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ABSTRACT: The toxicity levels of and exposure to glyphosate, a widely
used herbicide and desiccant, are significant public health issues. In this
study, we aim to design a highly sensitive, label-free, portable sensor for
the direct detection of glyphosate in human urine. The sensor platform
consists of a portable, printed circuit board circular platform with gold
working and reference electrodes to enable nonfaradic electrochemical
impedance spectroscopy. The sensing platform was an immunoassay-
based, gold electrode surface immobilized with a monolayer of
dithiobis(succinimidyl propionate) (DSP), a thiol-based cross-linker,
which was then modified with a glyphosate antibody (Glyp-Ab) through
the bonding of the ester group of DSP with the amide of the antibody
(Glyp-Ab). The sensor was tested electrochemically, first using the
laboratory-based benchtop method for the glyphosate-spiked urine
samples, resulting in a dynamic response in the concentration range of 0.1−72 ng/mL with a limit of detection of 0.1 ng/mL. The
platform showed high selectivity in the presence of major interfering analytes in urine [malathion (Mal), 3-phenoxybenzoic acid
(PBA), and chlorpyrifos (Chlp)] and high reproducibility. The sensing platform was then translated into a portable device that
showed a performance correlation (r = 0.994) with the benchtop (laboratory method). This developed portable sensing approach
can be a highly reliable alternate sensor platform for the direct detection of pesticides in human bodily fluids.

■ INTRODUCTION

Glyphosate is a well-known synthetic herbicide that was
patented by the Monsanto Company in 1974 and is utilized in
many products. Glyphosate is best known for its use in
“Round-Up” pesticide products and is the herbicide that is
used with Monsanto-branded GMOs.1−4 The wide application
of glyphosate and related herbicides has enhanced the growth
of glyphosate resistant and tolerant weeds worldwide,
consequently increasing applications at higher concentrations.1

Glyphosate has also become the most used pesticide in the
world, with the United States being responsible for nearly 19%
of the global consumption of glyphosate.5 However, glyphosate
has been listed as a probable carcinogen by the International
Agency for Research on Cancer and is being scrutinized by the
scientific community because of its toxicity and ability to cause
subtle but life-changing conditions.3,6 Glyphosate operates by
acting as an inhibitor of 5-enolpyruvylshikimate-3-phosphate
synthase (EPSP synthase) not only in plants but also in
bacteria.7 Glyphosate has been directly linked with dysbiosis, a
condition related to the imbalance between beneficial and
deleterious bacteria. This can cause increased production of
metabolites, which can contribute to the development of
neurological conditions.7 The use of glyphosate-based
herbicides (GBHs) is directly related to the increase in the

level of homocysteine, which is a risk factor associated with
cardiovascular disease.8

Due to the increasing use related to glyphosate tolerant
plants, human exposure to it is inevitable through various
sources such as bodies of water, agricultural runoff, food (dried
pulses and cereals), and air.1 The risk factors associated with
long-term exposure to glyphosate make it important to
minimize exposure. On the contrary, analyzing the exposure
level at any time is critical for safety and clinical diagnosis.9

