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Abstract

Paraquat is one of the most toxic materials widely applied in agriculture in most countries. In the present study, a simple,
innovative and inexpensive nano biosensor which is based on a thioglycolic acid (TGA) - CdTe@CdS core-shell nanocrystals
(NCs) to detect paraquat, is suggested. The NCs based biosensor shows a linear working range of 10-100 nM, and limited
detection of 3.5 nM. The proposed sensor that has been well used for the detection and determination of paraquat in natural water
samples is collected from corn field and a canal located near to the corn field yielding recoveries as high as 98%. According to our
findings, the developed biosensor shows reproducibility and high sensitivity to determine paraquat in natural water samples in
which the amount of paraquat has low levels. The suggested method is efficiently applied to paraquat determination in the
samples of natural water that are collected from a tap water and a canal located near to the cornfield.
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Introduction

Paraquat (1, 1-dimethyl-4, 4-bipyridium dichloride, PQ**) is a
non-selective herbicide that acts quickly; it was proposed to
the market back in 50’s. It has been used extensively in agri-
culture to control weeds. Moreover, since it is highly soluble
in water, its excessive usage is harmful to the aquatic environ-
ment influencing algae, fish, insects, and probable to contam-
inate drinking, agricultural and ground waters [1]. Also, PQ**
is easily absorbed into the skin, respiratory tract, and digestive
tract resulting in organ damage or even death, it also causes
heart, kidney and liver diseases.

The toxicity of paraquat is correlated with the reduction of
bivalent cation (PQ**) and a free radical (PQ™) that reacts
with oxygen to form a hydrogen peroxide (H,0,), superoxide
radical (02_), and a hydroxyl radical [2, 3]. These radicals are
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unstable and highly reactive and can easily enter the cell mem-
brane wall, and proteins to cause many diseases, including
Parkinson’s [4].

As such, some countries have banned it [5, 6]. Yet, since it
is relatively cheap and highly efficient, it cannot be replaced
by new alternatives in the near future. Thus, its illegal usage
should be predicted as its legal usage has been already report-
ed in some countries. This being the case, large-scale applica-
tion of paraquat is going to be an ongoing problem. Due to its
high level of toxicity to mammals and humans, even at low
concentrations, the quantitative measurement of the residues
of these compounds is very important [7, 8]. Thus, it is highly
important to develop some reliable approaches for its detec-
tion with high sensitivity and selectivity. Numerous ap-
proaches have been already proposed to analyze paraquat in-
cluding; gas chromatography [9], spectrophotometry [10], lig-
uid chromatography [11], electrochemistry [12], flow injec-
tion analysis [13], fluorimetry [5], mass spectrofluorometric
method [14], and electrophoresis systems [15, 16]. Although
these introduced methods can be efficient for paraquat deter-
mination with high sensitivity and selectivity, they are often
either instable or expensive with time-consuming preparation
steps. Therefore, developing alternative methods, which are
highly sensitive, simple, and not costly for detection of para-
quat are highly desirable. Recently, optical biosensors have
attracted considerable attention because of their applications
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in the fields of environmental monitoring [17—19] biomedical
diagnostic [20, 21], food safety [22], and daily healthcare [23].

Fluorescence nanocrystals are new semiconductor nano-
particles that are smaller than the exciton Bohr radius [24].
Compared with fluorescent organic materials, and dye mole-
cules, NCs have excellent physical and chemical properties,
including high quantum yield (QY), narrow emission peaks,
symmetric emission, broad absorption bands, considerable re-
sistance to photobleaching, suitable to photo-stability, great
resistance to photo- and chemical degradation and modifiable
emission spectra as well as broad absorption ranging from the
ultraviolet (UV) to infrared (IR) region [20, 25, 26].

In the past decade, NCs have been used extensively in
medicine for bio tracking of drug molecules [27], bio imaging
[28-30], drug delivery [31, 32], antimicrobial deterrence [33],
gene delivery [34], photodynamic therapy [35], sensors [36,
37] and bio sensing [38, 39].

Most ‘core- only’ NCs show an emission blinking behav-
ior, and the fluorescence intensity switching between ON- and
OFF-states that restrict their uses significantly. The ‘core- on-
ly’ NCs are described by a low PL QY [40] and a restricted
resistance to photobleaching; besides, their PL intensities are
simply influenced by charges and free radicals in their periph-
eral environment. To tackle with these problems, an effective
strategy was developed to create core/shell hetero structure
systems through coating the core with a protecting shell made
from different semiconductor material. The shell should boost
the QY, the overall optical features and photo stability of the
NCs [26, 40, 41].

