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Abstract
In this work, reduced graphene oxide/double-walled carbon nanotubes/octahedral-Fe3O4/chitosan composite material modi-
fied screen-printed gold electrodes (rGO/DWCNTs/Oct-Fe3O4/Cs/SPAuE) under inhibition of urease enzyme was developed 
for the determination of glyphosate (GLY). The electrochemical behaviors of GLY on these electrodes were evaluated by 
square wave voltammetry (SWV). With the electroactive surface area is 1.7 times higher than that of bare SPAuE, the rGO/
DWCNTs/Oct-Fe3O4/Cs/SPAuE for detection of GLY shows a low detection limit (LOD) of ~ 0.08 ppb in a large concentra-
tion range of 0.1–1000 ppb. Moreover, it is also successfully applied to the determination of GLY in river water samples 
with recoveries and relative standard deviations (RSDs) from 98.7% to 106.9% and from 0.79% to 0.87%, respectively. The 
developed composite will probably provide an universal electrochemical sensing platform that is very promising for envi-
ronmental monitoring.

Keywords  Electrochemical sensor · Glyphosate · Reduced graphene oxide · Double-walled carbon nanotube · Octahedral 
Fe3O4 · Chitosan

Glyphosate (GLY) is one of the most commonly used her-
bicides worldwide (Turhan et al. 2020) and its residue in 
water, soil has posed serious problems on human health and 
ecological balance (Chen et al. 2019). Conventional methods 
to detect GLY include ultra-high performance liquid chro-
matography coupled with mass spectrometry (UHPLC-MS/

MS) (Zhang et al. 2020), gas chromatography (Motojyuku 
et al. 2008), and capillary electrophoresis (Wei et al. 2013). 
Typically, these methods require highly-skilled operators, 
expensive instruments, and complicated sample treatment. 
To overcome aforementioned issues, electrochemical sen-
sors have been introduced for in-situ detection of GLY at 
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low cost and facile operation (Vaghela et al. 2018; Sok and 
Fragoso 2019).

With large specific surface area and high electrical con-
ductivity, both carbon nanotubes (CNTs) and reduced gra-
phene oxide (rGO) are considered to be promising electrode 
materials for electrochemical sensors (Gholivand et al. 2018; 
Setznagl and Cesarino 2020). The combination of CNTs and 
rGO will provide an interconnected carbonaceous structure 
which is very beneficial to improve electrochemical responses 
(Ghalkhani et al. 2020). To further enhance the sensitivity in 
the electrochemical sensors, the electrodes have currently been 
modified by combining rGO/CNTs with metal oxide particles 
such as iron oxide (Fe3O4) (Nehru et al. 2020), cerium oxide 
(CeO2) (Sakthivel et al. 2019), cobalt oxide (Co3O4) (Kumar 
et al. 2015; Zhao et al. 2019) etc. Among these metal oxide 
materials, Fe3O4 is one of the most promising ones due to its 
low-cost, easy preparation, low toxicity, and good bio-compat-
ibility. Especially, it was known that octahedral Fe3O4 (Oct-
Fe3O4) particles exhibit excellent catalytic activity that might 
help to improve electrochemical responses (Dağcı Kıranşan 
et al. 2018; Kumar et al. 2018). However, the poor electri-
cal conductivity and the agglomeration of Fe3O4 particles 
have restricted their applications in electrochemical sensors. 
Indeed, chitosan (Cs) owns excellent adhesivity, hyrophilic-
ity, doping feasibility, availability of reactive hydroxyl and 
amine functional groups for chemical modifications. There-
fore, the use of Cs as binding agent in preparation of rGO/
CNTs-Fe3O4 is expected to limit the aggregation of nanopar-
ticles and improved sensing performances. Comparing with 
single-walled carbon nanotubes (SWCNTs) and multiwalled-
carbon nanotubes (MWCNTs), the outer wall of double-walled 
carbon nanotubes (DWCNTs) can be functionalized without 
changing the mechanical, thermal, electronic, and chemical 
stability, as well as isolation from the environment of the inner 
tube (Neves et al. 2012; Duoc et al. 2020). To the best of our 
knowledge, electrochemical determination of GLY by using 
a combination of rGO/DWCNTs, Oct-Fe3O4 and Cs (rGO/
DWCNTs/Oct-Fe3O4/Cs) composite modified electrode has 
not been reported.

