodes modified with nanocarbon materials in a Nafion matrix. A) GCE, B) GCE-GO/Naf, C) GCE-MWCNT/Naf,
D) GCE-SWCNT/Naf at v = 50 mV·s−1, HClO4 0.1 M as supporting electrolyte.

Fig. 4. Successive measurement effects in mangiferin oxidation current by CGE-nano-
carbon/Nafion modified electrodes using CV (v = 50 mV·s−1). HClO4 0.1 M was used as
supporting electrolyte for all the experiments. Results for the system GCE-SWCNT/Naf not
shown due to the high interference of capacitive current.
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1 mg/mL. The mixtures were vortexed for 30 s and then sonicated for
10 min more. The immobilization of the materials was made by adding
a 5 μL drop of the suspension on the electrode surface that was pre-
viously activated. The solvent was evaporated during 1 h at room
temperature and the modified GCE was activated by immersing it in
0.1 M HClO4, and applying a cathodic swipe between −0.3 V and 1.0 V
at 50 mV·s−1 by CV.

2.4. Electrochemical procedures

Electrochemical measurements were carried out using CV and
square wave voltammetry (SWV) techniques. The CV experiments were
made using HClO4 0.1 M as the supporting electrolyte. The cyclic vol-
tammograms were performed scanning the potential from −0.3 V to
1.0 V (vs Ag/AgCl) at an optimized scan rate of 50 mV·s−1. In the SWV
experiments, the stripping process was made prior to the scanning,
using −0.2 V (vs Ag/AgCl) as stripping potential and 80 s as stripping
time (frequency f = 80 Hz, the amplitude of square wave
ΔEsw = 35 mV, and step potential ΔEs = 5 mV).

3. Results and discussion

3.1. MG detection over GCEs modified with carbonaceous nanomaterials

Fig. 2 shows the successive cyclic voltammograms for MG detection
using unmodified and modified glassy carbon electrodes with GO,
MWCNT, and SWCNT suspended in water. It can be observed from the
Figure that the electrodes modified with both SWCNT and MWCNT
present, after the first voltammetric cycle, current values at 710 mV
that are higher than that of the unmodified electrode. This is attributed
to the oxidation of the catechol group present in the MG structure
(Fig. 1B). Both, the unmodified GC electrode and the electrodes mod-
ified with nanotubes present a decrease in current values after succes-
sive sweeps. This behavior has been previously observed during the
analysis of various polyphenols, including MG, and it is explained by
the formation of a non-electroactive polymeric film through an elec-
trochemical-chemical coupled mechanism [41,42].

Distinctive behavior in the cyclic voltammograms of the GCE

Fig. 5. Square wave voltammetry responses of CGE-nanocarbon/Nafion modified electrodes in a 5 × 10−5 mol/L mangiferin solution after successive measurements. A) GCE-GO/Naf, B)
GCE-MWCNT/Naf, C) GCE-SWCNT/Naf. At conditions f = 80 Hz, ΔEsw = 35 mV, ΔEs = 5 mV, HClO4 0.1 M as supporting electrolyte.

Fig. 6. Successive measurement effects in mangiferin oxidation current by CGE-nano-
carbon/Nafion modified electrodes in SWV experiments (f = 80 Hz, ΔEsw = 35 mV,
ΔEs = 5). HClO4 0.1 M was used as supporting electrolyte for all the experiments.
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modified with GO was also observed; initially the current increases, but
after 5 or 6 successive cycles, it decreases progressively. Such a beha-
vior may be due to the fact that the surface groups present in the GO
structure are reduced partially until an equilibrium is reached [43–45].
It is possible that the oxidation reaction of the MG, and the modification
of the GO surface groups occur simultaneously during cycling. Com-
pared to the other systems, for the SWCNT, a larger capacitive current is
observed. This may be due to the presence of a single layer of folded
graphene, forming a nanotube-like structure, which has greater re-
sistance to charge transfer than other materials that are composed of
several layers [46–48].

Even if the redox signals for mangiferin oxidation where detected
using all the presented electrode configurations, we have shown that
the signal decreases after successive voltammetry cycles. Further
modifications were thus developed in order to avoid that problem and
also to give repeatability to the measurements realized using the same
electrode. The results are shown below.

In order to give stability to the sensor and to avoid the influence of

negatively charged interferents in real samples, we implement Nafion®
as a part of the composite. This polymer is considered a proton con-
ductor for membrane applications because of its excellent thermal and
mechanical stability [37]. Fig. 3 shows the successive cyclic voltam-
mograms for the detection of MG using modified GCEs with carbo-
naceous nanomaterials in a matrix of Nafion®. An increase in the cur-
rent at 710 mV is observed as successive sweeps are carried out. The
rise in the electrochemical signal can be due to three leading factors: i)
the increase of the electroactive area after the modification, ii) the resin
used is cationic exchange and the oxidation process of the catechol
group involves the transfer of 2 electrons and 2 protons [42], and iii) a
possible tunnel effect increases the connectivity at the electrode surface
[38].