Most of sensor applications are in aqueous media where
the presence of hydrophilic ligands on the surface of the
NCs is necessary. Various types of different ligands,
dihydrolipoic acid (DHLA) [42], N-acetyl L-cysteine(N-
AC) [43, 44], 3-mercaptopropionic acid (MPA) [45], glu-
tathione (GSH) [39] and thioglycolic acid (TGA) [46, 47]
or the coating of the NCs with polymeric materials [48]
and silicon oxide films [49] have been employed for sur-
face modification of NCs.

Up to now, several studies have synthesized II-VI semi-
conductor NCs, particularly aqueous fluorescence NCs for
sensing applications. CdTe NCs are the key kind of semi-
conductor NCs. It is possible to boost the fluorescence
efficiency and photostability of CdTe NCs by selecting
the appropriate ligand such as TGA and epitaxy develop-
ment of the cadmium sulfide shell on the core surface. The
present study aims to develop a novel biosensing to detect
paraquat based on TGA cadmium telluride/cadmium sul-
fide NCs (CdTe/CdS -NCs), as a fluorescent probe, by the
aggregation-based fluorescence property. This novel opti-
cal biosensor is highly sensitive with quick response in the
detection of paraquat. It is also capable of detecting very
low concentrations of paraquat with no pre-concentration
steps.

@ Springer

Experimental
Materials and Reagents

TGA and sodium borohydride (NaBH,) were bought from
Merck Company. Cadmium sulfate (CdSO,), sodium hydrox-
ide (NaOH), Tellurium (Te) powder, thioacetamide (TAA),
and Paraquat were gained from Aldrich Company. All
chemicals were employed without further purification.

Using a Philips X’Pert Pro MPD system, powder X-ray
diffraction (PXRD) pattern of NCs was recorded at room tem-
perature. A FEI Tecnai G2F30 electron microscope was ap-
plied for transmission electron-microscopy (TEM). G9800A
Agilent fluorescence spectrophotometer was used for mea-
surement of fluorescence spectra (FL) of NCs-biosensor under
atmospheric condition. Excitation wavelength (A.x) was
360 nm, with slit widths of 10 nm for emission and excitation.

Preparation of CdTe and CdTe/CdS Core/shell NCs

As formerly mentioned, CdTe NCs was prepared [37, 50]. For
this purpose, following the addition of NaBH4 (7.3 mmol) into
Te (0.87 mmol) and deionized (DI) water (7 mL) under Ar gas,
stirring was applied for 3 h. TGA (3.92 mmol) and CdSO4
(2.4 mmol) were further added into DI water (150 mL). Then,
NaOH solution was applied to adjust the pH of the solution to
10.0. Through Ar bubbling, the mixture was allowed to be
degassed for 45 min. Next, following the injection of NaHTe
solution (NaHTe in 43 mL DI water) into the Cd solution,
heating was increased to 100 °C for 10 h. Acetone was used
to precipitate the fresh NCs, which was then separated by
centrifuging, and ultimately added into water. For growth of
CdS shell on the surface of NCs, 2.96 mmol CdSO4 was added
into a flask containing CdTe NCs and 8.9 mmol TGA.
Afterward, the pH of the sample was adapted to 8.0 using
NaOH. TAA was applied as the S precursor (5:1 TAA: Cd)
to synthesize the core-shell nanoparticles. Afterward, heating
was applied to the mixture to 100 °C. The growth of cadmium
sulfide shell (100 °C, 8 h) was carried out under argon gas.

Procedure for Detection of PQ**

Phosphate buffered saline solution (PBS) with pH=9 was
used to prepare all solutions. PQ** was diluted to proper con-
centrations. 100 pL. of TGA CdTe/CdS NCs (210 uM) were
dispersed in 10 mL of buffer solution. 100 uL of NCs was
moved into a calibrated test tube, and then PQ2 + solution was
added to tube. Buffer solution was added to the tube to reach
the final volume to 5 mL. Next, stirring was applied for 150 s.
Afterwards, the fluorescence spectra of prepared samples were
measured (500 to 700 nm). In this study, different concentra-
tions of PQ2+ (10200 nM) and CdTe/CdS core/shell NCs
(100 pL) were used.
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Fig. 1 FT-IR spectra of TGA Ligand and TGA CdTe/CdS- NCs

Water Samples

Real samples were collected from tap water and a canal locat-
ed near to a corn field, vision area in Khorramabad 10 days
after application, which may become polluted by herbicides
applied for weed control. Water samples at the temperature
below 4 °C were kept and filtered through filters with pore
size of 200 nm before analysis.