Several regulatory authorities have established safe limits or
concentrations of this herbicide in water and various food
products we consume every day. The EU limit for glyphosate
in water is 0.1 μg/L, while the U.S. limit is 700 μg/L.2 For the
evaluation of human exposure to glyphosate, in a study by the
German environmental agency, a close group of young adults
(in the years 2001−2015) were monitored, and of the 399
samples analyzed, roughly ∼30% showed glyphosate concen-
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trations above the limit of quantitation (>0.1 μg/L) analyzed
via GC-MS.9 A positive correlation has been reported between
the urinary excretion of glyphosate and food consumption,
which is important for biomonitoring in risk and safety
assessments.10 Increased levels of glyphosate in urine have
been related to the level of bioavailable glyphosate absorbed by
the body through various occupational sources and food
residues. The absorbed glyphosate is poorly metabolized and is
directly excreted in the urine and therefore can be measured in
urine for risk assessment. The most recent analytical methods
are highly sensitive and specific and claim to analyze
glyphosate and other pesticides in human bodily fluids without
the need for derivatization. These include, i.e., HPLC (high-
performance liquid chromatography), FCMIA (fluorescence
covalent microbead immunoassay), and LC-MS (liquid
chromatography-mass spectrometry).1,11,12 Current rapid
detection systems such as enzyme-linked immunosorbent
assays generally have high false positive and false negative
rates, the industry protocol generally using LC-MS as a
confirmation tool. The minimum limit of detection (LOD) is
defined to be approximately 2 ng/mL when using LC-MS as an
analysis tool.13 Normally, this LOD is desirable for exposure-
relevant concentrations, but it does not factor in degradation of
food materials and the transfer of glyphosate from one medium
to another.13 For example, in the case of breast milk,
glyphosate residue concentrations have been measured to be
<1 ng/mL, effectively nullifying the minimum LOD that is
required by LC-MS to provide accurate results.14 Using an
even more specialized analytical method called triple-quadru-
pole LC-MS, 96.3% accuracy was achieved with a LOD of 0.5
ng/mL. All of these analytical methods require stringent
preprocessing, specialized personnel, burdensome costs, and
long processing times with no scope for on-filed applications.
The electrochemical methods are the most advanced to date
for portable devices and on-field sensing applications.15,16

Several electrochemical approaches for the detection of
glyphosate have been reported.17 Glyphosate is a non-
electroactive compound, limiting its direct detection electro-
chemically. Several catalyst nanocomposites with or without
the enzyme18 have been used to improve sensitive and

selective detection through chemical interaction, formation of
glyphosate−metal complexes and enzyme inhibition have been
explored using, i.e., Cu-BTC MOF,17 MMWCNTs-IL/CuO
nanoparticles,19 rGO-CuNPs composites,20 a Cu-(poly)pyrrole
composite,12,21 SPE/Chi/CNO/TYR,22 and n-Si/PANI/
HRP.12,23 A table of reported electrochemical sensor platform
modifications and a comparison of responses is provided in
Table S1. Most of these studies involve detection using a redox
mediator through a faradic process employing a three-electrode
system, complexation with the metal, or an enzyme inhibition
method tested for food and water samples. A very low
detection limit was also reported but involves sample
preprocessing (Table S1). In addition to the sensitive
analytical detection of glyphosate in human urine,24 no data
from direct analysis of the urine sample by the electrochemical
method have been reported until now.
Another promising direct electroanalytical approach is

electrochemical impedance spectroscopy (EIS) using the
antibody-functionalized electrode to selectively detect the
glyphosate antigen reported by our group in produce and food
samples.25,26 It is based on the measurement of the impedance
over a wide range of frequencies, and the frequency domain
response gives us useful information about the physicochem-
ical changes that occur at the electrode surface as a result of the
specific binding of an analyte or antigen of interest.25,26 The
previously reported work on the electrochemical method of
detecting other pesticides used a diluted urine sample due to
the complexity of the system,27 which interfered with the
faradic response. There have been no reports of a portable
electrochemical device that can directly detect pesticides in
urine. Developing a portable electrochemical device would be
significant, especially with there being a burgeoning interest in
rapid detection systems for the assessment of pesticides in
urine.
Considering this background, in this work, we have

fabricated a portable, label-free, on-field deployable, electro-
chemical sensor using working and reference electrodes as the
sensor platform that is immobilized with the glyphosate
antibody and linked with a cross-linker to directly detect the
presence of glyphosate in urine as shown in Figure 1. The

