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Abstract

Glyphosate [N-(phosphonomethyl)glycine] is the most frequently used herbicide to date. Due to its indiscriminate use, it has
become a globally occurring pollutant of surface waters. A biosensor for glyphosate is described here that consists of a carbon
nano-onion/tyrosinase conjugate immobilized in a chitosan matrix on a screen-printed electrode. The analytical principle is based
on the inhibition of the enzyme tyrosinase by glyphosate. L-DOPA is used as the enzyme substrate. The presence of the carbon
nano-onions has a beneficial effect on the sensitivity of the assay. Glyphosate can be amperometrically quantified in the 0.015 to
10 uM concentration range and with a 6.5 nM (1.1 pg L") detection limit. The biosensor is stable more than 2 months at 4 °C. It
was applied to the detection of glyphosate in water and soil samples taken from irrigation of a rice field after aerial application.

Results were in good agreement with data obtained by a commercial ELISA.
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Introduction

Glyphosate [N-(phosphonomethyl)glycine)] is a frequently
used organophosphorous herbicide [1]. It has become a glob-
ally occurring pollutant in surface water because of its good
solubility and slow degradation. Regulatory rules to limit the
presence of glyphosate in water and plants differ significantly
from country to country. For example, the maximum glypho-
sate level in drinking water allowed in the United States is
700 ug L™ while in the European Union this concentration
is 0.1 ug L' [2]. Several methods are available for glyphosate
detection in plant, soil and water samples. Among them, chro-
matographic, spectroscopic and enzyme-linked immunosor-
bent techniques are the most commonly used [3]. They pro-
vide a good sensitivity but are slow and expensive techniques
and often require sample pre-treatment. To circumvent these
drawbacks, enzymatic biosensors have emerged as useful
tools for herbicide and pesticide detection at low
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concentrations. These biosensors operate using an inhibition
mechanism and several pesticides have been detected based
on this principle [4-10]. They are easy to use and can be
regenerated and reused but care should be taken to ensure
the adequate selectivity and specificity of the measure-
ments. This can be achieved using separation steps and/
or devising novel transducer modification strategies that
isolate the target analyte over the interferences [11].

Carbon nanomaterials have emerged as one of the most
suitable materials in biosensing [12]. Their combination of
interfacial and electric properties makes them very attractive
candidates for transducer modification in electrochemical
biosensorss [3, 13—15]. We have exploited the modification
of electrode surfaces with carbon nano-onions (CNOs) in the
construction of electrochemical DNA sensors [16] and as
supports for enzyme immobilization [17]. CNOs are
hollow spherical nanoparticles formed concentric
graphene layers with increasing diameters and show a
rather unique combination of high surface-to-volume ra-
tio, high conductivity, thermal stability and biocompati-
bility [18, 19]. They can be easily modified by a wide
range of functional groups and incorporated in compos-
ite materials with organic or inorganic polymers for a
wide range of applications including energy storage,
bioimaging, sensing, etc. [20].
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Here we report on the preparation of a CNO/TYR conju-
gate and its incorporation in a chitosan (Chit) matrix with the
aim to develop an amperometric biosensor for glyphosate.
Detection is based on the inhibition of tyrosinase activity,
which, to the best of our knowledge, has not been used for
the detection of this important herbicide. We study the effect
of the CNOs on the analytical parameters and stability of the
constructed biosensor and apply it to the detection of glypho-
sate in soil and water samples taken from irrigation of a rice
field before and after aerial application of glyphosate.