Results and Discussion

As shown in Fig. 1, the FT-IR spectrum of free TGA shows S-
H stretching peaks at ~2568 cm™ 'and 2667 cm™ ', the C-O
bondat 1150 cm-1and C = O peak at 1715 cm™ ' In the FT-IR
spectrum of the TGA CdTe/CdS NCs, the S-H stretching

Fig.2 a HR-TEM image of
CdTe/CdS core/shell NCs (Scale
bar is 2 nm) and b PXRD spectra
of CdTe and CdTe/CdS core/shell
NCs

vibration peak was not observed at about 2500-2700 cm .

This result indicates that the stretched vibration mode disap-
pears because S-H group is covalently bound on the surface of
NCs via Cd-S. In both cases, a broad absorption band seen
around 3400 cm™ ' was consigned to O—H vibrations of the
aqueous solution. A change in the CH, vibrations at 2924 cm™
! was observed by NCs when compared with the pure TGA.
Also, the absorption peaks at 1715 and 1405 cm ' are due to
stretching vibration of C = O and carboxyl groups (-COO-) in
the FT-IR spectrum of TGA ligand, and in TGA CdTe/CdS
NCs. This absorption peaks shifted to 1516 and 1380 cm™ ',
respectively. Therefore, these results indicate that TGA are
connected to the surface of CdTe/CdS NCs. This coating im-
proves the solubility of the CdTe/CdS NCs in water and pre-
vents their agglomeration. Therefore, the remove of the S-H
peak provided the evidence of the formation of S—-Cd complex
and confirmed TGA that had been bound to the surface of
NCs.

The high magnification of HRTEM (High-resolution
transmission electron microscopy) image of CdTe/CdS core
shell NCs is indicated in Fig. 2a. nearly spherical and
monodispersed NCs with average particle size of ~3.5 nm
can be seen.

The PXRD patterns of CdTe and CdT/CdS core/shell NCs
are depicted in Fig. 2b. The main diffraction peaks of cubic
phase CdTe- NCs are located at 24.9°, 40.4° and 46.9°for
(111), (220), and (311) crystal planes, respectively (JCPDS card
n0.150,770) [51-53]. It is obvious that no distinguished peaks
of CdS were detected from the PXRD pattern. Moreover, the
diffraction peaks of CdTe/CdS NCs (25.9°, 43.8° and 51.6°)
shift to somewhat larger diffraction angles. Moreover, the dif-
fraction peaks are quite similar to that of CdTe NCs in terms of
the shape indicating the epitaxial development of the CdS shell
over the CdTe core NCs [44]. The standard size of NCs is
calculated from Debye Scherrer ‘s formula [36]:
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Fig. 3 Fluorescence spectra of CdTe/CdS core/shell and CdTe NCs

that, D is the average size of the NCs, k is a structural constant
(k = 1 for the particles with spherical shape [36]), {3 is the full
width at half maximum of the peak, 0 is the Bragg angle, and A
is the wavelength of Cu K« radiation (1.54 A).

The average size of the CdTe/CdS QDs is estimated to be ~
3.6 nm”.

Fluorescence spectra of CdTe/CdS core/shell and CdTe
NCs were recorded (500—700 nm). As Fig. 3 shows, the
development of CdS shell on the surface of core-NCs
decreased the surface traps leading to enhanced fluores-
cence efficiency. The shift of fluorescence spectrum to
larger wavelengths confirmed the formation of core/shell
structure.

—

0 . . .
4 6 8 10 12

Fig. 4 The influence of the pH on the fluorescence spectrum of TGA
CdTe/CdS core/shell NCs (42 nM) in the presence of 100 nM PQ**
(pH=9, 25 °C)
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Fig. 5 a Fluorescence spectra of TGA CdTe/CdS core/shell NCs by
different concentrations of NCs (4.2—42 nM) (pH=9, 25 °C)

Effect of solution pH on the sensor

The influence of pH (5.0-10.0) on the fluorescence spectrum of
TGA-CdTe/CdS NCs in the presence of PQ** was studied since
it affects the performance of the sensor. Figure 4 shows the
plots that are relative fluorescence intensity FO/F versus pH
and in which FO and F are the fluorescence intensities of NC
solution before and after the addition of PQ", respectively.