Figure 1. Schematic of the glyphosate residue in human urine and PPE (portable pesticide electrochem-sensor) sensing platform for direct
detection of glyphosate in urine.
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interaction between the glyphosate antigen and antibody can
be transduced as nonfaradic signals using EIS and CA
(sampled on a millisecond time scale, which is the diffusion
limited) measurement techniques. This selective and sensitive
system should be viewed as a proof of concept and can be
applied to future hand-held applications in real time of
pesticides in various food products and human bodily fluids.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. Dithiobis(succinimidyl propionate)

(Thermo Scientific), glyphosate antibody (Fitzgerald Antibodies),
glyphosate antigen, chlorpyrifos, 3-phenoxybenzoic acid, dimethyl
sulfoxide (DMSO), creatinine, sodium chloride, uric acid, and a
phosphate-buffered saline solution (pH 7.4) were procured from
Sigma-Aldrich. Malathion was procured from Cayman Chemicals.
Normal urine collected from pooled donors was procured from Lee
BioSolutions.
Instrumentation. A HIROX microscope (series RH 2000) was

used to image the surface of the bare electrode, DSP, and the DSP−
antibody-modified electrode surface. Fourier transform infrared
(FTIR) spectroscopy was performed using the Nicolet iS50 FTIR
spectrometer at spectral scans of 256 at 4 cm−1 resolution in the
wavelength range from 4000 to 600 cm−1 to confirm the binding of
the cross-linker and bonding of the glyphosate antibody to the gold
electrode surface. All electrochemical measurements were performed
using a Gamry Reference 600 potentiostat (GAMRY Instruments)
and an EmstatPico modular system. The sensor platform consists of a
portable printed circuit board circular platform with gold working and
reference electrodes. The sensor design described above was printed
on a PCB-FR4 substrate with ENIG gold finish on a copper-clad
board as shown in panels A and B of Figure 3. All data and graphs
were plotted using GraphPad Prism and Origin Pro 2017, and the
graphical abstract and mechanism figures were drawn using Bio-
Render and Adobe Illustrator.
Electrochemical Surface Characterization of the Modified

Sensing Platform. To electrochemically understand the surface
modification of the gold electrode, cyclic voltammetry and EIS were
used employing the three-electrode system (using surface function-
alization similar to that of the two-electrode sensing platform) in
phosphate-buffered saline (PBS) (7.4) at each step of modification. A
commercial Au disk (Metrohm, 2 mm diameter) was used as a
working electrode, Ag/AgCl (saturated KCl) as a reference, and a Pt
wire as the counter electrode. Prior to the experiment, the Au disk
electrode was polished with a 0.05 μm alumina slurry to create a

uniform surface roughness, followed by washing with a copious
amount of Milli-Q water and potentiodynamic cycles in a potential
window from −0.2 to 1.4 V in 0.5 M H2SO4 at a scanning rate of 100
mV/s until the characteristic hydrogen−oxygen adsorption−desorp-
tion peak in acid arises. Finally, the electrode was rinsed with water
and kept in a desiccator for further use.

For the electrode modification, to the cleaned Au disk electrode
surface mentioned above was dispensed 10 μL of 10 mM cross-linker
dithiobis(succinimidyl propionate) (DSP) dissolved in DMSO. The
electrode was then incubated at room temperature for 90 min, giving
a sufficient reaction time for the immobilization of the cross-linker.
The surface of the electrode was washed with PBS (twice) to remove
unbound DSP, and electrochemical measurements were recorded
using cyclic voltammetry (CV) (at a potential window from −0.2 to 1
V) and EIS (AC bias of 10 mV, in the frequency range from 1 MHz to
10 Hz). The electrode was loaded with 10 μL of a 500 μg/mL
glyphosate antibody solution and allowed to incubate for 30 min, and
CV and EIS measurements were recorded for the resulting antibody-
bound electrode surface. The validation of the chemisorption of the
thiolated cross-linker DSP and binding of the glyphosate antibody was
confirmed by the well-known FTIR analysis.