Herein, the working electrode (WE) surface of the screen 
printed gold electrodes (SPAuE) was firstly covered by the 
rGO/DWCNTs/Oct-Fe3O4/Cs composite material and was 
then covered by the urease. The urease/rGO/DWCNTs/Oct-
Fe3O4/Cs/SPAuE sensor was utilized as a useful tool for 
the determination of GLY using square wave voltammetry 
(SWV) technique.

Materials and Methods

Urease enzyme (EC 3.5.1.5, 42 U/mg) was purchased from 
Merck. Phosphate buffered saline (PBS, pH 7.0), glutaral-
dehyde (GA) and GLY were obtained from Sigma- Aldrich 

(USA). Cs was purchased from Tokyo Chemial Co. Ltd. 
SPAuE-model DRP-C223AT with three electronic contacts 
for gold (Au, d = 1.6 mm) as working electrode, Au as coun-
ter electrode and silver/silver chloride (Ag/AgCl) as a refer-
ence electrode were obtained from Dropsens, Spain.

Graphene oxide (GO) was synthesized from natural 
graphite powder by a modified Hummers method (Hum-
mers and Offeman 1958). First, 1.0 g of graphite flakes and 
1.0 g of potassium permanganate (KMnO4) were mixed in 
35 mL of sulfuric acid (H2SO4) solution under stirring at 
50°C overnight. To remove excess KMnO4, the reaction 
mixture was diluted with 300 mL of deionized water and 
25 mL of hydrogen peroxide (H2O2). Next, the solution was 
washed with 10% hydrochloric acid (HCl) and treated with 
ultrasonication for 1 h. Finally, GO suspension with con-
centration of 1 mg/mL was obtained after centrifugation at 
4000 rpm for 40 min. DWCNTs were synthesized by chemi-
cal vapor deposition (CVD) technique and functionalized 
with –COOH group as described in our previously published 
work (Duoc et al. 2020). Oct-Fe3O4 microparticles were syn-
thesized by polyol method via the reduction of α-FeOOH 
solid precursors in ethylene glycol (EG) containing 12 vol.% 
water at 200°C for 48 h as described in our previously pub-
lished work (Abe et al. 2019).

SPAuEs were first rinsed in ethanol, deionized water, and 
then dried by air gun. GO/DWCNTs nanohybrid structure 
was prepared by mixing GO and DWCNTs suspensions 
at the same concentrations (0.5 mg/mL) with the aid of 
ultrasonication for 30 min. Oct-Fe3O4 was ultrasonicated 
in 100 mL acetic acid (CH3COOH 1%) solution containing 
0.2 g Cs for 1 h, then centrifuged at 4000 rpm for 40 min 
to remove unbound Cs. After that, a fresh mixture (GO/
DWCNTs/Oct-Fe3O4/Cs) containing carbonaceous materi-
als and oxide particles was prepared at volume ratio of 1:10 
with the assistance of ultrasonication for 1 h. Then, 1 µL 
GO/DWCNTs/Oct-Fe3O4/Cs homogenous suspension was 
pipetted onto the working electrode (WE), and left to be 
dried at 60°C for 1 h at atmospheric pressure in argon (Ar) 
gas in order to improve cross-linking between individual 
components and remove the solvents. Finally, GO/DWC-
NTs/Cs modified SPAuE (GO/DWCNTs/Cs/SPAuE) was 
electrochemically reduced in a 0.1 M PBS to gain reduced 
GO/DWCNTs/Cs/SPAuE (rGO/DWCNTs/Cs/SPAuE). For 
comparison, Oct-Fe3O4/Cs modified SPAuE (Oct-Fe3O4/
Cs/SPAuE) and rGO/DWCNTs/Cs modified SPAuE (rGO/
DWCNTs/Cs/SPAuE) were also prepared by the similar 
process.

0.5 µL urease enzyme solution (1 mg/10 µL) was immobi-
lized onto rGO/DWCNTs/Oct-Fe3O4/Cs/SPAuE with the aid 
of glutaraldehyde (GA) in ambient conditions for 12 h. The 
as-prepared sensors were stored in fridge at 4°C until use.

