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Abstract

Glyphosate, commonly known by its original trade name Roundup™, is the world’s
most widely used herbicide. Glyphosate and it metabolites have profound negative
environmental impact and long-term toxicity risk including  cancerogenity,
genotoxicity, endocrine disruption even at concentration levels too low to have

a herbicidal effect.



Therefore, the detection of these pollutants in low concentrations is an
actual and important task.

To increase the sensitivity of the sensor, nanostructures were used.

To analyze the presence of glyphosate and its metabolites in rye juice, two groups of
samples were selected. In the first case, glyphosate at different concentrations was
added to the water for irrigation on the first day and then the samples were
watered with pure water for 7 days. In the second case, rye was watered
with pure water for all 8 days, and glyphosate was artificially added just before
the measurement. The obtained samples were studied bythe DPV employing
nanostructured working electrode. To analyze changes in the DNA sequence, a
PCR product obtained from samples of the first group was electrochemically
studied. To confirm the results obtained, an electrophoresis method was also
applied. The results indicate that the DPV signal obtained from samples with
artificially added glyphosate has significant differences compared to the signal
obtained from the juice of plants absorbing glyphosate in a natural way during
growth. However, in both cases, CuO nanostructure based sensor detects the
presence of glyphosate or its metabolites compared with the control sample. The
experiment also found significant changes in the DNA caused by exposure with

glyphosate during rye growth process of rye sprouts.
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Introduction

Glyphosate (N-(phosphonomethyl)glycine), widely well known as Roundup™ is the
most used herbicide in many countries. [1-4]. The recent researches prove
undeniable negative impact of glyphosate to the environment. Even in low dosage it
influences to the range of microorganisms, planktons, seaweeds, earthworms and
insects, as well on health of plants (growth oppression, genetic changes, immunity
deterioration and, as result, susceptibility to various fungal diseases) [5-8].
Contamination of soil and groundwater by the agent leads to environmental
imbalance [9-11]. For example, a diminution in numbers of certain species of bacteria
causes uncontrolled reproduction of other microorganisms, often pathogenic [12].
After treating the plants with glyphosate, it is absorbed by the plants, into the soil and
water. With the degradation of about 70 % of glyphosate, a shorter molecule is
formed - aminomethylphosphonic acid (aminomethylphosphonic acid or AMPA),
which also has a herbicidal effect, and its toxic effect on humans is several times
stronger than glyphosate itself. The content of glyphosate and AMPA in already
collected soybeans is from 0.18 to 7.2 mg kg [13].

Despite of the previously indicated low acute toxic index of glyphosate for human [14-
16], the recent researches mention a long-term intoxication risk [17-20]. Even in very
low concentration (less then needs for herbicide effect) the agent can cause
carcinogenic [4, 6] and genotoxic effect [22] as well leads to endocrine disorders [22]
and influents to fertility [23].

In the United States, a fairly high maximum glyphosate level in drinking water is
allowed - 700 uyg L%, in Australia even higher - 1000 ug L, while in Europe the

permissible level of pollutant is less than 0.1 ug L [13].



Manufacturers of glyphosate-based herbicides have long convinced the public that
the toxicity of such herbicides to humans is very low due to the fact that humans and
other mammals lack the EPSP synthase enzyme, which is directed to the action of
glyphosate in plants. However, studies of recent years do not confirm this point of
view. It turned out that the study of glyphosate itself (mainly on rodents) is not
enough, since the final product contains additional substances - adjuvants that
accelerate the absorption of glyphosate and enhance its herbicidal effect.
Comparative studies of glyphosate and the final product (RoundUp) showed that in
vitro experiments on human cells, glyphosate toxicity was 2 g L™, while RoundUp 400
and 450 toxicity was 0.001 g L [24].

Footprints of glyphosate and its metabolites can be finding in food and drinks, in soil,
water and dust [25-27]. It potentially shows that everyone can be exposed the
agent’s detrimental impact. That is the reason why the development and the
implementation of simple sensor for glyphosate determination in relatively low
concentration is the important and actual task.

