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Abstract

A novel enzymatic electrochemical biosensor was fabricated for the indirect detection of glyphosate-based acid phosphatase
inhibition. The biosensor was constructed on a screen-printed carbon electrode modified with silver nanoparticles, decorated with
electrochemically reduced graphene oxide, and chemically immobilized with acid phosphatase via glutaraldehyde cross-linking.
We measured the oxidation current by chronoamperometry. The current arose from the enzymatic reaction of acid phosphatase
and the enzyme-substrate disodium phenyl phosphate. The biosensing response is a decrease in signal resulting from inhibition of
acid phosphatase in the presence of glyphosate inhibitor. The inhibition of acid phosphatase by glyphosate was investigated as a
reversible competitive-type reaction based on the Lineweaver-Burk equation. Computational docking confirmed that glyphosate
was the inhibitor bound in the substrate-binding pocket of acid phosphatase and that it was able to inhibit the enzyme efficiently.
Additionally, the established method was applied to the selective analysis of glyphosate in actual samples with satisfactory results

following a standard method.
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Introduction

Glyphosate [N-(phosphonomethyl)glycine], classified in a
group of organophosphorus pesticides, is one of the more
extensively used herbicides in agriculture worldwide. The
compound has lower toxicity to mammals compared to other
pesticides [1]. However, glyphosate residues in agricultural
products present a health hazard to humans and have led to
environmental contaminations [2, 3]. Moreover, glyphosate
contains carcinogenic contaminants and causes DNA and
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organ damage [4]. Glyphosate was determined to be a poten-
tial carcinogen to humans (group 2A) by the International
Agency for Research on Cancer in 2015. Many responsible
authorities have selected the maximum residue levels (MRLSs)
of glyphosate in water, soil, and agricultural products [5]. For
example, the maximum contaminant level of glyphosate in
water and soil is set as 0.7 pg mL ™" and 2 mg kg ', respec-
tively, by the World Health Organization (WHO), and the
MRLs in most crops reported by the United Nations Food
and Agricultural Organization (FAO) are 0.1-5.0 mg kg’
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[6, 7]. Therefore, to increase public health and food security,
there is a need to develop a rapid, reliable, and sensitive ap-
proach for analyzing glyphosate in environmental samples to
provide an early warning in contamination incidents.

Various analytical methods have been reported for glyph-
osate determination. These methods include high-
performance liquid chromatography (HPLC) [8, 9], gas chro-
matography coupled with mass spectrometry (GC-MS) [10],
capillary electrophoresis [11], and fluorescence [12], colori-
metric [6], spectrophotometric [13], and electrochemical
methods [2, 7, 14]. Electrochemical techniques can offer a
rapid, simplistic, sensitive, and selective analysis. Therefore,
various analytical strategies based on electrochemical biosen-
sors have been designed and used as efficient alternative de-
vices for detecting glyphosate. However, glyphosate is a non-
electroactive herbicide that cannot be detected by direct elec-
trochemical methods [15]. Using enzyme inhibition is a pop-
ular method used for ultra-sensitive herbicide detection. In
addition, enzyme inhibition biosensors offer a popular method
for the fast and straightforward detection of toxic compounds
such as pesticides and metal ions.

Typically, enzyme inhibition biosensor-based acetyl-
cholinesterase (AChE) has been employed as an enzyme
receptor to detect organophosphorus pesticides indirectly
[16]. However, there are major drawbacks to using AChE.
Several compounds, such as glyphosate, carbamate pesti-
cides, aflatoxins, nerve agents, and heavy metals [17], can
specifically inhibit the activity of the AChE enzyme.
Therefore, selecting an appropriate enzyme to serve as the
bioreceptor is necessary to produce a highly selective and
sensitive biosensor. To our knowledge, acid phosphatase
(ACP), a family of hydrolase enzymes, could be applied
for quantitative measurement of glyphosate due to its func-
tion in catalyzing the hydrolysis of phosphoric acid-
containing molecules [18, 19]. The ACP catalyzes the hy-
drolysis of its substrate, disodium phenyl phosphate, into
phenol and phosphoric acid (Eq. 1). The produced phenol is
then oxidized to benzoquinone (Eq. 2), which can be mea-
sured with different electrochemical transducers. The ACP
inhibition is detected by measuring the decreased oxidation
current of the phenol products due to the phosphoric group
in the glyphosate structure as the competitive inhibitor, thus
inhibiting ACP activity.