Experimental
Materials and reagents

All chemicals and solvents were used as received. Oxidized
CNOs were prepared by oxidation of CNOs (100 mg) with
10 mL of HNOs/H,SOy4 (1:3 v/v) for one hour at room tem-
perature [17]. EDC, NHS, glyphosate, chitosan (average Mw
5 kDa, 91% deacetylation), phosphate buffered saline (PBS),
tyrosinase from mushroom (1000 units mg ') and 3,4-dihy-
droxy-L-phenylalanine (L-DOPA) were purchased from
Sigma-Aldrich (http://www.sigmaaldrich.com/). Screen-
printed electrodes (DRP-110) were purchased from Metrohm
DropSens (http://www.dropsens.com/). All solutions were
prepared with water purified using a Milli-Q water purifica-
tion system (Millipore) to a resistivity of 18.2 M-cm.

Instrumentation

Environmental Scanning Electron Microscopy (ESEM) was
recorded in a Quanta 600 microscope (FEI Company Inc.)
under high vacuum at 25 kV. All electrochemical measure-
ments were carried out using an Autolab model PGSTAT 10
potentiostat/galvanostat controlled with the general purpose
electrochemical systems (GPES) software (Eco Chemie, the
Netherlands), equipped with a cable connector for screen-
printed electrode (DRP-CAC, from Metrohm DropSens).
Cyclic voltammetry studies were conducted in degassed
buffers at a scan rate of 100 mV s .

Biosensor preparation

Prior to modification, the bare screen-printed electrodes were
cleaned/activated with 1 M H,SO, using cyclic voltammetry
in the potential range — 0.5 to 1.0 Vaat 0.1 V' s~" for 10 cycles.
Chitosan solution (1%) was prepared in 0.8 % acetic acid with
3 h stirring at room temperature. The coating solution was
prepared as follows: 1.2 mg of TYR and 0.25 mg of ox-
CNO were mixed with 1 mg EDC and 2 mg NHS in 200 uL
acetate buffer pH 5 and stirred at 4 °C for 4 h. The mixture was
filtered through a 100 kDa Amicon® centrifugal filter and the
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retentate (30 uL) was mixed with 200 puL of 1% chitosan.
After stirring overnight at 4 °C, 2 pL of this solution were
dropped on the surface of the SPEs and dried under vacuum
for 2 h (SPE/Chi/CNO/TYR electrodes).

Control electrodes (SPE/Chi/TYR) were prepared in a sim-
ilar way but without CNOs. One mg of TYR was activated
with 1 mg EDC and 2 mg NHS for4 h at4 °C in 50 pL acetate
buffer pH 5. This solution was mixed with 30 puL of 1%
chitosan and stirred overnight. The activity of the conjugate
solution was measured spectrophotometrically in order to en-
sure that both types of electrodes contained the same amount
of immobilized tyrosinase. Finally, 1.5 pL of this solution
were dropped on the surface of the SPEs and dried under
vacuum for 2 h (SPE/Chi/Tyr). The electrodes were stored in
20 mM PBS in the fridge when not in use.

Biosensor characterization and detection procedures

The electrochemical behavior of the biosensors was investi-
gated by CV in the potential range of —0.3 to +0.6 V with scan
rate 100 mV s ' in 20 mM PBS pH 7 and 1 mM K;[Fe(CN)¢]
in 0.1 mM KCI or 10 mM of L-DOPA in 20 mM PBS pH 7.
Inhibition measurements were carried out in a two-step
process. Two solutions of the same concentration of glypho-
sate were prepared, one without substrate for biosensor incu-
bation and another one with substrate for the amperometric
measurements after sample incubation. The initial response of
the non-inhibited biosensor (A) was first recorded, followed
by incubation in the presence of glyphosate (A;). After rinsing,
the residual activity was then measured and the % of inhibition
was calculated according using the equation %I = (Ay — Ai)/
A% 100. The DC amperometric measurements were carried
out in stirred electrolytes (425 rpm) at an applied potential of
—0.20 V vs. Ag/AgCl in a solution containing 1.5 mM of L-
DOPA. All measurements were carried out in triplicate.

