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Abstract: Long-term cadmium intake can be very dangerous to human health due to its toxic effects.
Although people can be contaminated with this element from different sources, contaminated food is
probably the most important one. Foods such as vegetables and fruits can become contaminated with
cadmium existing in soils, irrigation water, or chemical fertilizers. Some plants produce an excess of
cysteine-rich peptides (CRp) when affected by high concentrations of heavy metals such as cadmium,
thus indicating the presence of this type of contamination. Among these plants is tamarillo (Solanum
betaceum), which is locally known as “tree tomato”. This is a native plant widely consumed in the
Ecuadorian Andes because of its abundance, low cost, and high content of vitamin C and fiber.
The fact that Solanum betaceum produces CRp upon contamination with heavy metals means that this
plant may be able to accumulate heavy metals. If this is the case, the plant can possibly be used as
an indicator of metal pollution. The main goals of the present work were to evaluate the possibility of
using Solanum betaceum as an indicator of metal contamination in plants and to examine its capability
to accumulate metals. Both goals were met by determination of the amounts of CRp produced
by Solanum betaceum cells cultivated in vitro in the laboratory under controlled conditions in the
presence of different concentrations of cadmium. The CRp determination was carried out by means
of electrogeneration of iodine in an iodide solution containing reduced glutathione as a biological
thiol model. Solanum betaceum cells were grown in a Murashige and Skoog solution enriched with
a 30 g L~! sugar aqueous solution and 1 mg L' 2,4-dichlorophenoxyacetic acid. The results of these
experiments confirmed the following: (1) CRp production is a function of the amount of cadmium
present as a contaminant up to a limiting value after which cell apoptosis occurs; (2) Solanum betaceum
accumulates cadmium; (3) the analytical method used is appropriate for CRp determination; and (4)
CRp determination is a valid alternative to detect contamination by heavy metals in plants.

Keywords: cysteine-rich peptides; electrochemical determination; cadmium contamination; Solanum
betaceum as an indicator
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1. Introduction

Long-term intake of foods contaminated with Cd, Pb, Hg, and some other heavy metals can
result in serious health problems due to their accumulative character and toxicity [1,2]. Cadmium
is an element that can be present in the water, soil, pesticides, and chemical fertilizers. It can be
considered as one of the most ubiquitous toxic heavy metals in plants because this element can be
easily absorbed through the roots, accumulated, and stored in the whole plant. In the case of edible
plants, this metal can be transferred to people through the trophic chain, constituting a health risk.
The presence of this contaminant in crops used as sources of food for human beings should therefore
be closely monitored [3,4]. The presence of excess heavy metals in a given plant can be detected
by measuring the amount of cysteine-rich peptides (CRp), such as phytochelatins and glutathione
(GSH), produced by some plants when they are under stress caused by the presence of heavy metals.
It seems that CRp production is some sort of a defense mechanism of some plants in order to minimize
perturbation of its intracellular equilibria due to the presence of heavy metals. These equilibria
allow genetic signal transduction, plant metabolism, and gene regulation to continue functioning
properly [4,5]. There are several methods of detecting CRp, including those based on fluorescence [6],
chromatography [7], colorimetry [8], and mass spectroscopy [9]. However, these methods require
lengthy and laborious sample treatments as well as high analysis costs [10,11]. Electrochemical
methods for CRp determination have been well accepted as an alternative to the previously mentioned
methods. Electrochemical methods are highly sensitive, produce results in comparatively shorter times,
and require lower costs [12]. However, to the best of our knowledge, there have not been any published
articles in the specialized literature dealing with CRp generation by Solanum betaceum, also known
as “tomato tree” in Ecuador, other South American countries, and some parts of Europe. In Ecuador,
the fruit of Solanum betaceum (tomato tree) is heavily commercialized in most cities and consumed by
many people because of its great taste, nutritional qualities, and low cost [13-15]. The fruit looks like
a standard tomato, although it is smaller in size, and this could be the reason the fruit is locally known
as “tomato tree”. The fruit can be eaten on its own or as a salad ingredient. Unfortunately, the lack of
control over the use of chemical pesticides, fertilizers, and, in some instances, contaminated water
for soil and plant irrigation can result in contamination of fruits and edible vegetables with several
toxic species, including heavy metals [16]. In the present work, we deal with the evaluation of Solanum
betaceum as a possible indicator of cadmium contamination as assessed by the determination of CRp
produced by the plant as a response to the presence of such contaminants. The work is aimed at the
indirect quantification of CRp in Solanum betaceum cells grown in vitro in the presence of cytotoxic
levels of cadmium following electrogenerated iodine reaction in an electrolytic solution of iodide ions,
with reduced glutathione (RSH) used as a thiol model. lIodine is a selective reagent for oxidation of
RSH to glutathione disulfide (GSSG) according to the following reactions, which can be monitored by
means of electrochemical techniques [17-19]