(1)
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However, ACP faces lower sensitivity than the AChE in-
hibition methods. Therefore, many nanomaterials, especially
graphene nanomaterials and metal nanoparticles, have gained
popularity for the fabrication of electrochemical biosensors and
improve sensitivity to inhibit signal detection. For example,
silver nanoparticles (AgNPs) are among the most frequently
used metal nanomaterials for signal enhancement in a wide
range of electrochemical biosensing applications. This is be-
cause silver has a large surface-to-volume ratio, good electrical
properties, unique catalytic properties, excellent biocompatibil-
ity, and lower cost than other materials [20-22]. Additionally,
incorporating AgNPs with graphene nanomaterials could boost
electron transfer rate of electrochemical biosensing as a conse-
quence from a large 7-7t conjugations in graphene structure
compared to using single AgNPs component [23-25].

This research describes the design of a novel enzymatic elec-
trochemical biosensor showing ACP inhibition by glyphosate.
The designed biosensor is constructed by electrodeposition of
AgNPs and electrochemically reduced graphene oxide (ErGO)
at the active electrode surface of screen-printed carbon electrode
(SPCE) for indirect measurement of glyphosate in order to re-
ceive a portable and disposable biosensor that is suitable for on-
field analysis. The ACP is chemically immobilized on the mod-
ified biosensing area via glutaraldehyde cross-linking, denoted
as SPCE/ErGO-AgNPs/GA-ACP. The oxidation current signal
due to the enzymatic reaction of ACP and disodium phenyl
phosphate is measured at a constant potential by
chronoamperometry. Therefore, a decrease in signal response
resulting from inhibition of ACP activity in the glyphosate in-
hibitor correlates with the glyphosate concentration.

Moreover, molecular docking of the optimized bound con-
formations and the binding free energy of ligands to enzymes
[26] plausibly explains the reduced enzymatic activity of
ACP, thus supporting the developed system for indirect mea-
surement of glyphosate. This strategy has been demonstrated

N
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to be applicable for the sensitive and selective analysis of
glyphosate in environmental samples.

Materials and methods
Chemicals and reagents

Glyphosate (PESTANAL®, analytical standard), acid phos-
phatase (ACP, phosphatase acid type I from wheat germ, 0.5
unit mg~ ' solid), disodium phenyl phosphate dibasic
dihydrate (CgHsNa,O4P.2H,0), glutaraldehyde (GA, grade
11, 25% in H,0), graphene oxide (GO powder, 15-20 sheets,
4-10% edge-oxidized), silver nitrate (AgNOs, ACS reagent,
>99.0%), 4-chloro-3,5-dinitrobenzotrifluoride (CNBF, 98%),
and formic acid (CH,0,, ACS reagent, >96.0%) were obtain-
ed from Sigma-Aldrich. Carbon ink (carbon paste,
C2030519P4) and silver/silver chloride ink (Ag/AgCl paste
60:40, C2130809D5) were obtained from Sun Chemicals
(UK). Acetate buffer adjusted to various pH values was used
as a supporting electrolyte, prepared by mixing acetic acid and
sodium acetate solutions. All other chemicals were of analyt-
ical reagent grade and purchased from Sigma-Aldrich.
Ultrapure water (18.2 M{2 c¢cm) obtained from the Milli-Q
cartridge system was used throughout. Dilution of working
solutions and samples was carried out before use.