Different types of sensors for glyphosate detection were described in the recent
publications [28-31]. Electrochemical sensors are widely used [32]. To ensure
selectivity the method of functionalization (modification) of surface of working
electrodes with enzymes (in particular horseradish peroxidase) were applied [33, 34].
Also quite often non-enzyme sensors were used, for example, based on copper
oxide surface: the reaction between glyphosate and CuO gives the unambiguous
electrochemical signal and provides a selectivity of the sensors [35, 36].

One of the most popular methods to increase the sensibility is application of
nanostructured surfaces [37]. Nanostructures, due to developed surface, significantly
enhance working surface of the sensor and it leads to formation of larger number of

adsorption bonds [38-40].



Zinc oxide and copper oxide nanostructures have been already using in different
types of gas [39, 40], heavy metal ions [39, 41-43] and bio-sensors [44-48]. These
types of nanostructured oxides, made by hydrothermal methods, have several
advantages compared with surfaces, modified by enzymes or others bio- and organic
molecules. Firstly the oxides nanostructures preparation does not require expensive
materials and complicated facilities, nor special conditions for the growth process
(high temperatures, high pressure or vacuum). Secondly, ZnO and CuO
nanostructure have a relatively low toxicity, as well as their raw materials required for
synthesis, therefore, they do not have a negative impact on the environment. Thirdly,
the hydrothermal method allows obtaining the nanostructured coatings of ZnO and
CuO on solid substrates with different shapes, sizes and compositions.

The main reason why ZnO and CuO widely used as the working surface in the
electrochemical biosensors is the values of their isoelectric points (8.7-10.3 and 9.5
accordingly). So their positivity at neutral pH can be used for electrostatic
immobilization of molecules with less value of isoelectric points like enzymes,
proteins or nucleic acids. Due their crystalline properties, the nanostructures of ZnO
and CuO have relatively low solubility in biological liquids or buffer solutions that also
is the advantage.

In this article we described the non-enzymatic sensor platform, based on the zinc and
copper oxides nanostructures, which helps to define footprints of glyphosate and its
metabolites in raw (unprocessed) juice of rye. The parallel task was determination of
genetic changes appeared during of the growth of the rye sprouts in the condition of

exposure with the different dosage of the glyphosate in filed water.



Materials and Methods

Preparation of the nanostructures and manufacturing of the

electrochemical cell

The nanostructures of CuO were obtained by hydrothermal method. Hollow metallic
cylinders made from nickel were washed with distilled water and acetone in an
ultrasonic bath for 10 min. For seed layer preparation, the cylinders were fixed in the
holder that provided unsputtered external surface of the cylinders. CuO seed layer
was applied to the uncovered internal surface of the cylinders by magnetron
sputtering method in the Kurt Lesker facility at 400 W for 135 sec. For the
nanostructures growth, the cylinders were fixed in an organic glass holder. The
samples had been put in the sealed glass beaker containing the working solution and
were placed in preheated LINN HIGH THERM chamber (T = 90 °C). The working
solution contained: 50 mL distilled water, 0.5 g Cu(NOs)2 (Sigma-Aldrich,
cas#10031-43-3), 0.5 g HMTA (Sigma-Aldrich, cas# 100-97-0), and 1 g of 25 % NHs
(Sigma-Aldrich, cas#7664-41-7). The ammonia solution helps to control the
morphology and to receive a more developed surface, due to reduction of the
nanostructures’ dimensions.

The formation of CuO nanostructures occurs according to the dissolution —
secondary precipitation mechanism in two stages, when copper hydroxide is formed
at the beginning of the growth process, followed by its oxidation. The growth
mechanism is described in the articles [49-52].

After 1,5 h hydrothermal treatment the cylinders with CuO nanostructures were
cooled to room temperature, washed with distilled water, dried and were put in a

vacuum chamber, where they were stored until the experiments.
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Figure 1: The electrochemical cell with CuO nanosructured layer: 1 - Ni cylinder
(working electrode), 2 - CuO nanostructured layer, 3 - Pt/Ir wire (counter electrode).
For analysis of genetic changes of the rye samples, the design of the working
electrodes was remade. In these experiments, the nanostructured layer of CuO was
substituted with the ZnO nanotubes, previously successfully used in our laboratory
for the development of a DNA sensor and heavy metal ion sensor and described in
the articles [53, 54]. In addition, the cylinders were replaced to 3 mm metal discs as
shown [54], that allows to reduce required volume of the analyte solution for
performing the PCR products’ analysis up to 3 pL.