21" (aq) 2 I"%(aq) + 2e~ 1)
I%(aq) 2 Ix(s) ¢)
2RSH + I, = RSSR + 2HI 3)

If the above reactions are followed by means of cyclic voltammetry (CV), the voltammograms
would show a reversible process characterized by the presence of oxidation and reduction peak
signals due to the electron transference occurring during the reaction expressed by Equation (1) above.
When the RSH peptide is gradually and continuously added to the solution, Equation (3) becomes
important, and the oxidation peak increases while the reduction peak decreases in accordance with
what would be expected from a catalytic process [18,20]. The increase in the oxidation peak as a function
of the RSH added is effectively used as an indirect way to ascertain the amount of peptide present in
the system. Electrochemical determination of cysteine-rich peptides generated by plants under stress
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by the presence of Cd(II) using the iodine method has been previously applied to different types of
plants. Cadmium determination in pea (Pisum sativum) leaves was carried out by Gonzalez et al. [18],
while Fojta used the method to study Cd(II) contamination in tobacco leaves [21]. Quantitation of CRp
in the Solanum betaceum plant would be an efficient way of determining if crops are contaminated with
heavy metals in order to take appropriate measures to prevent consumers from their intake. Tamarillo
can also be strategically planted along with some other edible species to be used as an indicator of
contamination of the rest of the plants. The results of the analytical method used to determine heavy
metal contamination in the tomato tree itself can, by extension, indicate possible contamination of the
rest of the plants. We initiated the present research studying the production of CRp in cells of Solanum
betaceum cultivated in the laboratory because, through this way, we were able to control conditions
such as the number of cells, nutrients, humidity, temperature, and some other conditions that could
favor cell growth, transplantation, and their development into fully mature plants. We could also
have an insight into the metabolic behavior of the cells, the way they develop, the time needed for full
maturity, and the efficiency of CRp generation as a function of the plant’s growth [22]. The information
gathered from this study will be a valuable tool for seeding and cultivating plants of Solanum betaceum
with the purpose of determining whether their fruits are contaminated with heavy metals or even to
know if this plant can be used as an indicator of heavy metal contamination of a given crop used as
a source of food. Despite the fact that Solanum betaceum grows wildly under the climatologic conditions
of most South American Andean soils, the knowledge acquired from the present work will be useful in
enhancing and maximizing the growth of this plant and to open up a new and important use of this
plant as an indicator of metal pollution in other crops.

2. Results

2.1. Germination of Cell Extracts

Figure 1 shows the results obtained from the in vitro experiments. Seeds were germinated six
weeks after planting (Figure 1a). Replication of sprouts was performed six weeks after germination
(Figure 1b), and replication assays were carried out every four weeks. The embryogenic callus and
agglomerations of undifferentiated cells are shown in Figure 1c,d. Callus obtained from the leaves was
smaller than those obtained from the stems but the former lasted longer than the latter, i.e., six and
four weeks, respectively. Table 1 shows the percentage of explants that were able to generate callus
as a function of the treatment received. Statistically, with a 95% confidence level, the best treatments
applied were the ones based on the addition of 1 mg L' of 2,4-dichlorophenoxyacetic acid (2,4-D) for
the stem explants and the addition of 5 mg L~! 1-naphthaleneacetic acid (ANA) for the leaf explants.
Therefore, we decided to continue the work with four-week-old stem explants in the Murashige and
Skoog (MS) medium supplemented with 30 g L~! sugar plus 1 mg L™! 2,4-D. Prior to analysis, the callus
suspended in the MS solution was subjected to mechanical shaking for two weeks. With the purpose of
avoiding the cell death and to eliminate agglomerated cells, a representative subculture was initiated
in a fresh medium [23].

Table 1. (*). Percentage of embryogenic callus formation of Solanum betaceum.

Medi 2,4-D ANA Stems Leaves
S (mgLh gL gy %2 %1 % 2
1 0.5 0 70 65 10 10
2 1 0 90 95 0 10
3 0 5 30 40 50 50
4 0 7 10 10 25 30
p value 0.002 0.0011

(*) Each treatment was done twice.



Molecules 2019, 24, 2196 40f 11

Figure 1. Solanum betaceum: (a) germinated plants, (b) callus planting, (c) two-week-old callus,
(d) four-week-old callus, (e) four-week-old tobacco callus.