Apparatus and materials

The AgNPs-ErGO nanocomposites were analyzed by X-ray
diffraction spectroscopy (XRD, X’Pert-MPD, PHILIPS,
Netherlands) using a Cu source over a range of diffraction
angles 2 = 10-80°, and Raman spectroscopy performed on
a Labspec6-Horiba Raman spectrophotometer (1024X256-
OE, Raman Instruments Inc. Edison, USA) equipped with a
microscope (100x objective lens) and laser source at 532
nm. The morphology of SPCE modified with AgNPs-ErGO
and covered with ACP-GA was investigated by a field
emission scanning electronic microscope (FE-SEM, JSM-
7610FPlus, JEOL, USA), coupled with an energy-
dispersive X-ray spectrometer (EDS, X-MAX IE-350,
Oxford, UK). All electrochemical measurements were car-
ried out using a computer-controlled electrochemical work-
station (Autolab, PGSTAT302N, Metrohm, Switzerland)
with the NOVA software suite installed (version 7.11).

Electrochemical biosensor fabrication

We fabricated the SPCEs by manually printing the commer-
cial carbon ink and Ag/AgCl ink onto a transparent projector
film (PVC) through the block screen (constructed by Silkcut
LP, Thailand). The SPCE consists of a pseudo-Ag/AgCl ref-
erence electrode (RE), a carbon counter electrode (CE), and a

carbon working electrode (WE). First, an insulator layer was
painted using clear nail polish, which was adhered to the con-
ductive pad to prevent the spread of the test solution. Then, 10
pL of GO droplet dispersed in deionized water was deposited
onto the active surface of the working electrode. After 30 min
of drying, a mixed solution of 0.1 M KNO; solution contain-
ing AgNOj3 and 0.1 M sodium acetate was injected onto the
SPCE surface. The co-reduction of GO and Ag was
achieved by scanning the potential from 0.0 to —1.2 V with
cyclic voltammetry (CV) at a scan rate of 50 mV/s for 10
cycles. After electrodeposition, the obtained SPCE/ErGO-
AgNPs was washed with deionized water and gently dried
under an N, flow at room temperature. Finally, 5 uL of
ACP enzyme was cast onto the modified electrode by
cross-linking with 5% glutaraldehyde to obtain the enzy-
matic biosensor. Figure 1a shows the fabrication process of
the SPCE/ErGO-AgNPs/GA-ACP biosensor. Figure 1b is a
schematic illustration of the working principle of an elec-
trochemical biosensor based on enzyme activity and en-
zyme inhibition.

Molecular docking of ACP enzyme

From the X-ray crystal structure of acid phosphatase from red
kidney bean (PDB code 4KBP), the dimeric protein-
containing Fe (III) and Zn(II) complexed with phosphate ion
represent the catalytic site in wheat germ [27]. Two docked
ligands downloaded from PubChem (https://pubchem.ncbi.
nlm.nih.gov) as structural data files were subsequently
formatted with structural coordinates using eLBOW [28].
The coordinates of disodium phenyl phosphate substrate and
glyphosate were initially docked into the enzyme active site
using AutoDock Vina [26]. Finally, the structures were
generated using the PyMOL molecular graphics system [29].

Sample preparation

Glyphosate-contaminated water and soil samples were ex-
tracted following a previous method with minor modifications
[1, 2]. First, environmental water (50 mL) was sonicated for
15 min, followed by filtration using a 0.45-um nylon mem-
brane filter. Then, 1.0 mM Ba(OH), was added to the collect-
ed supernatants and sonicated. Next, sulfate radical and most
metal ions were eliminated by centrifugation at 10,000 rpm
for 10 min. Next, the pH of the resulting supernatants was
adjusted with 1 M HCI to maintain the samples at pH 7.0.
Finally, the extracted samples were separated by centrifuga-
tion at 10,000 rpm for a further 10 min. The final solutions
were freeze-dried and stored at —20°C for further use.