The discs were covered by 50 mM of zinc acetate dehydrate ethanol solution and
were calcinated in air at 150 °C for 30 min for ZnO seed layer receiving. As working
solution 0.1 M Zn(NO3)2 (Sigma-Aldrich, cas#10196-18-6), + 0.1 M HMTA (Sigma-
Aldrich, cas# 100-97-0), in distilled water was selected. The discs were immersed in
the solution and were kept at 90 °C for 3 h and at 50 °C for 20 h. Detailed

mechanism of the process is described in [55-59]. After that, the discs were cooled to



room temperature, were washed with distilled water, dried and were put in a vacuum
chamber, where they were stored until the experiments.

The morphology of the surface of the CuO and ZnO nanostructured samples was
studied by FESEM Tescan MAIA 3 facility. The chemical composition of the
nanostructures has been researched by EDS Inca installation.

The crystalline structure of the samples has been defined by X-ray difractometer
RIGAKU Smart Lab Cu-Ka (A = 1.543 A) using parallel beam scanning geometry and
additional Ge(220)x2 bounce monochromator.

The electrochemical measurements have been provided by the electrochemical
station Zahner. The earlier described cylinders or discs with nanostructured layers
were used as working electrodes and a 0.3 mm Pt-Ir wire was used as a counter

electrode (Fig. 1a).

The growth of rye sprouts under glyphosate presence and the

preparation of the rye juice samples for an electrochemical analysis

For the estimation of glyphosate residues (as well as glyphosate metabolites) in the

samples of rye, two types of experiments were conducted:

- Analysis of the rye juice samples that were received from the plants which had
been grown in the presence of different concentrations of glyphosate solutions.

- Analysis of the pure rye juice to which glyphosate had been artificially added (in
the same concentrations as in first experiment) after juice preparation.

Seeds of rye (Secale Cereale L. TORAF, batch PL81604335/27TD C/1) were grown

in six containers on cellulose substrate. On the first day of the experiment glyphosate

(Taifun B, ADAMA Agan Ltd.) was added to filed water in the following

concentrations: 1 pL/50 mL, 5 pL/50 mL, 10 pL/50 mL, 50 pL/50 mL and 100 pL/50

mL. For the seven days only clear deionised water was given to the rye samples. To
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the reference sample only clean water (without glyphosate) was given for all eight
days. After that, the rye sprouts were grinded and pressed for juicing, which was
used as an analyte without any additional treatment.

During the second type of experiments, clean water was given to all sprouts for all
eight days. After the juice preparation, it was divided into 6 parts. In the five samples
of the juice, the glyphosate solutions were added in the same concentrations like in
the previous experiments. The sixth sample without glyphosate was used as a
reference.

Both groups of samples have been studied by DPV method. The DPV measurements
were conducted under following parameters: range of potential: -1000/+1200 mV,
amplitude: 50 mV, step of potential: 3 mV, interval time 50 msec, modulation time: 25

msec.

Preparation of the rye sprout samples which were impacted by

others stress factors during their growth process

For an estimation of other factors (not connected with glyphosate presence), the
studied sprouts of rye also were growing for 8 days. The reference sample was
situated in normal condition and was pouring by clear deionised water.

The glyphosate containing water (with glyphosate concentration 100 pL/50 mL) was
given to the second sample only on the first day of the experiment, after that the
sample was pouring by clean water.

The mineral fertilizer was added to the filed water for the third sample on the first day
of the experiment, after that the sample was pouring by clean water.

The forth sample was “overdried”, it poured by clean water, but two times less often

than others.



And the last one was poured every day with clean water, but it had been situated in
the dark place: sprouts were grown in the condition of lack of light.

After that, the rye sprouts were grinded and pressed for juicing, which was used as
an analyte without any additional treatment. The DPV measurements were

conducted by the parameters described in the previous chapter.

The preparation and study of the PCR products for the estimation of genetic
changes that happen after impact of glyphosate to the rye sprouts

The random amplified polymorphic DNA (RAPD) technique, as PCR-based
technique, has been shown to successfully detect genotoxicity on DNA in plants [60-
62]. RAPD profiling is succesfully used for evaluating of genetic effects of glyphosate
on plats [63, 64].