Figure 2 shows the cell growth in a period of eight days as measured with the Neubauer camera.
It is clear that cell growth and suspension turbidity were directly related. According to the inset,
turbidity increased as a function of time, indicating that cell growth was still ongoing after eight
days. This attested to the effectiveness of the 30 g L™! sugar and 1 mg L~! 2,4-D MS solution as
a very appropriate medium for cell growth. According to Delgado et al. [24], when cell growth
stops, cell number remains stationary for a brief period of time and then decreases due to the cell
death. As indicated in Figure 2, cells in the suspension did not reach the stationary phase in the
time period used in this study, i.e., there was no cell death and therefore there was no need for any
additional subculture. Figure 3 shows images of cells seen through an optical microscope under
a 10X enhancement. It can be easily seen that the cells are totally disaggregated, which makes these
suspensions useful for monitoring cell growth.
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Figure 2. Cell concentration versus suspension turbidity.
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Figure 3. Microscopic (10X) views of cell suspensions of Solanum betaceum: (a) large groups, (b,c)
smaller groups, and (d) completely dispersed cells.

2.2. Evaluation of the Analytical Method

Figure 4 shows the cyclic voltammetry curves using a Pt electrode prepared in accordance with
cleaning method 5, as described in the experimental section, of a 1 mmol L~! KI solution in the absence
(black line) and the presence (other colors) of different amounts of reduced glutathione. The oxidation
peak at 0.6 V, corresponding to the I” to I, transformation, increased as a function of GSH addition,
while the reduction peak at 0.5 V decreased due to the catalytic process of the reagent in the KI medium,
which made it possible to oxidize the peptide through its reaction with the electrochemically generated
I, species. In aqueous solutions, the I, produced reacts with the thiol groups in the peptide molecules
to convert them into disulfide groups according to the following reaction 2RSH + I — RSSR + 2HI.
The difference between the current values for oxidation with and without the peptide was taken to
determine the concentration of the peptide using the curve depicted in Figure 5.

207 =0 pmol L'

—— 10 pmol L
——— 20 pmol L'
——30 pmol L
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——100 pmol L
——150 pmol L
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Figure 4. Cyclic voltammetry of a 1 mmol L~! KI solution in the presence of different amounts of reduced
glutathione. Scan speed, 0.05 V s~!; Pt used as working electrode, graphite used as counter electrode.
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Figure 5 shows the calibration curve obtained at the platinum electrode using the best cleaning
treatment for the electrode. The best coefficients of determination were obtained by polishing the
working electrode mechanically. Afterward, electrochemical cleaning was performed, and a blank was
measured before each measurement for the best treatment (method 5). Table 2 presents the variation
coefficient of repeatability and reproducibility analysis and the determination coefficient. The resulting
values satisfied the acceptance criteria.

1.8 Y= 7.47E-4x + 2.90E-4
¥ =0.9965

S12-
=
=
5]
=
St
=
© 0.6

0.0 T T T T T T T T T T

0 50 100 150 200 250

Glutathione Concentration / pmol L'
Figure 5. Calibration curve for reduced glutathione on Pt working electrode.

Table 2 refers to the reproducibility and repeatability coefficients of variation of the values
used to build the calibration curve shown in Figure 5 as well as the linearity coefficient r? of the
curve. All values were within the limits usually accepted for a good working curve. Under the
analytical conditions observed for building the calibration curve, the method provided a detection
limit of 4.82 umol L~ (3.3 o/m), a quantitation limit of 15.41 pmol L~! (106/m), and a sensitivity of
7.46 X 10~* A L umol. Other experiments aimed at obtaining calibration curves were also performed
using the same Pt electrode but after different cleaning processes. The best results, used to build the
curve in Figure 5, were obtained after cleaning the electrode according to method 5. The need for
cleaning the electrode after each reading is due to the fact that KI can degrade with time, causing
different measurements during lengthy experiments [25]. KI degradation can result in different
iodide concentrations in the electrode surface during the first measurements compared with the later
ones. This would lead to a decrease in the oxidation peaks that do not correspond with different
concentrations of the peptides in the solution, therefore leading to an error in the peptide determination.

Table 2. Variation coefficient of repeatability and reproducibility tests and determination of the
coefficient of linearity.

Parameter Accepted * Result
Repeatability CV <2% 1.57%
Reproducibility CV <3% 2.25%
Linearity 2 > 0.98 0.9972

* Criteria described by Peters (2007) [26].

