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• A biosensor based on ssDNA aptamer 
and Carbon Dots was developed for CPF 
detection. 

• The mechanism of interaction for the 
aptamer and CPF was proposed through 
docking modeling. 

• The biosensor shows low LOD for CPF 
and good specificity. 

• The biosensor showed good detection of 
CPF in superficial waters.  
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A B S T R A C T   

Chlorpyrifos (CPF) is a commonly used insecticide found in many water sources and is related to several health 
and environmental effects. Biosensors based on aptamers (single-stranded nucleic acid oligonucleotides) are 
promising alternatives to achieve the detection of CPF and other pesticides in natural waters. However, several 
challenges need to be addressed to promote the real application of functional aptasensing devices. In this work, 
an ssDNA aptamer (S1) is combined with carbon quantum dots (CD) and graphene oxide (GO) to produce a stable 
fluorescent aptasensor characterized through spectrophotometric and electrophoretic techniques. For a deeper 
understanding of the system, the mechanism of molecular interaction was studied through docking modeling 
using free bioinformatic tools like HDOCK, showing that the stem-loops and the higher guanine (G) content are 
crucial for better interaction. The model also suggests the possibility of generating a truncated aptamer to 
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improve the binding affinity. The biosensor was evaluated for CPF detection, showing a low LOD of 0.01 μg L− 1 

and good specificity in tap water, even compared to other organophosphates pesticides (OPs) like profenofos. 
Finally, the recovery of the proposed aptasensor was evaluated in some natural water using spiked samples and 
compared with UPLC MS-MS chromatography as the gold standard, showing a good recovery above 2.85 nM and 
evidencing the need of protecting ssDNA aptamers from an erratic interaction with the aromatic groups of 
dissolved organic matter (humic substances). This work paves the way for a better aptasensors design and the on- 
site implementation of novel devices for environmental monitoring.   

1. Introduction 

The agricultural value chain has been heavily reliant on pesticides 
for almost 60 years. According to the Food and Agriculture Organization 
(FAO) in 2018, the world consumption of pesticides reached 4 million 
tons and by 2020, the top 5 countries with the highest annual con
sumption (data in thousands of tons) were the United States (407), Brazil 
(377), China (262), Argentina (245), and the Russian Federation (90) 
[1]. Pesticides can be absorbed by people in a variety of ways. For 
instance, agriculture workers in developing countries like Colombia 
could be exposed to pesticides by crop use and because of the runoff 
processes to water as well. Pesticide exposure has been linked to major 
illnesses like non-Hodgkin lymphoma [2], Parkinson’s disease [3] as 
well as respiratory and reproductive disorders [4]. According to esti
mates, more than 300,000 people died because of pesticide poisoning 
[5]. 

Organophosphate pesticides (OPs) are the widest group of in
secticides used worldwide. OPs cause neurotoxicity because they can 
irreversibly inhibit the acetylcholinesterase enzyme (AChE) in the ner
vous system [6]. Chlorpyrifos (CPF), one of the OPs, is the primary 
active ingredient used in many crops and has a relatively low persis
tence. However, typical bioactive compounds like CPF and CPF-oxon 
block AChE. Despite its ban in 2021 by EPA, CPF is still being used in 
developing nations under the brand names Lorsban, Dursban, Equity, 
Suscon, Empire 20, and Whitmire PT27 [7]. 

For the detection of OPs, some high-precision analytical technologies 
have been used, including gas chromatography (GC), high-performance 
liquid chromatography (HPLC), and mass spectrometry (MS) [8]. 
However, some drawbacks like complicated operation, high cost, and 
lengthy-time consumption, evidence an urgent need for the develop
ment of a simple, quick, and stable detection technology for OPs. 
Especially for on-site monitoring. 