TGA-CdTe/CdS core/shell NCs are unstable when the so-
lution pH is less than 5, therefore pHs more than 5 is selected.
The relative fluorescence intensity of FO/F gradually increases
with the increase of pH. Hence, pH 9.0 was selected as the
optimal pH for determining PQ** by the proposed method
because pKa of the—COOH group in thioglycolic acid is 3.6,
thus, the zeta potential of the TGA CdTe/CdS-NCs was neg-
ative at pH 9.0.
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Fig. 6 The influence of the incubation time with PQ>* (100 nM) on the
CdTe/CdS core/shell NCs fluorescence signal at pH=9
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Since, PQ** is a well-known electron transfer quenching
agent (acceptor), and also TGA CdTe/CdS NCs (donor) have
negative charge at pH =09, the electrostatic interaction be-
tween the NCs and PQ** and electron transfer quenching oc-
curs and the fluorescence signal is decreased. There was a
4 nm red shift in the emission peak. This incident proves that
the addition of PQ** continues with the reduction of the sur-
face charge of NCs. Electrostatic repulsive force of the NCs
decreases, which leads to the agglomeration NCs. As such, the
red shifts of the CdTe/CdS NCs fluorescence emission have
been observed [55, 56].

Effect of TGA CdTe/CdS NCs

The effect of TGA CdTe/CdS NCs concentration on fluores-
cence spectrum was thoroughly studied (Fig. 5). The fluores-
cence intensity of the sample was enhanced with the increas-
ing concentration of TGA CdTe/CdS NCs in the range 4.2 to
42 nM. As shown in Fig. 5, by increasing the concentration of
TGA CdTe/CdS NCs, the fluorescence emission increased,
consequently, the concentration of 42 nM was chosen as the
optimal concentration of NCs.

The Effect of Incubation Time

To assess the stability of the fluorescence probe sensing sys-
tem, we investigated the time-dependence of the fluorescence

£
HO o}

PQ2+

quenching of the TGA CdTe/CdS NCs. The time-dependent
fluorescence quenching of TGA CdTe/CdS NCs was studied
under optimum conditions (pH =9, 42n M NCs) and in the
presence of PQ** (100 nM) (Fig. 6). The experimental results
revealed that the reaction finished within 30 s and the fluores-
cence intensity was stable more than 180 s, which indicated
that the TGA CdTe/CdS NCs displayed higher stability and
fast sensing of PQ**. More experiments were conducted using
the time scale of 30 s.

Effect of the Concentration of PQ** on the Quenching
of Fluorescence Signal

Under the optimal conditions described above, the impact of
PQ?* concentration on the fluorescence signal of CdTe/CdS
core/shell NCs was examined in detail. According to the re-
sults, the fluorescence intensity was reduced by increased con-
centration of PQ?* in the range of 10-200 nM.

The Stern—Volmer equation was applied to investigate the
relationship between quenching efficiency of NCs and con-
centration of PQ?* [36, 39, and 50]:
FO/F. = 1 +Ks [PQ*'] (1)

Where F( shows the fluorescence intensity at 608 nm in the
absence of PQ** and F is fluorescence intensity of sample after
adding of PQ?*, respectively: Ks denotes Stern Volmer

(o]
= I s

C
o) (o]

e- Transfer

= 7 N\

Scheme 1 An illustration of the sensor PQ** detection through the fluorescence quenching mechanism
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Fig.8 The selectivity of TGA CdTe/CdS core/shell NCs probe to various
types of pesticides fluorescence intensity (FO/F) of the system under op-
timum conditions

quenching constant, and [PQ**] is the concentration of quench-
er (PQ*"). Based on equation Stern-Volmer, a likely mecha-
nism for quenching could be recommended in the sensing pro-
cess. If one kind of quenching mechanism is observed by the
quenching process, then, the Eq. 1 is sufficient to illustrate the
quenching process. According to the Stern—Volmer plot, Fo/F
vs. PQ** concentration is linear at the lower concentration of
PQ** while it diverges from linearity by winding up in higher
concentration (Fig. 7). This marks the existence of both static
and dynamic quenching of the fluorescence in the mechanism
of interaction [53]. A vast range of processes can lead to the
fluorescence quenching including excited state reactions, com-
plex formation energy transfer, complex formation and colli-
sional quenching. The processes of collisional quenching and
complex formation are often referred to as quenching respec-
tively. The result of this study displays that both static and
dynamic quenching are present in this system. Yet, both static
and dynamic quenching requires molecular contact between the
fluorophore and the quencher. In this case of collisional
quenching, electrostatic interactions between the positive

Table 1  Recovery test for the detection of PQ** samples (n=5)
Sample Added (nM) Found (nM) Recovery (%)
Tap water 10 9.9+0.5 99

Tap water 100 9.8+0.4 98

Canal water 10 10.3+£0.6 103

Canal water 100 102.3+£0.3 102.3

charged segment of PQ** because of heterocyclic systems and
carboxyl groups in TGA NCs (pKa=3.6 for TGA) led to the
adsorption of PQ?* as strong acceptor on TGA causing its fluo-
rescence to be quenched [14, 50, 54]. After introducing the
PQ2+ to the probe solution, electrons are transferred between
the NCs and PQ?" that lead to the formation of the radicals and
a reaction with molecular oxygen (Scheme 1).