Fabrication of the Electrode Sensing Platform for the
Detection of Spiked Glyphosate in Human Urine. The
premodification of the electrode consists of washing the gold chip
platform three times with isopropyl alcohol (IPA) followed by
deionized water to remove the surface-adsorbed impurities.25,26 After
the sensor surface is deemed to be clean, the sensor was placed in a
Faraday cage and 180 μL of 10 mM DSP dissolved in DMSO was
dispensed onto the gold electrode sensing region. The sensor chip was
then allowed to incubate for 90 min (as discussed above). After the
completion of the incubation period, EIS and CA measurements were
recorded. The electrode surface was then washed twice with DMSO
to remove any unbound DSP cross-linker remaining on the electrode
surface followed by washing with a PBS solution. The surface of the
sensor was then coated with 20 μL per electrode of a 500 μg/mL
glyphosate antibody solution that was then allowed to incubate for 30
min. After incubation, EIS and CA measurements were taken using
the lab instrument (potentiostat) and the data were recorded. The
sensor surface was then washed with 60 μL of PBS to remove any
unbound antibody. Lastly, 60 μL of Superblock (SB) was dispensed
onto the electrode surface and incubated for 10 min to reduce the
nonspecific binding by hydrolyzing the functional sites of DMSO.
After the completion of the incubation period, EIS and CA
measurements were taken, and the sensors were stored at 4 °C.

Figure 2. (A) FTIR spectra of the DSP cross-linker-immobilized gold substrate (black) and glyphosate antibody bound to a DSP gold substrate
(red). (B) Electrochemical study of electrode surface modification using a three-electrode system in PBS (pH 7.4) and CV voltammetry of a
control Au disk (black), a DSP/Au disk revealing two peaks due to DSP bound on the Au disk surface (red), and Ab-DSP/Au (blue).
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■ RESULTS AND DISCUSSION

Characterization of the Modified Sensing Platform.
The surface interaction or chemisorption of the thiolate cross-
linker (DSP) to the gold surface and binding of the antibody to
the cross-linker were confirmed using FTIR analysis. A gold
thin film deposited on the glass surface by electron beam vapor
deposition having a gold film similar to that of the sensing
electrode platform was functionalized (as discussed in the
sensor modification section), and absorbance values were
recorded after the loading of the DSP cross-linker and the
antibody. As shown in Figure 2A, the absorbance spectra of
DSP-Au show binding of the cross-linker represented by the
peak at 1029 cm−1 characteristic of N−O−C esters in DSP, the
peaks at ∼1297, 1316, 1345, 1408, and 1436 cm−1

corresponding to the C−N−C stretch of NHS esters, and
the peak at 1734 cm−1 representing the carbonyl stretching of
NHS esters. When the antibody is immobilized on the cross-
linker surface, the C−O bond of the ester reacts with the
primary amines of the antibody forming stable amides.15,28 The
peaks due to NHS were masked, and an enhanced aminolysis
peak at ∼1642 cm−1 confirmed the successful binding of the
glyphosate antibody.
As an approach for electrochemically validating the surface

modification of the electrode, we used a three-electrode system
using a commercial Au disk (2 mm diameter) as the working
electrode in PBS (pH 7.4). As shown in Figure 2B, CV of the
blank Au disk shows characteristic peaks due to oxygen
adsorption and reduction at the gold electrode. After
immobilization of DSP on Au (DSP/Au), CV reveals two
reduction peaks at potentials of 0.568 and 0.705 V, which may
be attributed to the DSP monolayer on the electrode through
the S−Au (thiol−Au) interaction.29 However, after the Glyp-
Ab (antibody) had been loaded on the modified DSP/Au
surface, the two peaks due to S−Au binding were observed at
0.601 and 0.730 V versus Ag/AgCl that shifted toward more
positive potentials by 0.137 and 0.129 V, respectively, due to
the binding of the Glyp-Ab on the DSP/Au surface. This
characteristic binding phenomenon was also observed and can

be related to the EIS measurements (over a frequency range of
10−1000000 Hz at a 10 mV sinusoidal AC input signal) before
and after the immobilization of cross-linker DSP and Glyp-Ab
on the gold sensing electrode. As shown in panels A and B of
Figure S1, the double-layer modulation due to the bound -SH
monolayer on the electrode surface was observed as an
increase in Zmod (Bode plot) and capacitive behavior (Nyquist
plot) when compared to the control gold electrode surface in
PBS (7.4).