Fig. 4 shows the current values that correspond to the MG oxidation
signal in successive cycles for the cyclic voltammograms presented in
Fig. 3. In these experiments, the GCE-SWCNT/Naf system presented a
high capacitive current that overlaps the signal associated with MG
oxidation; therefore, the corresponding current values are not

Fig. 7. Amperometric responses of nanocarbon/Nafion modified electrodes after successive additions of mangiferin as obtained by SWSV. A) GCE-GO/Naf, B) GCE-MWCNT/Naf, C) GCE-
SWCNT/Naf. At conditions f = 80 Hz, ΔEsw = 35 mV, ΔEs = 5 mV, HClO4 0.1 M as supporting electrolyte. Inset figures: each point is the average of three replicated measurements.

Table 1
Summary of calibration parameters obtained for mangiferin detection by GCE-nanocarbon/Nafion sensors.

Electrode configuration Limit of detection (M) Limit of quantification (M) Regression equation R2

GCE-GO/Naf 6.3 × 10−8 2.1 × 10−7 i= 1.0946CMG − 0.4512 0.9987
GCE-MWCNT/Naf 1.9 × 10−7 6.3 × 10−7 i= 1.6470CMG − 0.3495 0.9965
GCE-SWCNT/Naf 4.8 × 10−7 1.6 × 10−6 i= 1.9717CMG − 0.6859 0.9942

i: observed current, CMG: concentration of MG.
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indicated. It is observed that for the first successive cycles, the current
increases but eventually reaches a steady value. The determination of
the number of cycles needed to reach a steady value in the current is
very important when the quantification of MG is intended.

CV is widely used for systems characterization but not so much for
quantification purposes, while the SWV technique, which implements
the pulse to avoid the interference associated with the capacitive cur-
rent, provides greater sensitivity, since the obtained current is higher
than that in the CV technique [25,49,50]. For this reason, we use the
SWV for quantification of our analyte.

3.2. MG determination by means of SWV

In order to evaluate the stability and efficiency of each composite
electrode system, the SWV technique was used. Using a 5 × 10−5 M
MG solution, 20 successive sweeps were performed for each modified
electrode. Fig. 5 shows the obtained voltammograms. Increases in the
current at 710 mV are observed as the sweeps increase until it reaches a
constant value. This signal is attributed to the MG oxidation. The signal
centered at 300 mV corresponds to the presence of oxygenated groups,
such as quinones and hydroquinones, in carbonaceous nanomaterials
[51].

Fig. 6 shows the current values observed for the MG oxidation signal
in successive sweeps using the SWV technique, for systems modified
with carbonaceous nanomaterials suspended in the Nafion® resin. As
expected, when these results are compared with the corresponding ones
obtained by the CV experiments (Fig. 4); the current values are sig-
nificantly higher in magnitude when using SWV due to the theoretical
basis of both electrochemical techniques. As in CV experiments, it is
observed that during the first successive sweeps, the current increases,
eventually reaching a steady value. It has been reported that electrodes
containing carbon nanotubes (CNT) dispersed in Nafion® present an
improvement in peak currents compared to bare electrodes, possibly
due to a phenomenon of tunneling effect of CNT and/or a conduction
model based on electrons passing, one by one, between two neigh-
boring CNT [38]. Regarding the non-adsorptive behavior of the system
in presence of Nafion®, Hoyer et al. report that this resin offers minimal
obstruction to the diffusion of the analyte to the electrode surface, and
at the same time, prevents the adsorption processes of organic com-
pounds [52].

Fig. 7 shows the voltamperometric responses of the GCEs modified
with carbonaceous nanomaterials suspended in Nafion® (GO, MWCNT,
SWCNT) obtained through SWV. The signals correspond to MG oxida-
tion as a result of the analyte concentration. For all the systems under
evaluation, a line was fitted to the experimental points applying the
minimum square technique (inset figures).

The calibration parameters obtained using the modified-GCE are
grouped in Table 1. Limits of detection (LOD) and limits of quantifi-
cation (LOQ) were calculated using the equations: LOD = (3SDB/mcc)
and LOQ = (10SDB/mcc) respectively; where SDB is the standard de-
viation of the blank, and mcc is the slope of the linear calibration curve
obtained for both equations [53]. A good linear response, and very
good LOD and LOQ were achieved, suggesting that all 3 systems are
appropriate for their application in the electrochemical quantification
of MG under the studied conditions.

The obtained detection limits are comparable and, in the case of the
sensor composed of GCE-GO/Naf, better than those reported in recent
work using fluorescence (L.O.D. = 2.1 × 10−7 M) [54], or voltam-
metric techniques (L.O.D. = 3.9 × 10−7 M and L.O.D. =
2.0 × 10−8 M) [55,33]. In addition, the stability of oxidation currents
through time was analyzed, observing not significant variations during
the first 6 h after sensor preparation.

4. Conclusions

GCEs were successfully modified using Nafion®-suspended

carbonaceous nanomaterials to determine MG through electrochemical
techniques. The composite Nafion/carbonaceous nanomaterials im-
proved the diffusion of the analyte to the electrode surface and avoided
the adsorption of the MG oxidation product, which would lead to the
passivation of the electrode. In addition, the Nafion® gave mechanical
stability to the composite, allowing the analysis of several samples
without the necessity of further treatment. The obtained results suggest
the suitability of the studied GCE/carbonaceous nanomaterials/Nafion
as a fast, simple, and practical analytical method for MG determination.
The GCE/GO/Nafion configuration seems to be the optimum option for
MG quantification because it gives the best straight line correlation and
the lowest limit of detection (63 nM).
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