In this scenario, biosensors have emerged as viable instruments for 
quick and accurate OPs detection. More stable optical biosensors based 
on nanomaterials have been created recently, achieving lower detection 
limits [7, 9, 10]. The application of nanomaterials, including Carbon 
Quantum Dots (CD), can significantly improve the performance of the 
systems [11,12]. CD are carbonaceous nanomaterials with sizes less than 
10 nm. CDs are non-toxic and they benefit from all the Quantum dots’ 
advantages, including spectral tunability of the emission spectrum and 
resistance to photo-bleaching [13]. Due to their natural fluorescence, 
CDs have attracted a lot of attention [14]. Even though CD increase 
sensitivity, the use of biomolecules with higher specificity must be 
considered to promote the commercial application of biosensors. 

Aptamers are short single-stranded oligonucleotides (RNA or DNA) 
developed through the Systematic Evolution of Ligands by the Expo
nential Enrichment method (SELEX), which can selectively bind to their 
targets with high affinity [5]. Aptamers have recently drawn a lot of 
interest as recognition components for a variety of targets, including 
small compounds, proteins, and pesticides [5]. Aptamers have several 
benefits over enzymes and antibodies commonly used for OPs detection, 
including higher thermostability, protease resistance, cost-effectiveness, 
in vitro production, minimum batch-batch variation, small size, 
simplicity of modification, and target flexibility [15]. Aptameric tech
nology is still in an early stage of development, especially in the envi
ronmental field. The main technical problem in developing aptamers for 

OPs recognition is the small molecular structure of the targets, limiting 
the interactions between their functional groups and aptamer sequences 
and making the SELEX process quite complex. Only roughly 20 estab
lished pesticide targets have aptamers after 30 years of development; 
CPF is among those pesticides [15]. 

Different nanomaterial-based optical aptasensors have been devel
oped in the last few years for pesticide detection. The use of colori
metric, fluorescent, surface plasmon resonance, SERS, and 
chemiluminescent methods for the detection of several types of pesti
cides besides OPs has been reported [16]. Fluorescent aptasensors have 
been used preferably over other kinds of biosensors because of their high 
sensitivity and, some fluorescent transductors have been used for 
ultra-sensible detection in picomolar ranges. For example, Cu nano
particles (CuNPs) for Isocarbophos [17]; sulfur-doped graphene Quan
tum dots for the sensing of Omethoate [18], and bimetallic 
metal–organic frameworks (MOF) for Acetamiprid quantification [19]. 
Those results are outstanding in terms of sensibility and specificity but 
the complexity in the construction using multiple aptamers and nano
materials could limit the on-field application. Moreover, for environ
mental monitoring, the use of more sustainable nanomaterials like CD is 
a must. 

The mechanism for OPs and other small molecule detection using 
nanostructured aptasensors is related to the so-called Förster resonance 
energy transfer (FRET); also referred to as fluorescence resonance en
ergy transfer [13]. FRET is a non-radiative energy transfer process that 
typically takes place between two fluorophores (or a fluorophore and a 
quencher) at about 10 nm (Förster distance), where an emitter is close to 
an acceptor and transfers energy from an excited state through 
dipole-dipole interactions [20]. This interaction is reflected in an over
lap of absorbance-emission spectra. Graphene oxide (GO) is an excellent 
quenching agent because of its high efficiency and broad absorption 
spectrum. GO is an innovative nanomaterial made of a two-dimensional 
graphitic carbon structure that is only one atom thick. Additionally, it 
has many functional groups with oxygen on the surface, including 
carboxyl, hydroxyl, and epoxy groups. Because of the carbonaceous 
skeleton of GO, single-stranded oligonucleotides can be absorbed 
through hydrophobic and π stacking interactions, thus quenching the 
fluorescence of the CD by FRET [21]. 

In this work, we integrate the fluorescent properties of CD with a 
ssDNA aptamer, and the quenching properties of GO, to develop a 
biosensor for CPF detection in water samples. To get deeper into the 
detection mechanism, we use bioinformatic tools for modeling the CPF- 
aptamer interaction. An understanding of the tertiary structure of 
aptamers is crucial to promote better interactions with the targets. For 
this purpose, in silico methods have been used including aptamer-target 
docking models and computational tools to predict aptamer structures 
and thermodynamic properties. Thus, they might enable the modifica
tion of a specific set of nucleotides to enhance aptamer performance, 
saving experimental time compared to the traditional trial-and-error 
method [22]. This methodology could be applied for future aptasensor 
simulations under key conditions like [Na+], pH, or temperature, thus 
leading to an optimizing system. 