Genomic DNA was extracted from the samples (n = 60) of the fresh 8 days old rye
seedlings treated with glyphosate. The extraction has been done with slight
modifications using the purification of total DNA from plant tissue Mini Protocol
(DNeasy Plant Mini Kit, Qiagen GmbH, Hilden, Germany). The genomic DNA was
quantified using a spectrophotometer (NanoDrop 1000, Thermo Scientific, Waltham,
USA) to measure absorbance at 260 nm and the purity of DNA was checked. The
stock DNA was diluted to make a working solution of 50 ng pL* for further PCR
analysis.

The five RAPD primers OPA-02, OPA-07, OPA-11, OPD-18, and OPN-15 were
selected for the study. PCR reactions were carried out in a thermocycler Veriti 96-
WellThermal Cycler, Applied Biosystems, Foster City, USA. All PCR reactions were
prepared as described in [65]. The RAPD fragments were separated and the product
length was detected using a QlAxcel (Qiagen GmbH, Hilden, Germany) capillary

automated electrophoresis system. The amplification reaction for each primer was
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repeated twice for each sample to ensure reproducibility. Only clear and reproducible
bands have been considered for analysis.

For electrochemical study of the PCR product, the primer of rye SB19 in
concentration 50 ng uL! was performed on a platform previously covered by ZnO
nanostructures. The samples were kept in a chamber at 24 °C and humidity 80 % for
2 h to fulfil immobilization. After that, the platforms were dried in a vacuum chamber
and were stood there for storage.

The analyte contained 100 ng uL* of the PCR product in a 0.9 % NacCl solution. In
each experiment the volume of the solution was 3 pL. For the estimation of
hybridization degree, Methylene Blue was used as a redox indicator (the
concentration was 20 umole L?, the volume — 1 pL). Before the experiment the
analyte was kept for 60 sec without voltage for the hybridization process to complete
and the redox indicator was added before measurement. The DPV measurements

were conducting by the same parameters as showed in 2.1.

Results and Discussion

Construction of the sensor’s working electrode

The CuO and ZnO nanostructures are shown in Fig. 2. We can see that the CuO
layer consist from regular, mostly vertical orientated, thin 2D-plates. The ZnO coating
corresponds to a vertically oriented array of hollow tubular structures with random

insignificant inclusions of non-etched nanorods.

11



Figure 2: SEM images of CuO (a) and ZnO (b) nanostructures.

The XRD pattern (Fig. 3) shows that the both nanostructures have high degree of
crystalline fracture and mostly orientated in direction of a (002) plane for ZnO and a
(020) plane for CuO. Others planes are either not represented at all (in the case of
CuO) or have low intensity of peaks (ZnO) that indicates alignment of the structures

in a vertical z-direction.
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Figure 3: The results of XRD analysis for the ZnO and CuO nanolayers.
The detail descriptions of functioning of the electrochemical cells based on metal

oxides nanostructures we have already published in [53].
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A feature of the rye sprouts growth

Fig. 4 shows the 8-days rye sprouts. In Table 1 is presented the dependence of
length of sprouts to the concentration of glyphosate that was added to the filed water.
Here we can see that the average length of the sprouts reduced with augmentation of
the glyphosate concentration. Even in the case of the concentration in 1000 times
less then recommended by a manufacturer, the growth oppression has been
observed. The degree of the oppression directly depends on the concentration of

glyphosate.

Figure 4. The rye sprouts on the 8 day of the experiment. From left to right: the

reference sample, the rye samples that was poured by water with the glyphosate
concentrations: 1 pL/50 mL, 5 puL/50 mL, 10 pL/50 mL, 50 puL/50 mL, 100 puL/50 mL.
Table 1: The dependence of the average length of the rye sprouts on the glyphosate

concentration in the filed water.