Real sample analysis and stability study

The irrigation water samples with a pH of 7.2 were filtered
through a 0.22 um syringe filter and analyzed as described
before without any further treatment. The soil sample (previ-
ously dried at 100 °C overnight) was homogenized manually
before extraction. Glyphosate was extracted from soil by
treating 1 g of solid with 5 mL of KOH 0.6 M for 1 h.
After centrifugation at 5000 rpm for 10 min, the pH of
the supernatant was adjusted to 7 with 470 uL of HCI
6 M and the aqueous sample was analyzed as described
before. The glyphosate contents in the solid sample was
expressed in pg g '. In both cases the results were
compared with those obtained using an ELISA kit
(Abnova) following the instructions of the manufacturer.
The samples were analyzed in triplicate.
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The stability of the biosensors stored in the fridge in PBS at
4 °C was studied by measuring the inhibition of enzyme activ-
ity in the presence of 1 uM glyphosate. Repeatability was stud-
ied in three identical electrodes by repeated measurement of the
enzyme activity until the signal decreased by 10% with respect
to the original signal for the above glyphosate concentration.

Results and discussion

Characterization of the modified electrodes

Chitosan is a natural polyaminosaccharide that has been widely
used as a platform for enzyme immobilization in industrial and
biosensing applications. It forms permeable membranes and is

chemically reactive due to the many amino groups present in
the structure [21] (Fig. 1). To prepare the biosensor, a CNO/

Fig. 1 Preparation of SPE/Chi/
CNO/TYR electrodes and
structure of glyphosate

ox-CNO

TYR conjugate was first prepared by covalent attachment of the
enzyme to the carboxylic acid groups of 0x-CNO. This conju-
gate contained an average of 2 TYR molecules per CNO as
determined by thermogravimetric analysis [17] (Fig. 2a) and
was further cross-linked with chitosan to form the coating mix-
ture. TEM images of the Chi/CNO/TYR composite show a
network-like distribution of the CNO/TYR nanoparticles in
the chitosan matrix (Fig. 2b). The surface of SPE/Chi/CNO/
TYR electrodes show a rough morphology due to the presence
of the CNOs (Fig. 2c). The composite completely covers the
electrode surface and forms thin films with a thickness of
~3 pum, as determined by ESEM. The surface of the SPE/Chi/
TYR electrode consists of superimposed thin layers corre-
sponding to the chitosan membrane and is markedly less rough
than the CNO-containing surface (Fig. 2d).

Figure 3a (inset) shows the cyclic voltammograms of bare
and modified electrodes using PBS as supporting electrolyte.
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Fig. 2 a TGA traces of 0x-CNO, 1004
CNO/TYR and native TYR. b -
TEM image of the Chi/CNO/ 80-
TYR composite prior to deposi- ~
tion on the SPEs. ¢ ESEM image i— 60
of SPE/Chi/CNO/TYR and d 8
SPE/Chi/TYR .‘g, 40
£
204
0