Finally, we evaluated the biosensor for the detection of CPF in su
perficial water samples from different sites in Antioquia, Colombia. The 
results showed that the developed aptasensor is a promising alternative 
for the detection of CPF. However, further research must be carried out 
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to improve the specificity and reduce the interference of the system by 
organic matter. This work paves the way for optimization steps in the 
aptamer’s design and application as fluorescent probes. 

2. Materials and methods 

2.1. Chemicals and reagents 

Aptamer S1 [23, 24] was synthesized by Eurogentec® with the 
characteristics presented in Table 1. S1 was prepared at 32.24 μM using 
double-filtered (0.2 μm) PBS (1 X) and keep it at − 20 ◦C until use. A 
terminal amine modification (5’ Amino modifier C6) was included to use 
the carbodiimide conjugation technique as a covalent bond to CD. All 
chemicals were analytical grade. An analytical standard of Chlorpyrifos 
(CPF) and PBS tablets were bought from Merck. Carbon dots (CD) were 
synthesized pyrolytically from African oil palm biochar (Elaeis gui
neensis) according to our previous work [25]. For conjugation steps, EDC 
(1-ethyl-3-[3-dimethylaminopropyl] carbodiimide), NHS (N-hydrox
ysuccinimide), and 2-mercaptoethanol (ME) were bought from Thermo 
Fisher. Single-layered graphene oxide (GO) was purchased from ACS 
material. All tests were carried out in triplicates. Double deionized water 
was used throughout all the experiments (Milli-Q ultrapure water sys
tem with a 0.22 μm filter, Merck Millipore). 

2.2. Conjugation procedure 

The covalent conjugation technique was used through carbodiimide 
chemistry following the protocol described in our previous work [7] 
with some modifications. Briefly, 500 mg L− 1 of CD water solution was 
put in contact with 0.05 M of EDC and 0.1 M of NHS and let them react 
for 15 min followed by 2 h dialysis (3.5 kDa, 4 water changes). Before 
the addition of S1, the pH was adjusted to 7.45 with sodium bicarbonate 
and an optimized NaCl concentration of 0.137 M was adjusted by using 
PBS tablets. An appropriate amount of S1 (final concentration of 1 μM) 
was added and left reacting for 4 h at 25 ◦C and 50 rpm. The S1 con
jugate was left overnight at 4 ◦C followed by 30 min of dialysis (3.5 kDa, 
2 water changes). The S1 conjugates were stored under 4 ◦C until 
detection assays and remained active for at least 1 week. 

2.3. Instrumentation 

UV–Vis and fluorescence measurements (spectrum and punctual) 
were done in a Varioskan Lux (Thermo scientific, SkanIt Software 4.1) 
on a 200 μL working volume microplates (Falcon™ non-treated black 
96-well) at 25 ◦C with 1 nm optical step. To verify the conjugation be
tween aptamer and CD, agarose gel electrophoresis was used in 6.0% 
agarose gel with 0.5 × TBE buffer at 100 V for 1 h. For the verification of 
the recovery in spiked samples, UPLC MS-MS chromatography was used 
as standard gold (Water manufacturer; Xevo TqD, UPLC-HClass; serial 
MS QCA032; pump F11QSM343A; Injector F11SDI5616). 

2.4. Molecular simulation 

For a better understanding of the interaction mechanism between S1 
and CPF, some free bioinformatic tools were applied as described in 

Fig. 1, based on the proposal by Oliveira and collaborators [22]. Briefly, 
using the S1 sequence, the 5 most probable secondary structures were 
generated with the Mfold web server, considering the most stable 
configuration (minimization of the free energy) [26]. Each secondary 
structure was refined with PyMOL software by adding the hydrogens 
that are usually omitted in the Mfold prediction since those hydrogens 
play a major role in aptamer’s interaction with targets [27]. Before the 
docking simulation, the CPF tertiary structure (CID 2730) was obtained 
from the PubChem database [28] in SDF format followed by a cleaning 
step and hydrogen addition with PyMOL. Both S1 and CPF tertiary 
structures were saved in PDB format. Finally, for the elucidation of the 
interaction mechanism the docking models were evaluated by each 
combination of S1 – CPF tertiary structures using the free HDOCK web 
server [29]. The model with the lowest docking score (more possible 
binding model) was selected. 