2.3. Measurement of Peptides in Cell Suspensions

Experiments were carried out in cell suspensions with a turbidity of 87.8 NTU, which means
a cell density of around 574,344 cells mL~! (Figure 2). Figure 6 shows the relationship between CRp
generation and exposition time of cells of (a) Solanum betaceum and (b) tobacco to different CdSO4
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concentrations. The standard addition method was used to determine the CRp values in order to
minimize the possible dependence of the signals on the sample’s matrix [27]. It is clear from Figure 6a,b
that CRp values were practically zero in the absence of cadmium up to day 5 of the experiment,
indicating that there was no contamination or any other factor that could cause stress on the cells.
For the tomato tree’s cells, the small increase in the CRp concentration after day 4 could be attributed
to consumption of the culture medium containing the peptide.

From Figure 6a, it is evident that, in general terms, the CRp concentration increased over time up to
day 5 after exposure to cadmium. As expected, the lesser amount of cadmium added, i.e., 10 pumol-L71,
resulted in lesser deviations from linearity as a function of time. Increasing the amount of cadmium
added to 50 pmol-L~! caused a small change in slope at day 3 but with no significant reduction on the
generation of CRp. Addition of the 100 umol-L~! Cd solution resulted in a continuous increase in the
curve, with no drastic changes in the slope even up to day 5. This behavior discards the possibility of
tamarillo cells undergoing apoptosis under these contamination conditions and exposure times [21].
Looking at Figure 6b and according to Fojta et al., tobacco cells experience apoptosis on the fifth day of
exposure to 100 pmol-L~! CdSOy. It has been reported that prior to cell death, a maximal amount of
CRp is produced due to the maximal stress caused to the cells by the heavy metal contaminant [21].
When the heavy metal gets inside the cell structure of the plant, a defense mechanism is activated
and CRp is generated. In these peptides, metals react with their thiol groups to form a metal—organic
complex, which is transported to the vacuoles and bioaccumulated inside the cells [28,29]. Our results
demonstrate that Solanum betaceum cells accumulate as much as or even more Cd than the tobacco cells
with the added advantage of higher tolerance to contamination.
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different cadmium sulfate concentrations in cells of (a) tamarillo and (b) tobacco.

3. Materials and Methods

3.1. Materials

Tamarillo seeds were obtained from Granja Tumbaco del INIAP (Instituto Nacional de
Investigadores Agropecuarios, Quito, Ecuador). All reagents were analytical grade. Solutions were
prepared using ultrapure water 18 MQ cm™!, Bacto Agar (Biomark, Dhairi, India). Macronutrients:
Ca(Cl, (Fisher Chemical, Waltham, MA USA, 100%), KH,PO,; (Himedia, Mumbai, India, 99%),
KNOj; (Merck, Darmstadt, Germany, 99%) MgS0O,4-7H,0O (Mallinckrodt Chemicals, Dublin, Ireland,
100%), and NH4NOj3 (Merck, Darmstadt, Germany, 98.5%). Micronutrients: CoCl,-6H,O (Sigma,
Darmstadt, Germany, 100%), CuSO4-5H,0O (Himedia, Mumbai, India, 99.5%), FeNaEDTA (Sigma,
Darmstadt, Germany, 99%), H3BOs (Fisher, Waltham, MA USA, 99.8%), KI (Fisher Scientific,
Waltham, MA USA, 99.5%), MnSO4-H,O (Himedia, 98%), Na,MoO,4-2H,O (Fisher Chemicals, 99.8%),
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and ZnSO,4-7H,0 (Lobachemie, Mumbai, India, 99.5%). Vitamins: glicine (Sigma, 99%), mio-inositol
(Lobachemie, 99%), nicotinic acid (Lobachemie, 99.5%), piridoxine HCl (Sigma, 99%), and tiamine
HCl (Lobachemie, 99%). Fitohormons: 2,4-dichlorophenoxyacetic acid (Loba Chemie, 98%) and
1-naphthaleneacetic acid (Lobachemie, 99). Electrolytic media: KI (HVO, Crater Rim Drive, HI,
USA, 100%), HpSO4 (Merck, 98%), K;SO4 (Sigma, >98%), reduced L-glutathion (Sigma, >98%),
NaCl (Baker, Sanford, ME, USA, 100%), KCI (Merck, >99.5%), ethanol (Fisher, 99.8%), CdSO, (Merck,
98%), and Na,HPO, (Fisher Scientific, 100%).

The following equipment were used for culturing the Solanum betaceum cells: pH meter (Thermo
Scientific, Waltham, MA, USA); laminar flow box (Esco, Horsham, UK); microscope (Olympus
BX-41, Tokyo, Japan); autoclave (Tuttnauer, Chicago, IL, USA), and orbital shaker (WiseShake,
Lutterworth, UK).