The rectangular shape of the CVs of the modified electrodes is
indicative of the deposition of the Chi/CNO layer, which behaves
as a pseudocapacitor due to its porous and polyelectrolytic na-
ture. This effect is increased upon incorporation of the CNOs, as
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Fig. 3 a Cyclic voltammograms of SPE (—), SPE/Chi/TYR (-++) and
SPE/Chi/CNO/TYR ( ) in the presence of 10 mM L-DOPA in PBS
pH 7. Inset: Cyclic voltammograms of SPE (—), SPE/Chi/TYR (-+*) and
SPE/Chi/CNO/TYR ( ) in PBS pH 7. Scan rate: 0.1 V s b
Dependence of the reduction potential of L-DOPA with pH for the SPE/
Chi/CNO/TYR electrodes
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reported for other CNO-modified surfaces [16, 22]. The calcu-
lated electroactive surface of SPE/Chi/CNO/TYR was
0.775 cm” where SPE and SPE/Chi/TYR have surface areas
0.484 and 0.561 cm? respectively, as determined by the
Randles-Sevcik equation using [Fe(CN)s]*~ in KCI as
electroactive marker. These results indicate that the presence of
the Chi/CNO/TYR composite improves the active surface of the
electrodes thus enhancing the electrochemical properties of the
surface. Figure 3a shows the CVs of SPE, SPE/Chi/TYR and
SPE/Chi/CNO/TYR in the presence of L-DOPA. In the range of
studied potentials, two peak currents appeared in both oxidation
and reduction sweeps. At the bare electrode, these pairs of peaks
are resolved while in the modified electrodes the peaks are broad.
The intensity of the peaks increases in the order SPE > SPE/Chi/
TYR > SPE/Chi/CNO/TYR and the peak potentials in the reduc-
tion sweep are displaced to more positive potentials, making the
redox process more reversible. As expected, the L-DOPA peak
potentials are pH-dependent with a slope of 54 mV for the SPE/
Chi/CNO/TYR electrodes (Fig. 3b). All these features indicate
that both composites are permeable to the enzyme substrate and
their electroactive propetties are favored with respect to the bare
electrode, presumably due to an interfacial accumulation mech-
anism and the presence of the conductive CNOs.

Optimization of experimental conditions

Figure 4a shows the amperometric responses of the prepared
biosensors at different L-DOPA concentrations. The maximum
current is achieved at 1.4 mM of L-DOPA for both TYR
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Fig. 4 a Amperometric responses of SPE/Chi/CNO/TYR and SPE/Chi/
TYR biosensors with different concentrations of L-DOPA in 20 mM
20 mM PBS pH 7. b Current variations of SPE/Chi/CNO/TYR and
SPE/Chi/TYR in 3.4 uM of glyphosate at different incubation times.
Conditions as in a). ¢ Amperometric responses at —0.2 V vs. Ag/AgCl
of SPE/Chi/CNO/TYR and SPE/Chi/TYR biosensors to 0 and 1 uM of
glyphosate in 20 mM PBS pH 7. [L-DOPA]=0.4 mM

biosensors. Above this concentration, L-DOPA started to satu-
rate the active enzymes of the biosensors to reach maximum
activity, as expected for a Michaelis-Menten kinetics. The K,

value of the immobilized tyrosinase was estimated to be
0.81 mM for both biosensors, which is similar to the value
reported for the free enzyme (0.78 mM) [23]. This means that
the affinity of the enzyme for the substrate is not greatly altered
upon immobilization. Interestingly, the calculated K,, values
did not depend on the presence of CNOs in the composite.

Another important parameter to optimize in this type of
systems is the time the biosensors are kept in contact with
the target analyte that behaves as an inhibitor. We have dem-
onstrated that glyphosate is a mixed competitive inhibitor of
tyrosinase activity [24]. Thus, inhibitor and substrate compete
for the active site of the enzyme and, for a constant substrate
concentration, the activity decreases with increasing inhibitor
concentration. In solution, this process is typically very fast
but with immobilized enzymes in a rather complex matrix
some time is needed to complete the diffusion of the reagents.
Figure 4b shows the current decrease at increasing glyphosate
incubation times for SPE/Chi/TYR and SPE/Chi/CNO/TYR.
As seen in the figure, the biosensors need ~5 min to achieve
maximum response.

Figure 4c shows the current progress vs. time in the ab-
sence and presence of 1 uM glyphosate. As can be seen, the
steady-state current started about 60 s after exposing the bio-
sensors into the substrate solution and the current response
remained stable for several minutes. Hence, the biosensors
were incubated for 1 min after substrate addition before read-
ing the amperometric signal.