Electrochemical Detection of Glyphosate Spiked in
Real Human Urine Samples. Panels A and B of Figure 3
show the optical (HIROX) images of the sensing platform
before and after the modification. The Au electrode, after
functionalization with the cross-linker DSP and glyphosate
antibody (Glyp-Ab), revealed a thin layer of functionalized
surface upon removal of the unbound DSP and antibody via
PBS washing as shown in Figure 3B (bottom picture). After
the functionalization step and successful binding of the cross-
linker and Glyp-Ab to the electrode, the stability of the sensing
platform was tested by measuring the open circuit potential of
the pooled urine sample (real sample matrix for this study) to
measure the inherent potential between the working and
reference electrodes without any applied bias. As shown in
Figure 3C, the initial shift in the potential in the time period
from 0 to 900 s toward the negative side can be attributed to
the adsorption of ions and/or metabolites present in urine. In
addition, the potential stabilizes after 900−1800 s where the
observed drift and/or decay was observed to be −7.8 nV/s.
Therefore, the initial incubation period of 30 min (1800 s) was
maintained for the control urine sample for this study to allow
the system to stabilize.
Nonfaradic EIS (at a small, applied AC bias of 10 mV) and

chronoamperometry (at a 0.5 V applied bias in the nonfaradic
region at the <20 ms time scale) were used to record the signal
response of this sensing device. The small, applied bias caused
electrical double-layer formation at the electrode−electrolyte
interface. The modulation of the double layer due to the
binding of the target antigen to the antibody-modified

Figure 3. (A and B) HIROX images of the gold electrode sensor platform prior to and after functionalization with a cross-linker and Glyp-Ab
antibody, respectively. (C) Open circuit potential of the functionalized sensor platform in the real urine sample measured for 30 min. The inset is
the decay and/or drift of the sensor measured for the last 15 min of the stability test.
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electrodes resulted in the signal arising in the form of a change
in the Zmod value in EIS and the nonfaradic current in the
chronoamperometry.
Calibrated Dose Response Measurement of the

Spiked Glyphosate in Urine Samples Using a Sensing
Platform. Normal urine from pooled donors (Lee Bio-
Solutions) was utilized as the primary matrix for the spiking

experiment as well as the aqueous solvent for the concentration
samples. EIS and CA, a nonfaradic electrochemical method,
were used as the measurement tool to gauge the response of
the sensor owing to the antibody−antigen interaction at the
sensing platform. All of the measurements were recorded first
with the laboratory benchtop instrument followed by the
portable electrochemical device for all of the study. To prepare

Figure 4. Electrochemical performance of the sensor using a laboratory benchtop instrument. (A) Chronoamperometry (CA) response for the
control urine (ZD) and spiked concentration of glyphosates (0.1−72.9 ng/mL) in urine and its characteristic calibrated dose response (CDR) plot.
(B) Bode response and characteristics CDR. (C and D) Phase and Nyquist data for glyphosate spiked in pooled human urine.