The following were used for evaluation of the analytical protocol and CRp quantitation:
potentiostat (CH Instruments, Austin, TX, USA) with a platinum working electrode, an Ag/AgCl
reference electrode, and a graphite counter electrode; ultrasonic bath (Branson, MI, USA);
field turbidimeter (Hach, Loveland, CO, USA); and centrifuge (Hermle, Gosheim, Germany).

3.2. Preparation of Cell Extracts

Seeds were extracted from the fruits and allowed to dry for a period of one month inside a laminar
flow clean box. Seeding of the cells, cell sprouting, preparation of cell suspensions, subculture,
and contamination with CdSO,4 were all carried out inside a laminar box previously disinfected with
a 70% ethanol aqueous solution and exposed to UV radiation for 40 min [30].

The Solanum betaceum seeds were disinfected by placing them in a 70% ethanol aqueous solution
for 3 min and thoroughly washing with sterile distilled water. After this first wash, the seeds were
kept in a 2.5% sodium hypochlorite solution containing four drops of Tween 20 gel for 15 min and
washed again with sterile distilled water [31]. Clean seeds were planted in a MS solution media
complemented with 30 g L~! saccharose plus 7.5 g L~! agar and submitted to a 16 h light/8 h dark
photoperiod cycle prior to sprout multiplication [14]. Leaf explants and stems were used to induce
embryogenic callus formation in the previously described MS medium to which 0.5 and 1.0 mg L~ of
2,4-D and 5and 7 mg L~! of ANA were added as callus formation inductors. Statistics were gathered
according to a completely randomized experimental design with one category factor [14]. The soft
part of the callus was cut away and placed in the MS solution with no agar and submitted to orbital
shaking at 13,000 rpm for 30 min. The suspension was diluted 1:3 with water to minimize particle
aggregation, and a subculture was started. Two weeks later, cells were counted in five samples for
5 days using the Neubauer camera. The turbidity of the resulting suspensions was measured using
a field turbidimeter [22].

3.3. Application of the Analytic Method

Cyclic voltammetry with a Pt working electrode was used as the analytical technique.
As glutathione is one of the most abundant CRps in nature, it was chosen as the model peptide
for this study. Oxidation current signals using the Pt electrode and GSH as a model were used
to obtain the calibration curves for the peptide determination. Five different electrode cleaning
procedures were used to select the best one for achieving the working curve with the best linearity
coefficient: (1) no cleaning at all; (2) polishing with alumina powder, 0.5 um, and ultrasound for
5 min; (3) ultrasound for 5 min plus CV treatment in a 0.5 mol L~! H,SOy solution between 0.1 and
1.15 V [32]; (4) ultrasound for 5 min plus CV treatment and subsequent bath in concentrated nitric acid
for 5 min; and (5) ultrasound plus CV treatment and determination of blank signals in KI solution
before any analytical measurement [33]. Calibration curves were plotted using the average value
of the results of four consecutive measurements carried out after each electrode cleaning procedure.
Repeatability of CRp measurement was determined by measuring a given sample three times during
the same day, and reproducibility was checked by measuring a given sample three times in different
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days by different analysts. Detection and quantitation limits were calculated based on 10 consecutive
measurements [26].

3.4. Measurement of Peptides in the Cell Suspensions

Suspensions were diluted 1:10 using MS media containing 0, 10, 50, and 100 pmol L~! CdSO;.
Each solution was left standing for 1, 2, 3, and 5 days after being washed with a 0.14 mol L~ NaCl,
3 mmol L~! KCl, 4 mmol L~! Na,POy, pH 7.4 solution, manually homogenized, and centrifuged at
13,000 rpm for 30 min. After separation of cell residues, the samples were ready for analysis [21].
A 2 mL sample supplemented with a 0.2 mol L™! K,SO;4 plus 1 mmol L~! KI solution was analyzed
using the standard addition method [18]. Under physiologically normal conditions, glutathione exists
in its reduced form (GSH), while it changes to its oxidized form (GSSH) under stress conditions as
a result of the route of elimination of reactive oxygen species, which can lead to cell death. In our
experiments, we added approximately 2% sodium borohydride to the sample in order to transform all
glutathione species into GSH and measured the total glutathione (t-GSH). Samples were neutralized
with a 1 M HCl solution to pH 7 before analysis. [11].