Concentration | oo rance | 1uL/50mL | 5uL/50mL | 10uL/50mL | 50uL/50mL | 100uL/50mL
of glyphosate
Average
length (cm) | 10,88 9,2 7,78 7,23 6,45 5,85
of sprouts
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Measurements of DPV signals during the analysis of the rye

sprouts juice

Electrochemical measurements show different dynamics of the dependence of the

DPV peaks maximums on glyphosate concentrations for the two described

experiments. In the case of the rye sprouts that were impacted by glyphosate during

growth process, we can see obvious decrease of the right peak and the

augmentation of the left one. In the reference sample the left peak is not observed at

all, but the right one reaches of the maximum. In the cases of high concentrations of

glyphosate we can see the vice versa situation: increasing of the left peak to the

maximum and the disappearance of the right one.
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Figure 5: The DPV measurements of the rye juice samples which were impacted by

the glyphosate solutions. (a) and (b): the results have been received from the
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samples which were impacted by glyphosate during of their growth. (c) and (d):
glyphosate have been added in the pure rye juice in the concentration 1 pL/50 mL,
5uL /50 mL, 10pyL /50 mL, 50 pL/50 mL, 100 pL/50 mL directly before the
measurements.

When glyphosate had been added in the pure juice, the augmentation of the right
peak was observed that testify about common increasing of the solution conductivity.
In this experiment the correlation between the left peak dynamics and the glyphosate
concentration have not been observed.

This experiment proves that to obtain reliable results it is important to work with
samples which have been received from sprouts and other biological materials after
impacting of glyphosate during their growth rather than using the popular method of
adding glyphosate artificially to pure juice, because in real conditions we are dealing

with its metabolites, and not with a pure substance.

Measurements of DPV signals of the samples, which were growing

under the different stress factors’ impact
The results of the experiment displayed in Fig. 6.
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Figure 6: The curves of DPV signals that have been received from the rye sprout
samples which were growing under the different impact of different stress factors.
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From the experiment can make the very important conclusion: an electrochemical
signal from the samples that were impacted by glyphosate during a growth process is
different from the other samples which were impacted by the others stress factors.
The DPV curve of the glyphosate influenced sample has the distinctive peak at
approximately 0.2 V. The peak can be explain by selective interactions of glyphosate
with the copper oxide nanostructures and proves the possibility of selective
determination of glyphosate by this sensor.

How we can see, the curve is similar to the graph which has been received in
the previous experiment for the concentration 100 pL/50 mL of glyphosate in filed
water (Fig. 5a). Also, in Fig. 5a we can observe the distinctive peak at 0.2 V for the

all concentrations of glyphosate.

The study of the PCR products by RAPD method

The evident changes observed in RAPD profiles such as disappearance and/or
appearance of bands in comparison with the untreated control samples were
evaluated and considered to be genotoxic changes. The treatment of rye plant
seedlings with 1 pL/50 mL - 100 uL/50 mL glyphosate for 8 days resulted in changes
in the RAPD profiles obtained from the exposed plants. RAPD profiles of plants
showed disappearance of a normal band and appearance of a new band in
comparison to the control. Differences in the DNA banding pattern between the
reference samples and the samples treated with glyphosate were significant and
were detected at different places with all utilized primers. All obtained DNA bands
were polymorphic. The RAPD profiles obtained from the five oligonucleotide primers

are presented in Table 2.
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Table 2: The RAPD profiles for three oligonucleotide primers.

Primer | Reference | 1uL/50mL | 5uL/50mL | 10pL/50mL | 50uL/50mL | 100pL/50mL

- 594 - 595 - -

745 743 740 - - -

752 750 749 750 - -

758 756 755 759 - -

- 760 - - - -

- 1315 - - - -

- - - 1362 - -

1557 1544 — 1547 - -

e 1643 1664 - - - -

! - - - 1729 - -
& - 1771 - - - -
© 1828 - - - - -

— 1902 - - - -
2060 - - - - -
2099 2102 — 2103 — -
2117 - - - - -
2166 - - - - -
— 2184 — 2190 - -
— — 2936 - - -
— — 2946 — 2936 2940
PB 10 10 10 11 11
Primer | Reference | 1uL/50mL | 5uL/50mL | 10uL/50mL | 50uL/50mL | 100uL/50mL
786 788 — 788 - -
- 795 794 - 797 - -
I = = = 1309 - -~
o 2237 - - - - -
o 2279 - - - - -
— 2927 2927 — 2922 2927
PB 3 5 3 5 5
Primer | Reference| 1puL/50mL | 5pL/50mL | 10pL/50mL | 50uL/50mL | 100pL/50mL
- - - 844 - -
873 - - 870 - -
- 894 - - - -
S 1100 - - - - -
a) 1132 -~ -~ - - -
& 1177 - - - - -
- - - - 2928 2937
- - 2942 - - -
- 2967 - - 2966 -
PB 6 5 4 6 5