Figure 5. Electrochemical performance of the sensor using a portable sensing device. (A) Chronoamperometry (CA) response for the control urine
(ZD) and spiked concentrations of glyphosates (0.1−72.9 ng/mL) in urine and its characteristic calibrated dose response (CDR) plot. (B) Bode
plot and its characteristic CDR. (C) Nyquist data for spiked glyphosate in pooled human urine.
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the spiked calibrated dose measurements (CDR), the
concentrations of the glyphosate antigen ranged from 0.1 to
72.9 ng/mL. This was done by serial dilution of the stock
solution of pooled urine from human donors. The zero dose
(ZD/control dose with no spiked glyphosate antigen) was
dispensed onto the electrode surface and allowed to incubate
for 30 min. After the incubation period, EIS and CA were
performed. The zero-dose liquid was then slowly removed
from the electrode surface via pipet. The 0.1 ng/mL dose was
then dispensed onto the electrode surface and allowed to
incubate for 12 min before EIS and CA tests were run and the
data were recorded. An incubation/reaction time of 12 min
was there to allow sufficient binding of the antigens to the
electrode surface and was maintained for all of the experi-
ments. This procedure was repeated for the remaining doses of
0.3, 0.9, 2.7, 8.1, 24.3, and 72.9 ng/mL.
Figure 4A shows the CA plot in which the change in the

current (microamperes) was plotted versus time (seconds);
with an increasing concentration, the current increased from
41.5 to 106.9 μA at a time scale of <20 ms for the added spiked
doses with 0.1−72.9 ng/mL glyphosate. The observed signal in
the form of current is attributed to the double-layer
modulation due to the binding of the antigen to the antibody.
The percentage change in peak current from the baseline (at
∼10 ms) was plotted versus the subsequent added
concentration of spiked glyphosate to obtain the calibrated
dose curve (calibration curve). Figure 4B also shows the
nonfaradic sensing data using EIS represented in the form of
the Bode plot; the Zmod(Ω) plotted against the frequency
(hertz) shows the signal response in the form of a decreasing
Zmod(Ω) value of 2896 Ω for the baseline (ZD) to 1835 Ω as a
function of the interaction of the antigen with the antibody in
the frequency range of 10−106 Hz.
The percentage change in the Zmod value at one frequency

(100 Hz) was extracted, and the value was plotted versus the
spike concentration of glyphosate to obtain the CDR plot
(calibration plot) for the replicates (average of three chips

consisting of 18 electrodes) as shown in the column graph in
Figure 4B (right). Panels C and D of Figure 4 represent the
characteristic Z phase change from −53° to 34.5° and a
Nyquist plot (Zimg vs Zreal) that correlated the electrode surface
charge modulation as a function of an increasing dosing (0.3−
72.9 ng/mL) to the increasing level of binding of the antigen
to the antibody.
As a proof of concept study for the possible miniaturization

of this sensing platform, all of the electrochemical measure-
ments were performed using a laboratory benchtop instrument
(data shown in Figure 5) and restudied and/or repeated on the
portable electrochemical device setup using the same sensing
platform. As shown in Figure 5A, the representative
chronoamperometry signal shows an increase in current from
18.3 to 35.73 μA. The corresponding CDR plot was obtained
by plotting the percentage change in the average current from
the control or zero-dose solution (an average of N = 18 was
considered) with respect to the increasing concentration of
spiked glyphosate in real urine.
Similar to the benchtop lab instrument data, the EIS signal

observed on the portable device showed a decrease in the raw
Zmod value from 2877 to 2177 Ω for the ZD/control urine,
0.1−72.9 ng/mL dose of spiked glyphosate. A characteristic
CDR plot was obtained (Figure 5B, right) by extracting the
signal response at 100 Hz (the best response was observed at
this frequency) in the form of the percentage change in Zmod
from the baseline (control dose). Similarly, the Nyquist plot as
shown in Figure 5C was bending toward a higher Zreal due to
the binding of more antigen on the electrode surface with an
increase in dose.