2.5. Pesticide detection 

CPF was evaluated in a range between 0 and 0.1 mg L− 1. For this 
purpose, different dilutions were made in Milli-Q water from a stock 
solution of 100 mg L− 1 preserved in methanol. For the detection assay, 
440 μL of the conjugate and 10 μL of GO (100 mg L− 1 GO final optimized 
concentration) were vigorously mixed in different vials. After 30 min at 
50 rpm, 50 μL of the appropriate dilution of the pesticide were added to 
reach the desired final concentration. The solution was vigorously mixed 
and incubated for 1 h (optimized time) until fluorescence recovery 
analysis. The amount of the pesticide dilution was replaced by Milli-Q 
water for control. The fluorescence intensity (recovery) at emission 
and excitation wavelengths of 420 and 320 nm (respectively) was 
recorded and plotted against the CPF concentrations (higher recovery 
means higher CPF concentration). For the estimation of the limits of 
detection (LOD) and quantification (LOQ), a semilog plot in the linear 
range was generated and the parameters of the curve were used to es
timate LOD as the concentration corresponding to the mean blank value 
plus 3 times the standard deviation (SD) of the blank [30]. The LOQ was 
defined in the same way, considering a 10 times parameter. All exper
iments were treated and analyzed in triplicate. For LOD calculations, a 
one-way ANOVA was performed using R-studio software, and p ≤ 0.05 
was considered statistically significant. 

2.6. Pesticide detection in superficial water 

Superficial water samples were taken from 3 different locations in 
the department of Antioquia, Colombia. Some physicochemical param
eters of the samples were evaluated (pH, COD, electric conductivity, and 
true color), as they can be influential variables in the detection assay. 
Even though the water samples were taken from some rural locations 
with previous reports of pesticide pollution by run-off water, the UPLC/ 
MS evaluation showed no CPF detection. Considering this, the samples 
were used as an actual matrix for the experimental procedure of spiked 
samples. For each sample, 3 CPF concentrations were used (0.1, 1 y 10 
μg L− 1) and the recovery of the aptasensor was compared to UPHLC/MS 
as the gold standard. All experiments were treated and analyzed in 
triplicate and the %RSD parameter was estimated. 

Table 1 
ssDNA aptamer (S1) characteristics.  

Sequence 5-CCTGCCACGCTCCGCAAGCTTAGGGTTACGCCTGCAGCGATTCTTGATCGCGCTGCTGGTAATCCTTCTTTAAGCTTGGCACCCGCATCGT- 3 

Length 91 pb 
Modifications 5′ Amino Modifier C6 
Purification PAGE 
Scale 10 μmol 
Melting point 75.9 ◦C 
Molecular weight 28025.2 g/mol  
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Fig. 1. Workflow for the in-silico simulation of the S1-CPF interaction, showing the expected results on the left and the methods and tools on the right. Free 
bioinformatic tools like Mfold, #dRNAv2, and HDOCK were used. Modified from [22]. 