4. Conclusions

Determination of CRp by cyclic voltammetry using Pt as a working electrode and a KI solution as
supporting electrolyte constitutes a valid methodology, which provides detection and quantitation
limits of 4.82 umol L' and 15.41 umol L1, respectively. The use of this methodology for determination
of CRp generation by Solanum betaceum cells and tobacco cells, both cultivated in vitro under the
presence of increasing concentrations of Cd, showed that the Solanum betaceum cells accumulated
cadmium with similar or better efficiency than tobacco cells. CRp generation kept a direct relationship
with the amount of Cd(Il) and the time to which the cells were exposed to it. Solanum betaceum
cells behaved as good as the tobacco cells with respect to cadmium accumulation and usefulness as
indicators of heavy metal contamination. Tamarillo cells offer the following advantages over tobacco
cells: (1) a higher tolerance to the amount of contaminant they are exposed to; (2) longer exposure
time before apoptosis, which means longer periods before replacement; and (3) faster stem growth.
We are confident that the methodology proposed here will be very convenient and viable for field
determination of CRp generated by some plants under contamination stress and therefore be very
useful for detecting heavy metal pollution in crops. Strategic planting of Solanum betaceum seeds,
along with other crops of interest, could be a more economic and less care-demanding strategy for
indication of heavy metal contamination than using tobacco plants for the same purpose.

Author Contributions: Conceptualization, P.E.-M. and L.F,; methodology, L.F. and M.C.; validation, M.M.-].;
formal analysis, L.F. and P.E.-M.; investigation, M.M.-].; resources, M.J. and D.C.; writing—original draft
preparation, PE.-M., L.E, J.A., and M.M.-].

Funding: This research was funded by CEDIA (Corporacién Ecuatoriana para el Desarrollo de la Investigacion y
la Academia) through the project “Biosensores basados en Nanotubos de carbono modificados para deteccion
de enzimas” code CEPRA XII-2018-14, Biosensores; Proyecto Prometeo de la Secretaria de Educacion Superior,
Ciencia, Tecnologia e Innovacion de la Republica del Ecuador and Decanato de Investigacion y Desarrollo de la
Universidad Simén Bolivar (USB), Caracas-Venezuela.

Acknowledgments: The authors would like to thank CEDIA (Corporacion Ecuatoriana para el Desarrollo de la
Investigacion y la Academia); Proyecto Prometeo de la Secretaria de Educacién Superior, Ciencia, Tecnologia e
Innovacién de la Republica del Ecuador and Decanato de Investigacion y Desarrollo de la Universidad Simon
Bolivar (USB), Caracas-Venezuela, for financial support. We also like to thank Laboratorio de Electroanalisis at
USB-Venezuela and Laboratorio de Cultivo de Tejidos Vegetales, Departamento de la Ciencias de la Vida y de la
Agricultura, Escuela Politécnica del Ejército-Ecuador, for valuable technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2019, 24, 2196 10 of 11

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Reyes, Y.C.; Vergara, I.; Torres, O.E.; Diaz, M.; Gonzdlez, E.E. Contaminacién por metales pesados:
Implicaciones en la salud, medio ambiente y seguridad alimentaria. Ing. Investig. y Desarro. 2016,
16, 66-77. [CrossRef]

Salvo, A.; La Torre, G.L.; Mangano, V.; Casale, K.E.; Bartolomeo, G.; Santini, A.; Granata, T.; Dugo, G.
Toxic inorganic pollutants in foods from agricultural producing areas of Southern Italy: Level and risk
assessment. Ecotoxicol. Environ. Saf. 2018, 148, 114-124. [CrossRef] [PubMed]

Lopez-Climent, M.E; Arbona, V.; Pérez-Clemente, R.M.; Zandalinas, S.I.; Gomez-Cadenas, A. Effect of
cadmium and calcium treatments on phytochelatin and glutathione levels in citrus plants. Plant Biol. 2014,
16, 79-87. [CrossRef]

Selesovska-Fadrnd, R; Fojta, M.; Navratil, T.; Chylkova, ]. Brdi¢ka-type processes of cysteine and
cysteine-containing peptides on silver amalgam electrodes. Anal. Chim. Acta 2007, 582, 344-352. [CrossRef]
[PubMed]

Ghori, N.-H.; Ghori, T.; Hayat, M.Q.; Imadi, S.R.; Gul, A.; Altay, V.; Ozturk, M. Heavy metal stress and
responses in plants. Int. |. Environ. Sci. Technol. 2019, 16, 1807-1828. [CrossRef]

Niu, L.-Y,; Guan, Y.-S.; Chen, Y.-Z.; Wu, L.-Z.; Tung, C.-H.; Yang, Q.-Z. BODIPY-Based Ratiometric Fluorescent
Sensor for Highly Selective Detection of Glutathione over Cysteine and Homocysteine. J. Am. Chem. Soc.
2012, 134, 18928-18931. [CrossRef]