According the literature, the disappearance of normal bands probably can be
designated as DNA damage through modified bases, point and deletion mutations
and single and double strand breaks, whereas new bands generally reveal a change
in some oligonucleotide priming sites due to mutations, large deletion and/or

17



homologous recombination [66-68]. Overall, the RAPD results allow to conclude that
all concentrations of glyphosate made significant changes in the genome of the rye

plant seedlings.

Also the GTS calculations have been done by the following equitation:

GTS =(1 - a/n) x 100
where a is the average number of polymorphic bands, detected in treated cells and
n-the number of total bands in the non-treated cells.

Table 3: The genomic template stability calculations result.

Reference | 1pl/50ml | 5ul/50ml | 10ul/50ml | 50ul/50mI | 100ul/50ml

GTS (%) 100 64,8 63,0 68,5 59,3 61,1

The experiment shows that even at the lowest concentration of glyphosate, which is
more than 1000 times less then recommended by manufacturer for herbicidal effect,
can lead to the genetic changes in the plant. Despite the fact that further increase of
glyphosate concentration doesn’t lead to significant GTS changes, the positive
correlation still exist.

The minor concentration dynamics can be explained by individual features of the rye
metabolism. However, the data confirms the significant genetic impact of low

concentration of glyphosate to the plants.

The electrochemical studies of the PCR products

The electrochemical measurements of the PCR products on the ZnO nanostructured

electrode gave the results that showed in Fig. 7.
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Figure 7: The curves of the DPV signals that have been received during analysis of
the PCR samples of the rye sprouts which were influenced by glyphosate during their
growth process.

On the graph we can see the obvious difference of the peaks maximum values
between of the signal of the reference sample and the others samples. So, the
method confirms appearing of genetic mutations after glyphosate influence even in
small concentrations.

Probably, the peaks heights can be connected with amount of guanine fragments in
the PCR products changing under glyphosate impact. As known, guanine fragments
have good affinity with Methylene Blue. So, reduce of guanine amount in the DNA
leads to reducing of amount of bounded MB, hence it leads to changing of the DPV
signal level.

As we can see from Fig. 8, the concentration dependence of the DPV peak maximum
has correlation with the GTS values for the same concentration of glyphosate. This
fact confirms that the electrochemical method can be used as a precision additional

method for detection of genetic changes on a par with RAPD measurements.
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Figure 8: Comparison between the GTS values and the DPV peaks maximums for
the PCR products of the rye sprouts, which were influenced by glyphosate during

their growth process.

Conclusions

The presence of both pure glyphosate and its metabolites was detected in the
samples of RAW juice of rye using the electrochemical sensors based on the CuO
nanostructured electrodes.

Significant differences in the glyphosate concentration dependence to the
electrochemical response were found for samples exposed to glyphosate during
growth compared to samples to which glyphosate was added artificially. Observation
data prove that the real test samples do not contain glyphosate in its pure form, but in
the form of its metabolites.

The electrochemical response from the samples which have been impacted by
glyphosate during the growth process of the sprouts has distinctive peak at 0.2 mV.
The response is different from the curves were received after other stress factors
influenced to the sprouts: addition of the mineral fertilizer, lack of water or light. The

facts prove the selectivity of the sensor.
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Relatively small concentrations of glyphosate (less than in 1000 times of
recommended dose for herbicide effect) induce genetic changes in the rye samples.
The fact was proved by RAPD method and confirmed by the electrochemical method
based on the ZnO nanostructured electrode.

At glyphosate concentration increase the amount of genetic changes varies slightly
but the positive dynamic was kept. It could be explained by individual features of the
plant.

The electrochemical measurements results correlates with the GTS values based on
the RAPD results. It proves that our electrochemical sensor based on the
nanostructured electrodes can be used as the main research method and as the

reference one.
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