Spike and Recovery and Correlation Study between
the Benchtop and Portable Device. The efficacy of the
sensor and portable device in examining glyphosate levels in
urine was evaluated by measuring the randomly picked
concentration within the calibrated dose range on the sensor
and determining the recovered concentration doses from the
calibration curve as shown in panels A and B of Figure 6 for

Figure 6. (A and B) Spike and recovery data for glyphosate spiked in urine for a lab benchtop device and a portable electrochemical device,
respectively. (C) Comparison of the performance of the two-device (portable device on the y-axis and lab instrument on the x-axis) method by
Pearson correlation of the developed label-free sensing platform.
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both the lab instrument and portable device, respectively. The
regression fitting for the calibrated dose response for the back-
calculated recovery dose is shown in Figure S2. As one can see
in these consolidated data plots (Figure 6), the sensor shows a
sensitive response with a limit of detection (LOD) as low as
0.01 ng/mL (1 ppb), which is the lowest detectable range
above the specific signal threshold (SST) equivalent to those of
both the portable device and the lab potentiostat device and an
upper limit range of 15 ng/mL (15 ppb), and the CDR shows
a response of ≤72.9 ng/mL (72.9 ppb). Upon analysis of the
actual versus recovered concentrations on each instrument
shown in the bottom tables of panels A and B of Figure 6, the
concentration of the recovery was desirable and falls within the
80−110% estimation rate with no directional bias on either
side; i.e., the system does not overpredict or underpredict
every single time. An additional performance metric of the test
system was determined by correlating the results obtained on
the portable device against those of the reference lab
instrument as shown in Figure 6C. The parametric test via
Pearson correlation analysis was performed between the
recovered results of the two methods to survey the sensor
toward point-of-use deployability. This was done by running a
parametric bivariate correlation test based on linear matching
between the test device data set on the y-axis and the lab
instrument results on the x-axis in Figure 6C. The extracted
Pearson correlation coefficient (r = 0.9943) was observed
denoting excellent correlation between the results for the
glyphosate pesticide from the two devices. Therefore, from the

experimental cycles described above and their respective
analysis, it was understood that the functionality of the
proposed sensor system depicted a high consensus with the
actual spiked concentration value of the pesticide, and further
correlation of the data with a standard lab instrument indicated
the ability of our developed label-free sensor platform to
translate into a portable field electroanalytical device.

Selectivity, Reproducibility, and Stability Test. The
response of nonspecific analytes such as malathion (Mal),
chlorpyrifos (Chlp), and 3-phenoxybenzoic acid (PBA), major
interfering analytes found in the urine, was tested using CA. As
shown in Figure 7A, the change in the EIS response for the
spiked concentration of three interfering ions (Mal, Chlp, and
PBA) was observed to be 5.8 ± 0.93%, the response of the 0.3
ng/mL glyphosate showed a response of 8.7 ± 1.2%, and
further addition of 8.1 ng/mL glyphosate showed the response
to be 12% as calculated from the ZD (control urine). The
effects of other biomolecules and ion interfering analytes
present in urine such as creatinine, uric acid, and sodium salt
toward the signal response were compared to those of the
target analyte for the sensor platform as shown in Figure 7B.
The percent change in the current response was extracted from
the CA study for the 0.1−24.3 ng/mL interfering analyte
concentration spiked in urine. The sodium salt and uric acid
showed no positive responses; however, creatinine at small
doses (0.1−0.9 ng/mL) showed a negative response, whereas
at higher concentrations (2.7−24.3 ng/mL), the percent
change in the observed current was 1.82−17.51%. This study

Figure 7. (A) Interference study representing the change in the EIS response for the spiked concentration of three common interfering ions (Mal,
Chlp, and PBA) with ZD glyphosate, 0.3 ng/mL glyphosate, and 8.1 ng/mL glyphosate. (B) Cross reactivity measured on the basis of the percent
change in the current of Glyp compared with the interfering analyte creatinine, NaCl, and uric acid present in urine. (C) Representative
reproducibility response plot for 0.9 ng/mL glyphosate spiked in urine, measured with eight electrodes using chronoamperometry (*ns =
nonsignificant with p > 0.05).
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confirms that even in the presence of interfering analytes, the
sensor can respond at smaller doses. Figure 7C shows the
representative plot for the reproducibility of the sensors tested
for 0.9 ng/mL Glyp spiked in urine, measured using CA. The
raw current value for eight electrodes (N = 8) dosed with 0.9
ng/mL glyphosate showed an average current of 17.8 ± 1.7
μA, confirming the high reproducibility of the sensors across
eight electrodes (ns, with p > 0.05).
To examine the stability, in terms of the life of the sensing