NaOH (1 M, 60 mL) was added to 25 g of the soil sam-
ples and continuously stirred for 30 min with a magnetic
stirrer. The sample mixtures were centrifuged for 10 min at
5000 rpm, and the collected supernatants were
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Fig. 1 A schematic of (a) bare
SPCE and SPCE/ErGO-AgNPs/
GA-ACP fabrication and (b) acid
phosphatase catalysis with
disodium phenyl phosphate with
glyphosate inhibition
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subsequently filtered with a-0.45 pum nylon membrane fil-
ter. After that, the supernatants were brought to pH 7.0 with
1 M HCI and then centrifuged at 5000 rpm for a further 10
min. The extracted samples were diluted in distilled water,
made up to 100 ml, freeze-dried, and kept at —20°C for
further use.

Chromatographic conditions

The amount of glyphosate contaminant in environmental
waters and soils was analyzed by a standard ultra-high-
performance liquid chromatography (UHPLC) method to
confirm the reliability of the proposed biosensor. The
quantitative analysis of glyphosate was achieved after
derivatization with 4-chloro-3,5-dinitrobenzotrifluoride
(CNBF) [3]. The UHPLC separation of derivative
glyphosate was performed on a C18 column (2.1 x 50
mm, 1.8 um, Zorbax, Agilent) under a flow rate of 0.2
mL minfl, a detection wavelength of 360 nm, an injec-
tion volume of 15 pL, and a column temperature of
40°C. The solution mixture of acetonitrile and 0.2%
formic acid was used as the HPLC mobile phase. The
elution gradient programs were set from 5% to reach
100% of acetonitrile in 10 min.
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Results and discussion

Characterization of the SPCE/ErGO-AgNPs/GA-ACP
biosensor

The crystalline nature of the SPCE/ErGO-AgNPs was verified
by X-ray diffraction (XRD) analysis. Figure 2a compares the
experimental XRD patterns of the bare SPCE and ErGO-
modified SPCE. The SPCE exhibits a sharp X-ray diffraction
peak at 260 = 26.5°, agreeing with the (002) plane of the typical
crystal structure of graphite [30]. There is no significant differ-
ence in the XRD profile for ErGO-modified SPCE. The charac-
teristic GO peak at 26 of 11.0° was not observed [31], indicating
that GO was reduced entirely to ErGO. After AgNPs deposition,
the prominent peaks located at 26 = 38.2°, 44.4°, 66.6°, and
78.5° are related to (111), (200), (220), and (311) crystallograph-
ic orientation planes of the face-centered cubic (FCC) structure
of silver (JCPDS No. 04-0783) [32].

The modifications on the SPCE surface with ErGO-
AgNPs nanocomposites were validated by Raman spectros-
copy (Fig. 2b). The Raman bands at 1351 cm™ ' and 1588
cm ', attributed to sp> and sp® hybridization of carbon ma-
terials, termed D and G bands [31], are present in all con-
ditions. Typically, the D and G peak intensities (/p/l;) are
used to estimate the degree of structural defects in the
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Fig. 2 (a) XRD patterns and (b) Raman spectra of the SPCE and SPCE modified with different nanomaterials

carbon material [33]. The Ip/Ig ratio decreased from 1.00 to
0.86 after GO modification of the SPCE since the GO con-
tributes to increased sp2 carbon bonds [34]. On the other
hand, the ratio of I/l increased to 1.35 and 1.10 after
introducing ErGO and ErGO-AgNPs on the SPCE surface,
respectively. Thus, more defects in the graphitized structure
are created to remove C=0 bonds during the electrochem-
ical reduction process [31].