Cereser, C.; Guichard, J.; Drai, J.; Bannier, E.; Garcia, I.; Boget, S.; Parvaz, P.; Revol, A. Quantitation of reduced
and total glutathione at the femtomole level by high-performance liquid chromatography with fluorescence
detection: Application to red blood cells and cultured fibroblasts. |. Chromatogr. B: Biomed. Sci. Appl. 2001,
752,123-132. [CrossRef]

Li, M.; Wu, X,; Wang, Y.; Li, Y.; Zhu, W.; James, T.D. A near-infrared colorimetric fluorescent chemodosimeter
for the detection of glutathione in living cells. Chem. Commun. 2014, 50, 1751. [CrossRef]

Dieckhaus, C.M.; Fernandez-Metzler, C.L.; King, R.; Krolikowski, P.H.; Baillie, T.A. Negative Ion Tandem
Mass Spectrometry for the Detection of Glutathione Conjugates. Chem. Toxicol. 2005, 18, 630-638. [CrossRef]
Ju, J.; Zhang, R.; Chen, W. Photochemical deposition of surface-clean silver nanoparticles on nitrogen-doped
graphene quantum dots for sensitive colorimetric detection of glutathione. Sens. Actuators B Chem. 2016, 228,
66-73. [CrossRef]

Lv, Y; Yang, L.; Mao, X.; Lu, M.; Zhao, J.; Yin, Y. Electrochemical detection of glutathione based on
Hg2+-mediated strand displacement reaction strategy. Biosens. Bioelectron. 2016, 85, 664-668. [CrossRef]
[PubMed]

Wang, Z.; Han, P.; Mao, X.; Yin, Y.; Cao, Y. Sensitive detection of glutathione by using DNA-templated copper
nanoparticles as electrochemical reporters. Sens. Actuators B Chem. 2017, 238, 325-330. [CrossRef]

De Rosso, V.V.; Mercadante, A.Z. HPLC-PDA-MS/MS of Anthocyanins and Carotenoids from Dovyalis and
Tamarillo Fruits. J. Agric. Food Chem. 2007, 55, 9135-9141. [CrossRef] [PubMed]

Arahana, V.S.; Cabrera, A.R.; de Lourdes Torres, M. Propagacién de tomate de arbol (Solanum betaceum) via
embriogénesis somatica. Avances 2010, 2, B16-B21.

Correia, S.I.; Canhoto, ].M. Biotechnology of tamarillo (Cyphomandra betacea): From in vitro cloning to
genetic transformation. Sci. Hortic. 2012, 148, 161-168. [CrossRef]

Arias-Estévez, M.; Lopez-Periago, E.; Martinez—Carballo, E.; Simal-Gandara, J.; Mejuto, ].C.; Garcia—Rio, L.
The mobility and degradation of pesticides in soils and the pollution of groundwater resources Agric Ecosyst.
Environ. 2008, 123, 247-260.

Anjum, N.A.; Aref, LM.; Duarte, A.C.; Pereira, E.; Ahmad, I.; Igbal, M. Glutathione and proline can
coordinately make plants withstand the joint attack of metal(loid) and salinity stresses. Front Plant Sci. 2014,
5,1-4. [CrossRef]

Gonzélez-Sanchez, M.; Valero, E.; Compton, R. Iodine mediated electrochemical detection of thiols in plant
extracts using platinum screen-printed electrodes. Sens. Actuators B Chem. 2016, 236, 1-7.

Valero-Ruiz, E.; Gonzélez-Sanchez, M.I.; Batchelor-McAuley, C.; Compton, R.G. Halogen mediated
voltammetric oxidation of biological thiols and disulfides. Analyst 2016, 141, 144-149. [CrossRef]

Lee, PT.; Gongalves, L.M.; Compton, R.G. Electrochemical determination of free and total glutathione in
human saliva samples. Sens. Actuators B Chem. 2015, 221, 962-968. [CrossRef]