Fig. 2. A) UV–Vis spectrum showing the increase of the peak at 260 nm for the conjugated CD and S1 at 1 μM, due to the amide bond formation thus confirming the 
conjugation process. B) fluorescence emission spectrum (Excitation at 320 nm) showing the decreasing of the fluorescence of the CD for the conjugation of CD and S1 
at 1 μM because of the surface chemistry modification. The inserts show the CD under UV light and the mili Q water control. C) showing conjugate CD-S1 (line 2) 
moving slower than bare S1 (line 3) thus confirming the presence of a heavy molecule because of the conjugation process. D) showing the stability follow-up of the 
conjugate to 21 days, presenting a decrease in the fluorescence signal at 8 days due to aggregation phenomena followed by a fluorescence recovery related to the 
hydrolysis of the covalent bond and suggesting the use of fresh conjugate for the detection assays. 
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3. Results and discussion 

3.1. Conjugate characterization 

CDs were synthesized pyrolytically from African oil palm (Elaeis 
guineensis) and characterized in our previous work [25]. CD have plenty 
of carboxylic groups and they had a maximum emission peak at λ = 420 
nm under excitation of λ = 320 nm. CD have a brownish-yellow color 
under daylight and blue emission under ultraviolet light (insert in 
Fig. 2A). To demonstrate superficial modification of the CD by a cova
lent conjugation with S1 (amide bond formation), UV–Vis and fluores
cence spectra were evaluated, as well as agarose gel electrophoresis. The 
UV–Vis spectrum in Fig. 2A showed the CD with an absorption peak of 
260 nm, in agreement with our previous work reported the peak for the 
CD of Elaeis guineensis between 260 y 280 nm possibly attributable to 
n-π* transition of C=O bonds [25]. In the same figure, the spectrum for 
the simple mix of CD and S1 (without conjugation) and the conjugate 
CD-S1 are shown, evidencing a remarkable peak at 260 nm for the 
conjugate. Since both, the simple mix and the conjugate have the same 
amount of CD and S1, the increase of the peak at 260 nm in the conjugate 
could be attributable to amide-bond formation between the amino C6 
modifier at the 5’ termini of the aptamer and the free carboxylic acids in 
the CD. In fluorescent probes based on nanomaterials and aptamers, 
usually, peaks between 260 and 280 nm are found [31]. Also, is known 
that DNA aptamers like S1 have an absorption peak at 260 nm [32]. 
Regarding the fluorescence spectrum shown in Fig. 2B, for all the sam
ples, a maximum emission peak was obtained at 420 nm with 320 nm as 
the excitation value. We can see in the fluorescence spectrum, how the 
conjugated mixture decreases the original fluorescence of the CD, 
because of the modification of the surface chemical groups in the CD; 
this mechanism is directly responsible for the fluorescence behavior 
[14]. Although the fluorescence peak remains around 428 nm for all the 
samples, the conjugate showed a slight red shift from 418 nm to 428 nm. 
Different authors have reported this behavior as evidence of conjugation 
[21, 33, 32]. 

Fig. 2C shows that the conjugate CD-S1 moves slower than the bare 
S1 (lines 2 and 3 respectively) due to the increase in the mass-to-charge 
ratio in the conjugate [21]. Lines 4 and 5 correspond to another 
aptamer-CD combination not used in this work. Finally, a following in 

the stability of the conjugate stored at 4 ◦C was done. Fig. 2D shows the 
characteristic fluorescence emission peak at 428 nm for the fresh con
jugate. After 8 days, the fluorescence of the conjugate decreased by 24% 
probably due to aggregate formation, and a blue shift to 418 nm 
appeared. The same behavior could be observed after 15 days. However, 
after 21 days, the fluorescence intensity grew, and the blue shift was 
encouraged. This increase in the fluorescence intensity has been 
observed in our previous work [7], and together with the blue shift, is 
evidence of the loss of the covalent amide bond, thus showing a trend to 
a recovery of the bare CD fluorescence intensity. Those results evidence 
the successful conjugation of the CD-S1 and suggest the priority use of 
the fresh conjugate for the detection experiments. 

3.2. Molecular interaction and docking model 

The detection mechanism of the proposed sensor is shown in Fig. 3. 
CD are covalently bonded to S1 causing a decrease in the fluorescence 
intensity. Then we added an optimized GO concentration of 100 mg L− 1, 
reducing to 63% the initial fluorescence and indicating the quenching 
phenomena (FRET) in a turned-off system. GO is reported as a highly 
efficient quencher, especially when it’s used with aptamers since mRNA 
and ssDNA are absorbed in GO through π interactions using their organic 
nitrogenous bases [13]. When the pesticide molecules are present, the 
molecules interact with the aptamers and the desorption happened due 
to structural changes in the aptamers since there are highly selective to 
their targets. This mechanism (turn-on mode) has been reported by 
several authors [21, 34, 35]. 