Also, the presence of aromatic groups in the structure of
paraquat and the 7t- 7t stacking interaction in its structure with
NCs lead to a decrease in the intensity of fluorescence, which
is called a phenomenon of fluorescence resonance energy
transfer (FRET) [14].

According to the results, biosensor response in the range of
10-100 nM was linear with a correlation coefficient of 0.998.
The linear regression equation was described as FO/F = 1.09 +
0.0097[PQ**] R2= (R2 = 0.998) (Fig. 7).

According to the results, the fluorescence intensity was
directly related to the PQ** concentration within the men-
tioned range of a detection limit of 3.5 nM (S/N=3). This
shows that TGA CdTe/CdS NCs were highly sensitive for
targeted PQ** detection. PQ** Limit of Detection was evalu-
ated based on the definition of 30/s, in which o and s are the
standard deviation of the blank (n=15) and the calibration
graph slope in the respective order. Under the optimal condi-
tions, the value of relative standard deviation for 5 replicates
of 10 nM of PQ** was 2.45%.

It has been shown that the practical application of a sensor
is dependent on its selectivity.

To assess the selectivity of the suggested NC-biosensor,
under the optimal conditions, we have also investigated the
influence of some metal ions such as 5 mM Ba”*, 2 mM Mg2+,
10 mM Na*, 2 mM Ca>*, and anion various substances for
instance: 2 mM CIO ", 10 mM NO; , 10 mM CI, fluores-
cence intensity of NCs stayed unchanged, signifying the elec-
trostatic interaction between mentioned cations with NCs was
not strong. Afterwards, the fluorescence of NCs was quenched
by the addition of 20 nM of PQ** into NCs solution.

To further verify the applicability of the fluorescence NC-
biosensor for detection PQ?* in practical applications, we have
also examined the effect of 100 nM with different substances

Table 2 Comparing the results of the proposed method with similar

reports

Method Linear range (uM)  Detection RSD%  Refrance
limit (uM)

SwWv 0.05-0.6 0.0022 - [12]

Fluorescence 1.0-20 0.2 - [14]

Fluorescence 0.09-5.83 0.039 2.5 [54]

AsDPVs 0.1-10 0.068 [57]

Fluorescence 10-100 nM 0.0035 245 This work

* Canal water: water collected from canal near to the corn field

@ Springer

*DPV: Differential pulse voltammetry, SWV: Square wave voltammetry
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for instance diquat, terbutryn, fenitrothion, malathion,
triasulfuron, metasulfuron and tribenuron in the presence of
20 nM of PQ**. As shown in Fig. 8 the fluorescence intensity
ratio Fy/F had no obvious change.

According to the results, NCs-based sensor is highly selec-
tive towards PQ**. The high selectivity against competitive
cations and different substances good linearity as well as sim-
ple sensing mechanism shows its possible application to mea-
sure PQ*" in natural water sample reliably and endurably.

Real Sample Analysis

To confirm the practicability of the sensor, the prepared biosen-
sor was also applied to determine PQ** with the standard addi-
tion methods in the natural water samples. Table 1 shows the
results. The measured recoveries were as high as 98% (n=15)
with the RSD less than 10.0% showing the sensor is precise and
reliable which could be used to quantify PQ*" in real samples.

Conclusions

In the present study, a novel nanosensor is fabricated and is
introduced as a simple fluorimetric sensor to detect PQ** detec-
tion using TGA CdTe/CdS-NCs. Since, PQ2+ is a significant
agent acceptor and TGA CdTe/CdS-NCs is an agent donor
(pH =9, therefore, the NCs and PQ** interact electrostatically
and transfer quenching occurs leading to reduced fluorescence
signal. We were able to apply the suggested optical biosensor
successfully to detect PQ** in real samples. Table 2 compares
the figures of the present approach with other reported ap-
proaches to detect PQ**. According to Table 2, the detection
limit and dynamic range value of the present biosensor is lower
or comparable with different methods for measuring PQ**.
Consequently, the proposed method presents a clear advantage
in terms of sensitivity and selectivity as the proposed sensor is a
promising tool for the determination of PQ** in real samples.
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