http://dx.doi.org/10.19053/1900771X.v16.n2.2016.5447
http://dx.doi.org/10.1016/j.ecoenv.2017.10.015
http://www.ncbi.nlm.nih.gov/pubmed/29035753
http://dx.doi.org/10.1111/plb.12006
http://dx.doi.org/10.1016/j.aca.2006.08.064
http://www.ncbi.nlm.nih.gov/pubmed/17386512
http://dx.doi.org/10.1007/s13762-019-02215-8
http://dx.doi.org/10.1021/ja309079f
http://dx.doi.org/10.1016/S0378-4347(00)00534-X
http://dx.doi.org/10.1039/c3cc48128j
http://dx.doi.org/10.1021/tx049741u
http://dx.doi.org/10.1016/j.snb.2016.01.007
http://dx.doi.org/10.1016/j.bios.2016.05.069
http://www.ncbi.nlm.nih.gov/pubmed/27240014
http://dx.doi.org/10.1016/j.snb.2016.07.078
http://dx.doi.org/10.1021/jf071316u
http://www.ncbi.nlm.nih.gov/pubmed/17927197
http://dx.doi.org/10.1016/j.scienta.2012.09.037
http://dx.doi.org/10.3389/fpls.2014.00662
http://dx.doi.org/10.1039/C5AN01955A
http://dx.doi.org/10.1016/j.snb.2015.07.050

Molecules 2019, 24, 2196 11 of 11

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Fojta, M.; Fojtova, M.; Havran, L.; Pivorikovd, H.; Dor¢dk, V,; Sestikova, 1. Electrochemical monitoring of
phytochelatin accumulation in Nicotiana tabacum cells exposed to sub-cytotoxic and cytotoxic levels of
cadmium. Anal. Chim. Acta 2006, 558, 171-178. [CrossRef]

Sanchez-Calvo, L.; Alvarenga, S. Establecimiento in vitro y cultivo de células de la ufia de gato (Uncaria
tomentosa) (Willd.) D.C. Tecnol. en Marcha 2010, 23, 24-33.

Curtis, WR.; Emery, A.H. Plant cell suspension culture rheology. Biotechnol. Bioeng. 1993, 42, 520-526.
[CrossRef] [PubMed]

Delgado-Paredes, G.E.; Kato, M.].; Rojas-Idrogo, C. Suspensiones celulares y produccién de metabolitos
secundarios en cultivos in vitro de Piper sp. Bol. Latinoam. y del Caribe Plantas Med. y Aromat. 2013, 12,
669-674.

Barton, N.; Wiegand, T.J. Potassium Iodide. In Encyclopedia of Toxicology, 3rd ed.; Elsevier: Amsterdam,
The Netherlands, 2014.

Peters, ET.; Drummer, O.H.; Musshoff, F. Validation of new methods. Forensic Sci. Int. 2007, 165, 216-224.
Boqué, R. La selectividad en Analisis Quimico Univ. Rovira i Virgili 2001, 299, 878-881.

Rodriquez Serrano, M.; Martinez-de la Casa, N.; Romero Puertas, M.C.; del Rio, L.A.; Sandalio, L.M. Toxicidad
del Cadmio en Plantas. Ecosistermas 2008, 17, 139-146.

Navarro-Avifio, ].P.; Alonso, I.A.; Moya-Lépez, ].R.L. Aspectos bioquimicos y genéticos de la tolerancia y
acumulacion de metales pesados en plantas. Ecosistermas 2007, 16, 10-25.

Coté, R.J. Aseptic Technique for Cell Culture Curr. Protoc. Cell Biol. 2004. [CrossRef]

Borrero, E. Protocolo para la Regeneracion de Plantulas a partir de Explantes de Hojas de Cinco Variedades
Ecuatorianas de Tomate de Arbol (Solanum betaceum). 2007. Available online: http://repositorio.usfq.edu.
ec/handle/23000/795 (accessed on 1 March 2019).

Fujii, S.; Kasuya, M.; Kurihara, K. Characterization of Platinum Electrode Surfaces by Electrochemical Surface
Forces Measurement. J. Phys. Chem. C 2017, 121, 26406-26413. [CrossRef]

Solla-Gullén, J.; Rodriguez, P.; Herrero, E.; Aldaz, A.; Feliu, ].M. Surface characterization of platinum
electrodes. Phys. Chem. Chem. Phys. 2008, 10, 1359-1373. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are available from the authors.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.aca.2005.10.084
http://dx.doi.org/10.1002/bit.260420416
http://www.ncbi.nlm.nih.gov/pubmed/18613057
http://dx.doi.org/10.1002/0471143030.cb0103s00
http://repositorio.usfq.edu.ec/handle/23000/795
http://repositorio.usfq.edu.ec/handle/23000/795
http://dx.doi.org/10.1021/acs.jpcc.7b09301
http://dx.doi.org/10.1039/B709809J
http://www.ncbi.nlm.nih.gov/pubmed/18309392
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Germination of Cell Extracts 
	Evaluation of the Analytical Method 
	Measurement of Peptides in Cell Suspensions 

	Materials and Methods 
	Materials 
	Preparation of Cell Extracts 
	Application of the Analytic Method 
	Measurement of Peptides in the Cell Suspensions 

	Conclusions 
	References