Amperometric detection of glyphosate
on SPE/Chi/CNO/TYR and SPE/Chi/TYR

The reversible nature of the inhibition mechanism of glypho-
sate on the catalytic activity of tyrosinase allowed the design
of a two-step detection approach that takes into consideration
the heterogeneous nature of the enzyme-containing surface in
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Fig. 5 Calibration plots for SPE/Chi/CNO/TYR and SPE/Chi/TYR at
different glyphosate concentrations

o

@ Springer



569 Page 6 of 8

Microchim Acta (2019) 186:569

Table 1 Comparison of biosensors reported for glyphosate

Surface chemistry Detection technique LOD Reference
HRP adsorbed on PDMS/PSS film Amperometry, enzyme inhibition 170 pg L~ ! [25]
Peroxidase (from atemoya) on montmorillonite nanoclay Amperometry, enzyme inhibition 30 ug L' [26]

modified carbon paste electrode

Glyphosate-binding oligopeptide on SPR chip Surface plasmon resonance, direct measurement 97 ug L~ [27]
HRP-assisted generation of ZnS quantum dots Electrochemiluminescence, enzyme inhibition 270 ug L~ ! [28]
Urease entrapped on agarose-guar gum nanoconjugate Potentiometric, enzyme inhibition 05 ug L [29]

HRP adsorbed on MWCNTs/graphite epoxy Cyclic voltammetry, enzyme inhibition 132 ug L' [30]
Molecularly imprinted polymer Anodic stripping voltammetry 035 ug L' [31]
Anti-glyphosate antibody immobilized on Si substrate Fluorescence, competitive inhibition imunoassay 0.04 pg L™ [32]
Carbon nano-onion/ tyrosinase conjugate on chitosan matrix Amperometry, enzyme inhibition 1.1 ugL™! This work

order to achieve the maximum sensitivity. Hence, by measur-
ing the amperometric response of the biosensors in the ab-
sence and presence of glyphosate it was possible to construct
the corresponding calibration plots based on percentage of
signal inhibition.

Figure 5 shows the calibration plots of inhibition of glyph-
osate on L-DOPA response for SPE/Chi/CNO/TYR and SPE/
Chi/TYR biosensors. The plots show that the inhibition per-
cent increases almost linearly with herbicide concentration for
both biosensors and then tends slowly to saturation, with the
highest %/ values of ~70%. A linear relationship was found
up to 0.12 uM for both biosensors. The detection limits were
6.5 nM (1.1 pg L") for SPE/Chi/CNO/TYR and 12 nM
(1.9 ug L™) for SPE/Chi/TYR. In the range of studied con-
centrations of glyphosate, the sensitivity of the SPE/Chi/
CNO/TYR biosensor (taken as the slope of the linear part)
was 51.5%uM . This value is 2.1 times higher in comparison
to SPE/Chi/TYR. The inhibition of glyphosate on TYR in
solution was found to be of a mixed competitive type with
inhibition constants of 33 uM (K;) and 183 uM (Kjs) for the
enzyme and enzyme-L-DOPA complex, respectively [24]. In
our case, the SPE/Chi/CNO/TYR contained the enzyme load-
ed in a CNO-containing composite that enhances electron

transfer of the electroactive products, in a similar mechanism
to other CNO-based surfaces [16, 22]. On other hand, the
SPE/Chi/CNO/TYR has higher surface area compared to
SPE/Chi/TYR, in which the enzyme is better distributed on
the sensor, making the enzyme with higher capability of sens-
ing toward substrate as well as inhibitors. To the best of our
knowledge, this is the first example of a tyrosinase-based bio-
sensor for glyphosate detection, which is more sensitive in
comparison to other biosensors previously reported based on
HRP (Table 1). It should also be noted that the LOD is well
below the maximum contaminant level allowed in the United
States (700 pg L") although still higher than the maximum
admissible concentration in drinking water in the European
Union (0.1 ug L.