For the docking model, a general workflow illustration is presented 
in Fig. 4. Starting only with the aptamer sequence presented in Table 1, 
the secondary structure of the aptamer in the lowest energy state was 
predicted with a Gibbs free energy (G) of − 15.47 kcal mol− 1 at 37 ◦C to 
explore the binding of S1 aptamer to CPF (Fig. 5A). A greater negative 
ΔG value results in a more stable aptamer-target complex and it depends 
on the relationship between the enthalpy, and entropy changes (ΔH, and 
ΔS respectively) at a given temperature (ΔG = ΔH− T⋅ΔS) [36]. For the 
secondary structure of S1, we found − 182.3 kcal mol− 1 and -0.537.9 
kcal (K mol)− 1 for ΔH and ΔS respectively. The negative enthalpy value 
implies an increased number of interactions between the aptamer and 
the target, but this parameter also considers the solvent interactions. The 

Fig. 3. The detection mechanism of the proposed sensor. The conjugate molecules between CD and S1 aptamer are attracted by the GO through aromatic stacking 
forces (π-π), enabling the quenching effect because of the FRET phenomena. Then, in the presence of CPF, the stronger attraction with the aptamer generates the 
conjugate molecules to detach from the GO, thus recovering the fluorescence signal proportionally to the CPF concentration. 
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entropy value could be related to the loss of the rotation and translation 
degrees of freedom of the aptamer-target complex compared to the free 
molecules. The results suggest that S1-CPF interactions are driven by 
enthalpy-entropy compensation since both parameters have favorable 
contributions [36]. The secondary structure (Fig. 5A) also has a higher 
content of G (24%) compared to the other generated structures. A more 
stable nucleic acid sequence is made possible by this structural feature 

and the G content is also known by generating G quadruplets, crucial 
areas, and binding sites [37]. The S1 secondary structure exhibits 
stem-loops and internal loops that could undergo conformational 
changes by stacking forces and electrostatic interactions leading to 
specific recognition areas for CPF. 

With the secondary structure, five probable tertiary structures were 
generated. For each tertiary structure, the binding model to CPF was 

Fig. 4. Illustration of the general workflow of molecular docking calculations. The process starts with a sequence, then secondary and tertiary structures are obtained 
including protonation. Finally, a blind docking simulation is performed generating a ranked list of possible complexes between aptamer and pesticide. 

Fig. 5. Results of the molecular interaction of chlorpyrifos with S1 aptamer. A) secondary structure indicating the most probable interaction sites probably associated 
with G-quadruplexes. B) 3D structure showing the interaction site with the lower docking score. Insert zoom of the interaction site in B showing the corresponding 
residues and the aromatic stacking (π- π) interactions like yellow dotted lines. 
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conducted using the molecular docking technique in the HDOCK web
server. The model with the lowest docking score (more probable binding 
site) is represented in Fig. 5B and suggests that the CPF molecule is 
embedded in the S1 pocket. The main binding sites (distances below 5 Å) 
are T33, G34, T48, G50, C51, G87, C86, A87, and T88. Those residues 
are pointed out in the secondary structure and evidence of the impor
tance of G content and the loops. The CPF molecules connect to the stem- 
loop region of S1 through conjugation interactions, and these in
teractions are crucial for the stable binding of both CPF molecules and 
the aptamer [37]. The most common interaction forces in the detection 
of OPs through aptamers have been described as, the C–H bond, π-π 
interactions, and H-bond interactions [38]. For the S1-CPF model, the 
results show that the interactions are primary π-π, thus some modifica
tions could be proposed to obtain stronger forces like H-bonds. This is 
important considering that S1-GO interactions are also π-π stacking, but 
a better detection implies a stronger attraction force between S1 and CPF 
than the S1 and GO. For instance, it seems like the pocket is not blocked 
by the CD conjugation, since the model shows a good distance between 
the conjugation site (5’) and the pocket. Future works should use 
advanced bioinformatic tools like the PLIP web server [39] for the 
identification of specific chemical groups related to the interactions with 
small molecules. 