The surface morphology of the GO, DWCNTs, Oct-
Fe3O4 and GO/DWCNTs/Oct-Fe3O4/Cs hybrid samples was 
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investigated by field emission scanning electron microscopy 
(FESEM, Hitachi S-4800), transmission electron microscopy 
(TEM, JEM 2100), and atomic force microscopy (AFM, 
XE-100 Park Systems). The crystallinity of the samples was 
determined using a LabRAM HR800 (Horiba Jobin–Yvon) 
Raman spectroscopy in the range 1000–2500  cm−1 with 
632.8 nm excitation source. The functional groups of the 
samples were measured by Fourier transform infrared spectra 
(FTIR, Nexus 670 Nicolet spectrometer). All electrochemi-
cal measurements were carried out with PamSens4 (Nether-
lands). Electrochemical behaviors of electrodes were tested by 
recording cyclic voltammograms over the potentials ranging 
between − 200 and + 650 mV at a scan rate of 50 mV/s in 
2 mM [Fe(CN)6]3−/4− solution. The sensing performances of 
developed sensor were examined using SWV technique.

The working principle of as-prepared GLY sensors in this 
work is based on the inhibition of the GLY compound toward 
urease in the hydrolysis reaction:

It was known that GLY (OH2-PO-NH-COOH) having P=O 
bond which might interact with nickel ion active center of ure-
ase to inhibit the catalytic activity of this enzyme. This allows 
GLY to act as a substrate-like inhibitor that reduces the binding 
of urea to urease, leading to inhibition of urease enzymatic 
activity (Vaghela et al. 2018). The sensing performances of 
GLY sensors were recorded using SWV method in presence 
of urea (30 mM) after being incubated in GLY solution for 
10 min. SWV measurements were recorded at frequency of 
50 Hz, start potential of − 200 mV, end potential of + 650 mV, 
step of 10 mV, scan rate of 50 mV/s, and amplitude of 20 mV. 
The relative inhibition degree (RI) was determined as follows: 
RI(%) = (Io − Ii)/Io × 100, where Io is the current response in 
the absence of GLY, Ii is the current response obtained after 
incubation with GLY.

Water samples were collected from Red River, northern 
Vietnam, and close to Hanoi city. The grab composite water 
sample was taken at the water depth of 30 cm by using Niskin 
bottle, following the sampling method of ISO 5667-3:2018. 
The monitoring parameters of water quality (pH, EC, etc.) 
(Table S1(Supporting information)) were conducted in field, 
and then the samples stored at 4°C in polyethylene bottle (in 
dark) before being transferred to the laboratory for further 
analysis. These river water samples were spiked with GLY 
(0.1–100 ppb), and then analyzed by using developed sensor 
according to the above-described protocol.
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2
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2
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2
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2
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Results and Discussion

The surface morphologies of the synthesized GO, DWCNTs, 
Oct-Fe3O4 and GO/DWCNTs/Oct-Fe3O4/Cs hybrid are pre-
sented in Fig. 1. For Cs, a smooth homogeneous surface is 
observed by SEM (Fig. S1(Supporting information)). The 
size of GO sheets is about 100 nm to several µm (Fig. 1a), 
and their thickness is of 1.5 nm (Fig. 1e). Figure 1b shows 
the SEM image of DWCNT fibers. The average inner and 
outer diameters of DWCNTs are 1.0 and 1.8 nm, respec-
tively (Fig. 1f). The diameter of Oct-Fe3O4 particles is about 
1 µm (Fig. 1c). SEM image of GO/DWCNTs/Oct-Fe3O4/Cs 
(Fig. 1d) shows clearly the presence of the three materials 
on a very rough surface. The contents of carbon and oxy-
gen atoms in GO were evaluated by energy dispersive X-ray 
spectroscopy (EDS) (Fig. S2(Supporting information)) to 
be 67.47 wt% and 32.53 wt%, respectively. The phase purity 
and crystal structures of Oct-Fe3O4 particles were confirmed 
by X-ray diffraction (XRD) (Fig. S3(Supporting informa-
tion)). The XRD patterns demonstrate eight characteristic 
peaks for Fe3O4 corresponding to (111), (220), (311), (222), 
(400), (422), (511) and (440) (Abe et al. 2019). The peaks 
are sharp, indicating good crystallinity of the Fe3O4 sample.

FTIR spectra of (a) GO, (b) DWCNTs, (c) Oct-Fe3O4, 
(d) Cs and (e) GO/DWCNTs/Oct-Fe3O4/Cs are shown in 
Fig. 2. FTIR spectrum of GO shows typical bands assigned 
to stretching vibrations of C=C (1636 cm−1) and vibration 
modes of OH and/or COOH (3426 cm−1) (Bera et al. 2017), 
unoxidized sp2 C=C (2085 cm−1) (Boikanyo et al. 2016), 
C–O–H (1438 cm−1), C–O–C (1024 cm−1) (Hussain and 
Das 2017). FTIR spectrum of DWCNTs represents stretch-
ing vibrations of C=C (1632 cm−1), OH (3448 cm−1) (Pham 
et  al. 2017). FTIR spectrum of Fe3O4 reveals vibration 
modes of Fe–O bonds (583 cm−1), C=O (1632 cm−1) and 
OH (3448 cm−1) (Hussain and Das 2017). FTIR spectrum 
of Cs exhibits vibration bands at 3441 cm−1, 1632 cm−1 
and 1442 cm−1 related to the stretching vibrations of –OH 
and –NH groups, –C=O group and –NH bending vibration 
bound and C–H bending (Ayad et al. 2017), respectively.