Analysis of real samples

The applicability of the biosensors in real samples was tested
using water and soil samples taken from irrigation of a rice
field near Guadalquivir River in South Spain before and after
aerial application of glyphosate. Table 2 shows the glyphosate
levels obtained using the CNO-based biosensor and a com-
mercial ELISA kit. In the case of the soil sample, the

Table 2 Glyphosate

concentrations obtained in water Sample Type Method Concentration found
and soil samples (n = 3) (ngLH
1 Irrigation water before glyphosate SPE/Chi/CNO/TYR biosensor 0.25+0.06
application ELISA 0.22+0.02
2A Irrigation water after glyphosate SPE/Chi/CNO/TYR biosensor 22+0.6
application ELISA 2.06+0.08
2B Irrigation water after glyphosate SPE/Chi/CNO/TYR biosensor 1.9+0.5
application ELISA 1.82+0.03
3 Soil exposed to glyphosate SPE/Chi/CNO/TYR biosensor 0.9+0.2%
ELISA 0.83 +£0.05%

* Values in ug g '
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glyphosate contents is about 1 mg kg . This is in the range of
the values observed in a recent study of European soil samples
and further confirms that agricultural soils absorb important
amounts of herbicides and pesticides [33]. In all cases, the
values obtained with the biosensors are between 4 and 8%
higher than those obtained by ELISA. This indicates that other
inhibitors such as glyphosate degradation products may be
present in the samples. However, the relatively low differ-
ences observed with respect to the standard method suggest
that the SPE/Chi/CNO/TYR biosensors can operate in a com-
plex matrix and could find application in agriculture to mon-
itor glyphosate presence.

Biosensor stability and repeatability

The long-term stability and repeatability of the biosensors
were examined. Figure 6a shows the residual activities found
for the TYR biosensors by monitoring the amperometric re-
sponses at a fixed substrate concentration over a period of
4 months. After one month of storage SPE/Chi/CNO/TYR
and SPE/Chi/TYR maintain 96% and 77% of their initial ac-
tivity, respectively, and then decreased gradually to 82% and
38%. In general, from the results of the stability studies of
SPE/Chi/CNO/TYR and SPE/Chi/TYR stored in PBS buffer
atpH 6.5 and 4 °C it is evident that the presence of CNO in the
composite of the SPE/Chi/CNO/TYR biosensor significantly
enhanced the stability of the biosensors compared to SPE/Chi/
TYR. The increased stability demonstrated for the enzymatic
biosensors covalently coupled with CNO is attributed to inter-
particle interactions between the carbon nanoparticles and the
enzyme. This results in a reduction in the enzyme mobility
due to the anchorage to the support. Thus, it is shielded it from
the denaturing effects of the environment. Interestingly, these
results agree with the improved stability observed for CNO-
enzyme conjugates in solution [17]. On the other hand, the

—a— SPE/Chi/CNO/TYR
—0o— SPE/ChilTYR
100 -
9
< 80+
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Fig. 6 a Residual activities of SPE/Chi/CNO/TYR and SPE/Chi/TYR
biosensors stored in 20 mM PBS, pH 6.5 at 4 °C. b Residual activity of
a SPE/Chi/CNO/TYR biosensor after repeated use (see Experimental
section for details)

SPE/Chi/CNO/TYR biosensors maintained a response higher
than 90% after 33 measurements (Fig. 6b). These results can
also be explained based on the stability of the enzyme conju-
gates with CNO and the presence of the chitosan matrix.

Conclusions

A highly sensitive biosensor for glyphosate based on the in-
hibition of tyrosinase activity was prepared by covalent im-
mobilization of an enzyme conjugate on a chitosan matrix.
The presence of CNOs on the chitosan-enzyme composites
had a positive effect in enhancing the sensitivity of the bio-
sensors due to an increased active surface area combined with
enhanced electron transfer properties provided by the conduc-
tive nanoparticles. CNOs also proved beneficial to improve
their stability and repeatability. Our results demonstrate the
feasibility of using chitosan/CNO/enzyme composites for
the development of sensitive biosensors based on activity in-
hibition. It is expected that this strategy can be extended to
other systems.
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