Furthermore, the characteristic Raman peak at around 2700
cm', known as the secondary D peak or the 2D band, is de-
tected. The intensity ratio between the 2D and G peaks (Lp/Ig)
is generally used to determine the graphene layer [35]. For
example, the SPCE/ErGO-AgNPs exhibits an /p/lg ratio of
0.8, suggesting that a few layers of ErGO were covered on

Fig. 3 FE-SEM images of
different modified SPCEs

the surface of the electrode. Additionally, the elemental com-
positions of the modified electrode were studied using energy-
dispersive spectroscopy (EDS) (see Supplementary
Information Fig. S1).

Figure 3 shows the surface morphologies of the enzymatic
biosensor observed by field emission scanning electron mi-
croscopy (FE-SEM). The bare SPCE consists of a flake-like
morphology and a spherical structure of carbon. A thin, wrin-
kled layered structure of ErGO, and globular AgNPs, having
an average diameter of about 150 nm, is detected after the
electrochemical deposition procedure. The noticeable changes
in the morphology of the modified electrode are observed after
loading of GA-linked ACP enzyme, providing evidence of
successful enzyme immobilization.
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Fig. 4 (a) CVs and (b) EIS signals of different modified electrodes in 1 mM Fe(CN)637/47 solution (inset: the EIS signals compared between
SPCE/ErGO and SPCE/ErGO-AgNPs)

Electrochemical characterizations of the modified

with AgNPs, ErGO, and ErGO-AgNPs. The symmetric redox
electrodes

peaks of Fe(CN)¢>"* were observed in all conditions, indi-
cating reversible redox reactions. Furthermore, a weak redox
peak was received on the bare SPCE, in which an oxidative
current density (J,) of 123.6 pA cm 2 and a peak-to-peak
separation (AE},) of 0.59 V were obtained. After modifying
SPCE with AgNPs and ErGO, the J,, increased but the AE,

Cyclic voltammetry (CV) was carried out in 1 mM Fe(CN),’
4~ solution to investigate the characteristic electrochemical
properties of the prepared SPCE/ErGO-AgNPs. Figure 4a dis-
plays the voltammograms of unmodified and modified SPCE
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Fig.5 Amperometric response of the SPCE/ErGO-AgNPs/GA-ACP to successive injections of 50-500 pg mL ™" disodium phenyl phosphate in acetate
buffer (pH 7.0) in the (a) absence and (b) presence of 1 ug mL™" glyphosate, and (c) corresponding to Lineweaver-Burk plots
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decreased compared to the unmodified bare SPCE. Thus,
AgNPs and ErGO nanomaterials can help enhance electrical
conductivity and acceleration of the electron transfer process
of the electrode [36]. Apart from Fe(CN)s> ’*", the electro-
chemical performance of the SPCE/ErGO-AgNPs was inves-
tigated for phenol detection (see Supplementary Information
Fig. S2).

For further characterization of the electrochemical interface
features of the prepared SPCE/ErGO-AgNPs, electrochemical
impedance spectroscopy (EIS) was employed (Fig. 4b). It is
seen that a semicircle portion of the EIS signal related to
charge transfer resistance (R.) decreased after modification
with AgNPs, due to the excellent electrical conductivity of
the Ag metal. On the other hand, the R value was dramati-
cally reduced for ErGO-modified SPCE, confirming that the
large 7t-7t conjugations in the ErGO structure could reform the
electrode to more sensitive charge transfer and reduce surface
resistance [37]. The lowest R on the SPCE modified with
AgNPs and ErGO reveals the synergistic contribution of the
advantages from those two nanomaterials.