After the preparation of GO/DWCNTs/Oct-Fe3O4/Cs, 
the characteristic peaks at 3441, 1632 and 1442 cm−1 of 
Cs transferred to 3443, 1635 and 1453 cm−1 respectively, 
indicating the linkage of Cs with Oct-Fe3O4 particles and 
GO/DWCNTs. These results are in agreement with those 
from earlier report about the interaction and linkage of Cs 
with Fe3O4 particles and GO. Likewise, the absorbance 
peak of Oct-Fe3O4 at 583 cm−1 shifted to 671 cm−1, sug-
gesting the Fe3O4 particles are linked successfully to Cs 
and GO/DWCNTs.

The Raman spectra of (a) GO, (b) DWCNTs, (c) Oct-
Fe3O4, (d) Cs and (e) GO/DWCNTs/Oct-Fe3O4/Cs sam-
ples are shown in Fig. 3. Raman spectrum of GO sample 
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(Fig. 3a) exhibits the G band (~ 1602 cm−1) and D band 
(~ 1338  cm−1) which are ascribed to the vibrations of 
sp2 carbon atom domains of graphite and the out-of-
plane breathing mode of sp2 atoms in graphite, respec-
tively (Kumar et al. 2019). These two bands of DWCNTs 
(Fig. 3b) are located at 1590 cm−1 (G band) and 1326 cm−1 
(D band). No Raman peak was observed for Oct-Fe3O4 
(Fig. 3c) and Cs (Fig. 3d). For GO/DWCNTs/Oct-Fe3O4/
Cs hybrid, the Raman spectrum showed a slight shift in 

the bands (D band at around 1332 cm−1, G band at around 
1589 cm−1 and a small peak at 1610 cm−1). The intensity 
ratio between D and G bands (ID/IG) can be used to deter-
mine the defect density of graphite structure. The ID/IG 
of GO, GO/DWCNTs, and GO/DWCNTs/Oct-Fe3O4/Cs 
is ~ 1.4, 0.21, and 0.79, respectively. These results indicate 
an interaction between GO and DWCNTs.

Fig. 1   SEM images of a GO, b DWCNTs, c Oct-Fe3O4 and d GO/DWCNTs/Oct-Fe3O4/Cs hybrid; e AFM image of GO and f TEM image of 
two DWCNT fibers

Fig. 2   FTIR spectra of (a) GO, (b) DWCNTs, (c) Oct-Fe3O4, (d) Cs 
and (e) GO/DWCNTs/Oct-Fe3O4/Cs

Fig. 3   Raman spectra of (a) GO, (b) DWCNTs, (c) Oct-Fe3O4, (d) Cs 
and (e) GO/DWCNTs/Oct-Fe3O4/Cs
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Figure 4 shows the CV responses of (a) bare SPAuE, 
(b) Oct-Fe3O4/Cs/SPAuE, (c) rGO/DWCNTs/Cs/SPAuE 
and (d) rGO/DWCNTs/Oct-Fe3O4/Cs/SPAuE in 2  mM 
[Fe(CN)6]3−/4−. The cyclic voltammogram of SPAuE showed 
a pair of redox peak with the peak-to-peak separation of 
100 mV, and the peak current was about 10.7 µA. After 
modifying electrode surface with Oct-Fe3O4/Cs, rGO/DWC-
NTs/Cs and rGO/DWCNTs/Oct-Fe3O4/Cs, the peak current 
was 6.5 µA, 17.4 µA, 18.3 µA, respectively. It is obvious that 
the current response should be much improved in presence 
of highly conductive carbonaceous materials, but slightly 
decreased when there is only oxide particle on the electrode 
surface. However, the co-existence of these two materials 