platforms, a batch of sensors (more than six) were prepared
and functionalized in a day with the antibody and superblock
(as discussed in the section about the fabrication of the
electrode sensing platform) and stored at 4 °C. Prior to use,
the sensing platforms were removed from the refrigerator and
kept at room temperature for approximately 10−15 min.
Therefore, the data obtained for the calibrated dose response
(see Figures 4 and 5) consist of an average of 18 electrodes,
and the data were collected for every three chips on different
days over a week, which showed results within a <20% error on
the response. The prepared sensor platform response is based
on antibody−antigen binding, which is an irreversible binding
process, optimized to detect the low concentration dose of
glyphosate, and therefore, it was used only once and was not
reused or reusable.
Cross Validation of Glyphosate in Human Urine

Samples (single-blind study). Cross-validation was per-
formed by a standard laboratory analysis method (UPLC) on
the same samples (three samples across different ranges of
glyphosate in urine: LOW, MID, and HIGH) by a third-party
group (INSPQ Canada). The measurements taken on the
portable device system were translated back to the glyphosate
concentrations (nanograms per milliliter or parts per billion)
from the chronoamperometry-based calibration model as
discussed above. This was compared and cross-referenced
with the values retrieved from the standard method as a single-
blind study.
The results from this cross-validation experiment are

depicted in panels A and B of Figure 8 for the laboratory
instrument and portable device, respectively. The sensor
method data are marked by a blue border, and the reference
method data are colored red. One can see from the bar plots
with error bars (mean ± standard deviation) that the
intermethod variability or error is <10% and the standard
deviation that is representative of sensor-to-sensor variability

(intramethod variation) also falls within the range of ±15%.
Additionally, a two-tailed t test was performed on this data set
to check for statistical significance between the two methods,
and with a resulting p value of >0.05, it showed that no
significant difference could be observed. Therefore, the sensor
system could be assessed with a great degree of accuracy and
precision be utilized to track glyphosate pesticide levels in
human urine and possesses an increased potential for
application in bioanalytical devices/point-of-care (POC)
platforms.

■ CONCLUSIONS

In this study, we demonstrate for the first time the detection of
glyphosate spiked in a real human urine sample with a label-
free, affinity-based electrochemical sensor consisting of a two-
electrode sensing platform. The electrochemical nonfaradic
response of the sensor as a function of the binding of the target
antigen to the antibody-modified sensing platform showed a
dynamic response in the concentration range of 0.1−72.9 ng/
mL. The sensor had a detection limit of 0.1 ng/mL (three
standard deviations of blank measurements). The sensing
platform showed a high selectivity for glyphosate in the
presence of major interfering analytes, i.e., malathion (Mal), 3-
phenoxybenzoic acid (PBA), and chlorpyrifos (Chlp), with
similar structural properties and biomolecules, i.e., creatinine,
uric acid, and sodium salts found in urine. The sensor showed
a high reproducibility for the three replicates (three chips
across 18 electrodes). The portable pesticide electrochem-
sensor (PPE) was successfully tested for translation using the
portable electrochemical device showing a correlation coef-
ficient r of 0.994 as compared with the laboratory benchtop
method. Lastly, the PPE sensing platform was validated to test
the blind samples for glyphosate at low, medium, and high
doses of urine using both the laboratory benchtop instrument
and the portable test device. This portable label-free sensing
approach can be an alternate electrochemical tool for
measuring pesticides in human fluids
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Figure 8. Validation of blinded spiked low-, medium-, and high-dose urine samples using (A) comparison of a laboratory instrument to the
standard method (reference) and (B) developed PPE sensing platform compared to the standard reference method.
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