To improve the interaction between S1 and CPF, the size of the stem- 
loop can be changed, and mutations can be made to better fit the desired 
range of analyte concentration. Given the high amount of guanine in S1, 
it is important to carefully examine the mechanism of G-quadruplexes. 
Regarding the results of the 3D model, it could be inferred that a smaller 
or truncated aptamer could be generated to obtain a better docking score 
and more stable interactions. Moreover, there are a few reports about 
the molecular interaction between aptamers and OPs targets, so these 
findings represent an important contribution to the current state of the 

art. 

3.3. Quantification of CPF 

Different CPF concentrations (0–0.1 mg L− 1) were examined. Fig. 6A 
shows the rise in fluorescence response for CPF detection as a function of 
pesticide concentration. Despite the differences in the fluorescence 
signal at the concentration range being low, a good exponential corre
lation between fluorescence intensity and CPF concentration is shown in 
Fig. 6B. Moreover, Fig. 6C shows a good linear relationship of fluores
cence with the natural logarithm of CPF concentration between 0 and 
7.5 μg L− 1 (0–21.6 nM). The linear regression equation for this range 
(R2 = 0.9907, ***p < 0.001, n = 3) was F = 25.45 + 0.3122 Ln C, where 
F and C are the fluorescence intensity and CPF concentration, respec
tively. The LOD and LOQ were calculated as low as 0.01 μg L− 1 (0.028 
nM) and 0.1 μg L− 1 (0.28 nM) respectively. This is consistent with the 
detection mechanism previously described, according to which the more 
CPF present in the system, the more CD-S1 conjugates detached from GO 
sheets, resulting in an increase in distance and the inability to perform 
FRET, which results in the fluorescence recovery of the CD. However, 
some strategies mentioned in the previous section Molecular interaction 
and docking model should be applied in future works to improve the 
overall performance of the proposed aptasensor. 

The relative standard deviations (RSD) of the measurements showed 
a maximum value of 4.15% so the repeatability of the system can be 
considered as good compared to the state of the art [16]. 

The LOD of the proposed fluorescent probe based on CD-S1 and GO 
was compared with other aptasensors for OPs detection in Table 2. The 
LOD of this work is like or even lower than other sophisticated methods 
but uses simple strategies and nanomaterials. This work uses a non- 
doped CD and a simple well-established quencher (GO), obtaining a 

Fig. 6. A) Emission spectra for Chlorpyrifos between 0 and 0.1 μg L− 1 showing the recovery of the fluorescence signal proportional to the CPF concentration. B) 
Exponential relationship between the Fluorescence intensity (λem = 420 nm) and the concentration of chlorpyrifos. C) Linear relationship between the Fluorescence 
intensity (λem = 420 nm) and the natural logarithmic value of chlorpyrifos concentration as a model to obtain the parameters for the LOD calculation. D) Specificity 
of the system for individual tests of chlorpyrifos (CPF), profenofos (PF), permethrin (PE), aldicarb (AL) and endosulfan (EN). Interference factors at 0.025 μg L− 1 and 
CPF at 0.01 μg L− 1. The results in D show the good specificity of the system even for the quantification of CPF in the presence of other OPs like PF. The dotted line 
indicates the baseline (CD-S1 conjugate with GO). n = 3 independent experiments. 
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sensitive LOD with a simple and reproducible methodology. However, 
the narrow linear range of the system should be improved for field 
application. 