must have inherited high conductivity of rGO/DWCNTs 
composite and good catalytic activity of oxide particles, so 
that the highest electrochemical responses were recorded 
on electrode modified with rGO/DWCNTs/Fe3O4/Cs. The 
electroactive surface area (Aapp) of bare SPAuE, Oct-Fe3O4/
Cs/SPAuE, rGO/DWCNTs/Cs/SPAuE and rGO/DWCNTs/
Oct-Fe3O4/Cs/SPAuE (estimated from Randles–Sevcik 
equation) (Bard and Faulkner 2002) are 0.0341 cm2, 0.0207 
cm2, 0.0554 cm2 and 0.0583 cm2, respectively. It is appar-
ent that the effective area of rGO/DWCNTs/Oct-Fe3O4/
Cs/SPAuE is the largest (1.7 times higher than that of bare 
SPAuE). The increase in electroactive surface area of rGO/
DWCNTs/Oct-Fe3O4/Cs/SPAuE will facilate the absorption 
of target analytes on the electrode surface and also provide 
more catalytic active sites, thus enhance the recorded elec-
trochemical responses.

It is essential to optimize the substrate concentration 
(urea) in order to achieve good analytical performance of 
developed sensors. The hydrolysis of urea at different con-
centrations (5–50 mM) was recorded on SWV curves as 
shown in Fig. 5a. It was found that the current response was 
increased with increasing urea amount at concentrations less 
than 30 mM, but then decreased at higher urea concentra-
tions (30–50 mM) (Fig. 5b). In deed, the substrate (urea) at 
too high concentration itself might exhibit inhibition towards 
catalytic activity of enzyme. Therefore, all sensing perfor-
mances of as-prepared GLY sensors will be later performed 
in presence of 30 mM urea.

The sensing performance of GLY sensor based on rGO/
DWCNTs/Oct-Fe3O4/Cs/SPAuE was evaluated at differ-
ent concentrations of GLY (Fig. 6) using SWV technique. 
Obviously, the SWV peak currents were decreased in pres-
ence of inhibitor GLY (Fig. 6a). The higher concentration 

Fig. 4   Cyclic voltammograms of (a) bare SPAuE, (b) Oct-Fe3O4/Cs/
SPAuE, (c) rGO/DWCNTs/Cs/SPAuE and (d) rGO/DWCNTs/Oct-
Fe3O4/Cs/SPAuE in 2 mM [Fe(CN)6]3−/4− at a scan rate of 50 mV/s

Fig. 5   a SWV and b output current responses of the fabricated sensor with urea concentration from 5 to 50 mM
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of GLY, the more the current decrease was obtained: ΔI 
(µA) = 5.02 − 1.47logCGLY (R2 = 0.99) (Fig. 6b). Conse-
quently, the relative inhibition degree (RI) was found to be 
increased with GLY concentration: RI (%) = a + b*logCGLY 
(R2 = 0.99) (Fig. 6c). The limit of detection (LOD) was 
determined using the relationship LOD = 3σ/S = 0.08 ppb, 
where σ = 0.03912 was the standard deviation of the ordi-
nate intercept and S = 1.468 was the analytical curve slope. 
This LOD value is much lower than the permissible value 
set by Environmental Protection Agency (EPA, 700 ppb) 
and World Health Organization (WHO, 900 ppb) in drink-
ing water (Vaghela et al. 2018). Compared with previous 
reported works (Table S2 (Supporting information)), the 
developed sensor shows good sensitivity with a low LOD.

The reproducibility of the developed GLY sensors was 
tested on five different electrodes in the same manufactur-
ing batch. The relative standard deviation (RSD) of the sen-
sor at 100 ppb in urea solution is 2.14%. The stability of 
these sensors was also confirmed with the output signal was 
remained about 93% after a period of 30 days. The real sam-
ple analysis (Table 1) shows that the developed sensor was 
able to detect GLY at high recoveries (98.7%–106.9%). The 
results indicate that the proposed sensor is very promising 
for practical applications in determination of GLY in water 
environment.

In summary, rGO/DWCNTs/Oct-Fe3O4/Cs hybrid struc-
ture was successfully prepared using a simple method. The 
as-synthesized material inherits high conductivity of three-
dimensional carbonaceous structure and electro-catalytic 
activity of oxide particle. Consequently, the modification 
of electrode surface with this material helps to significantly 
improve electrochemical responses. GLY electrochemical 
sensor was then constructed by immobilizing directly urease 
enzyme onto electrode surface previously modified with as-
prepared composite structure. The developed sensor exhibits 
good sensing performance with a large range of detection 

0.1–1000 ppb, detection limit of 0.08 ppb and able to detect 
GLY in river water with high accuracy and good recovery.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00128-​021-​03179-7.
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