Fig. 6 (a) The overall structure of
ACP from red kidney bean (PDB
entry 4KBP), (b) phenyl
phosphate docked, and (c)
glyphosate docked

(b)

Phenylphosphate

Enzyme inhibition kinetic study

The response of the electrochemical biosensor to variable con-
centrations of disodium phenyl phosphate was detected by
chronoamperometry under optimized conditions. Figure Sa
and b show the typical amperometric current-time response
for the SPCE/ErGO-AgNPs/GA-ACP biosensor in the ab-
sence and presence of 1 pg mL ™' glyphosate, respectively.
Without glyphosate, the biosensor with the added disodium
phenyl phosphate exhibited an oxidation current. Meanwhile,
less sensitive current responses were recorded in the presence
of glyphosate. Based on these results, a Lineweaver-Burk plot
was plotted for 1// versus 1/C (Fig. 5¢). The kinetic constants,
K., and V., were then determined by fitting a linear function
and analyzing the slope and intercept in the Lineweaver-Burk
plot. The K;,, and V,,,,, were calculated, with no glyphosate, to
be 3.79 mM and 7.46 uA cm 2. The obtained K., was close to
the value (3.5 mM) reported by Zhang et al. [38]. In the pres-
ence of glyphosate, the K;,, and V},,,x values were estimated to
be 4.72 mM and 7.63 uA cm 2, respectively. This observation
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shows that the inhibition of ACP activity by glyphosate in-
creases the K, value, whilst the V,,,, value remained almost
the same. Therefore, the inhibitory effect of glyphosate on the
SPCE/ErGO-AgNPs/GA-ACP biosensor is a reversible com-
petitive type. In addition to kinetic study, the electrochemical
behavior of the biosensor dependent on the scan rate was
examined (see Supplementary Information Fig. S3).

Computational docking study

The structures of modelled ligands, including disodium phe-
nyl phosphate and glyphosate, bound in the ACP enzyme
structure were studied to understand better the accommoda-
tion of these two ligands in the catalytic site of the ACP from
wheat germ. There were not any previous reports revealing the
X-ray structure of ACP from wheat, specifically. Therefore,
the crystal structure of ACP from red kidney bean (PDB entry
4KBP) has been representatively studied in this work since the
ACP from wheat and red kidney bean are both classified in the
same group of the ACP family [39]. Figure 6a reveals that the
X-ray structure of ACP from red kidney bean comprises of
two sandwiched 3o o3 motifs which form the core unit of
metal coordinating. The dimeric protein-containing Fe(III)
and Zn(II) represent the catalytic site in wheat germ in this
study [26, 40].

The docking study of phenyl phosphate into the X-ray
structure of ACP is shown in Fig. 6b. One oxygen atom of
the phosphate group is within covalent bonding distance to the
Zn ion (2.3 A). Two oxygen atoms of the phosphate group
have hydrogen bonds at His202 and His296 with lengths of
29Aand2.8 A, respectively. The side chain of His296 is at a
hydrogen-bonding distance of 3.2 A, with an esterified oxy-
gen atom as the leaving group for the hydrolysis of the en-
zyme. The optimized conformation of phenyl phosphate has a
binding free energy of —4.7 kcal mol .

Docking studies of glyphosate (Fig. 6¢) show that the metal
ions are further away from the phosphate group. However,
three oxygen atoms of the phosphate group are hydrogen-
bonded to His295, His325, and Tyr365, with distances of
33 A, 38 A, and 2.9 A, respectively. The nitrogen atom of
glyphosate is hydrogen-bonded (4.0 A) with the imidazole
side chain of His202. The phenolic side chain of Tyr365 is
hydrogen-bonded at a distance of 3.0 A. Moreover, two car-
boxylate groups are assumed to form hydrogen bonds with the
guanidino side chain of Argl70 (3.2 A and 3.3 A). Notably,
one carboxylate of bound glyphosate is oriented for a hydro-
gen bond interaction at a distance of 3.1 A from Tyr365,
located in the active site of the ACP enzyme. The stabilized
conformation of glyphosate yields binding free energy of
—4.9 keal mol™', which is slightly lower than the value of
phenyl phosphate. Thus, the orientation of glyphosate in the
substrate-binding pocket is optimized by hydrogen bonds,
supporting the binding preference of glyphosate, thus
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Fig. 7 (a) Amperometric response of the SPCE/ErGO-AgNPs/GA-ACP
for indirect detection of glyphosate and (b) its calibration plots from 0.05
to 0.5 pg mL ™" and from 0.5 to 22.0 pig mL ™"

efficiently inhibiting the ACP activity in hydrolyzing phenyl
phosphate.

Analytical performances of the enzymatic biosensor

The linearity of the SPCE/ErGO-AgNPs/GA-ACP biosensor
for indirect determination of glyphosate herbicide was studied
by chronoamperometry under optimal conditions (see details in
Supplementary Information Fig. S4). The amperometric
current-time curve of the proposed ACP biosensor is succes-
sively reduced in series with added glyphosate solution at var-
ious concentrations (Fig. 7a). This result showed in a decrease
in enzymatic function due to reversible binding between the
glyphosate and the active site of the ACP enzyme. The calibra-
tion curve (Fig. 7b) shows that the inhibited current density
signals (AJ,,) linearly increased with higher glyphosate concen-
tration, in which two linear ranges were obtained, from 0.05 to
0.5 ug mL ™" and from 0.5 to 22.0 g mL™". The higher inhib-
itor concentration provided a lower enzymatic activity towards
its substrate. The decrease of enzyme response in the calibration
plot from 0.5 to 22.0 pg mL ™" showed the inhibition response
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in decreasing order when glyphosate concentration was in-
creased. A very high inhibitor concentration reversibly occu-
pied most active sites, but not all glyphosate molecules were
consistently bound to the enzyme. The greater inhibitor con-
centration provided a lower inhibition effect.

The detection limit (LOD) and quantification limit (LOQ)
were calculated at 0.015 ug mL™" and 0.045 g mL ™", respec-
tively, based on 3SD/slope and 10SD/slope. SD is the standard
deviation of glyphosate detected at the lowest concentration
from the linear range and the slope obtained from the low-
range calibration curve. The obtained LOD value was below
the maximum contaminant levels of glyphosate in drinking wa-
ter (0.7 pg mL™") and soil (2 mg kg ') recommended by the
WHO [6]. It is also lower than the MRLs of glyphosate in most
crops (0.1-5.0 mg kg™ "), as suggested by the FAO [7].
Therefore, the proposed SPCE/ErGO-AgNPs/GA-ACP pos-
sessed greater sensitivity than prior research adopted (Table S1).

Reproducibility, stability, and selectivity
The intra-day and inter-day reproducibility of the SPCE/ErGO-

AgNPs/GA-ACP for detection (0.2 ug mL™" glyphosate) was
evaluated by using five different electrodes (n=5). The relative

standard deviation (RSD) was calculated at 5.21% and 5.46%
for intra-day and inter-day tests, respectively. Furthermore, the
stability of the prepared biosensor was investigated. During the
first 5 days of storage, the amperometric responses of the bio-
sensor remained at more than 81.9% of its initial signal.
However, after a week of storage, a rapid decrease in signal
was observed, resulting from reducing enzyme activity and
denaturation of ACP during the long-term storage [41].
Additionally, selectivity of the developed biosensor was exam-
ined (see Supplementary Information Fig. S5).

Real sample analysis

The amount of glyphosate contaminating environmental water
and soil samples was determined by the SPCE/ErGO-AgNPs/
GA-ACP biosensor to check the practical reliability of the
ACP biosensor. The experiments were performed in triplicate
by the standard addition method range from 0 to 0.3 pg mL ™"
as shown in Fig. S6a and the standard addition plot depicted in
Fig. S6b. Furthermore, the accuracy and precision of the bio-
sensor were investigated using recovery measurements on
spiked samples. As demonstrated in Table 1, the average re-
coveries of 95.6-104.7% upon spiking were received. These

Table 1  Determination of glyphosate in environmental waters and soils by the enzymatic biosensor and UHPLC (n=3)
Sample Added Determined by the biosensor Determined by UHPLC t-testb
Measured Recovery (%) Measured Recovery (%)
(mggh)  (mgmL)  (uggh) (ng mL™") (nggh (ngmL™)
Water A - nd? n.d. - -
0.5 0.50 £ 0.05 100.1 0.52 +£0.01 103.4 0.7
1.0 1.04+0.12 104.0 1.04 £0.03 103.8 0.1
Water B - n.d. - n.d. - -
0.5 0.51 £0.03 102.4 0.52 +0.01 103.2 0.2
1.0 1.02 +£0.07 102.1 0.96 +0.03 96.1 2.1
Water C - n.d. - n.d. - -
0.5 0.50 +0.03 100.8 0.49 +£0.01 98.4 0.9
1.0 1.05+0.12 104.7 0.96 +0.03 95.9 1.0
Soil A 0 0.66 +0.06 - 0.79 £ 0.01 - 2.1
2.0 2.64+0.24 99.3 2.76 £0.10 98.6 0.5
4.0 448 +£0.32 95.6 474 +0.16 98.7 0.9
Soil B - n.d. - n.d. - -
2.0 2.08 +£0.10 104.0 2.05+0.09 102.6 0.3
4.0 4.05+£0.20 101.3 4.13+£0.16 103.1 0.5
Soil C - n.d. - n.d. - -
2.0 2.08 £ 0.06 104.1 2.00 £ 0.06 100.2 04
4.0 3.89+£0.27 97.2 4.01 £0.08 100.3 0.6

?n.d. means “not detectable”

® f-test at a confidence level of 95% probability and degree of freedom of 2
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results indicated that the developed SPCE/ErGO-AgNPs/GA-
ACP biosensor was reliable for indirectly detecting glypho-
sate herbicide in environmental samples.

Additionally, the feasibility of the proposed biosensor was
tested by detecting glyphosate contaminated in the water and
soil samples by UHPLC as a comparative standard method.
Finally, the concentration of glyphosate in actual samples was
analyzed in triplicate by an external calibration plot. The results
agreed well with the results reported from the electrochemical
biosensor. There were no significant differences between the
two methods, owing to a smaller #-value than the tabulated
critical value at a degree of freedom of 2 and a confidence
interval of 95% probability.

Conclusions

In this work, a proposed strategy for glyphosate herbicide
detection depended on enzyme inhibition was presented. An
acid phosphatase biosensor was developed based on immobi-
lization of ACP via glutaraldehyde cross-linking on the active
area of a screen-printed carbon electrode modified with silver
nanoparticles decorated with electrochemically reduced
graphene oxide. The oxidative current signals were obtained
from an enzymatic reaction between the acid phosphatase en-
zyme and its substrate disodium phenyl phosphate measured
by chronoamperometry. A decrease in the obtained signal in
the presence of glyphosate resulted from reversible competi-
tive inhibition, based on the Lineweaver-Burk equation.
Furthermore, the inhibitory effect was studied computational-
ly by a docking approach. It was demonstrated that glyphosate
was well oriented in the active site pocket of acid phosphatase.
It was able to efficiently inhibit the catalytic enzyme function
in the presence of phenyl phosphate substrate.The designed
biosensor exhibited two linear ranges for glyphosate from
0.05 to 0.5 pg mL™" (7% = 0.995) and from 0.5 to 22.0 pg
mL ™" (% = 0.995) with a detection limit and a quantification
limit 0f 0.015 pg mL ™" and 0.045 ug mL ™", respectively. The
proposed biosensor also achieved excellent reproducibility,
stability, and selectivity. It was practically introduced to the
selective electrochemical analysis of glyphosate in the envi-
ronmental water and soil samples with excellent recoveries.
Furthermore, the results were in accordance with a standard
UHPLC method as evaluated by #-test at a confidence interval
of 95% probability.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03567-2.
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