Regarding specificity, different pesticides were evaluated at 0.025 
μg L− 1 in the presence of 0.01 μg L− 1 of CPF. Analogs of CPF or jointly 
applied insecticides were selected for the study. The results (Fig. 6D) 
show that the system is specific since the response to CPF is remarkable 
compared to the other class of pesticides (other organophosphates, py
rethroid, carbamate, organochlorine). The fact that the system did not 
detect profenofos is important since most of the enzymatic systems 
commonly used for OPs detection cannot differentiate between CPF and 
PF structures. Those systems are also interfered with by pyrethroid 
compounds like permethrin [7]. The small signal to endosulfan 
(organochlorine) has been reported previously in other aptameric sys
tems for OPs (Arvand and Mirroshandel, 2017). These findings 
demonstrated that the CD-S1/GO ensemble assay had good specificity 
toward CPF, which may be attributable to the aptamer’s high affinity 
toward CPF via the FRET system. However, some pretreatment steps 
could be considered to increase specificity and amplify the output signal. 

Finally, to investigate the reproducibility of the system, four apta
sensors were prepared in different batches and tested against 0.01 mg 
L− 1 of CPF with an RSD value of 3.59%, indicating that the designed 
aptasensor in this study was reproducible. 

3.4. CPF recovery in real water samples 

All the samples related in Table 3 showed no signal for CPF by 
UHPLC/MS, so they were used as an actual matrix for spiked-recovery 
assay using three different CPF concentrations. The results shown in 
Table 4 are closely correlated with some physicochemical parameters of 
the samples (Table 3). For the samples of Santa Elena and San Cristóbal 
localities spiked with 1 or 10 μg L− 1, the recovery rates were found 

between 84.3% and 125.13% with a maximum %RSD value of 6.75%. 
Those values agree with the UHPLC recoveries and confirm the potential 
of the method. However, the samples of the same localities with the 
lowest amount of CPF (0.5 μg L− 1) did not show any signal, suggesting a 
stronger interference effect for the lowest amount of pesticide and 
confirming the need for optimization of the aptamer structure. 

The spiked samples of the Rio Grande reservoir did not show any 
recovery signal with the proposed method, suggesting that some pa
rameters like low electric conductivity, higher COD, and Color have a 
strong influence on the performance of the aptasensor. Ionic strength is 
well known as a critical factor in the design of aptasensors and some 
works reported the influence of certain salts (KCl, NaCl, MgCl2, Na2CO3) 
when in a concentration above 100 mM [50]. 

Rio Grande sample had a greenish color and presence of the super
ficial vegetation. The true color parameter of the water is due to the 
presence of dissolved organic matter (humic substances) or certain 
metals such as iron, manganese, or copper. The organic matter is 
confirmed with a higher value of COD. Some organic components like 
dissolved humic acid had fluorescence excitation/emission wavelengths 
that could interfere with the FRET sensing mechanisms [50]. Also, 
humic substances have been studied because their aromatic groups 
could interact with ssDNA leading to a partial or total shielding effect. In 
this sense, a recent work [51] reported that the carboxyl group and 
aromaticity of the natural organic matter, the presence of cations, and 
the relative amounts of ssDNA and organic matter in the system are 
crucial to understanding the interactions. The shielding effect of the 
organic matter in ssDNA is determined by interactions between the ar
omatic portions in the organic matter and the exposed nucleobases of 
ssDNA. Aldrich humic acid showed a higher interference. Regarding the 
cation bridging effect, Ca2+ showed the highest interference (above 
Mg2+), since when Ca2+ is present even a small amount of Aldrich humic 
acid could completely inhibit the detection by ssDNA aptamers like S1 

Table 2 
Comparison of the present method with other reported aptasensors for OP detection shows this work has a sensible LOD compared to other complex systems.  

Detection method Nanomaterial Aptamer type Pesticide LOD (μg 
L− 1) 

Ref 

Fluorescence None Tetramethylrhodamine (TAMRA)-labeled ap- 
tamer and cDNA. 

Phorate 0.333 [41] 
Profenofos Isocarbophos 
Omethoate 

0.167  

0.267  
0.333 

Fluorescence Gold nanoparticle. MOF ssDNA Chlorpyrifos 1.33 [42] 
Fluorescence L-cysteine capped ZnS quantum dot and GO ssDNA Edifenphos 0.1 [40] 
Fluorescence GO ssDNA Acephate 4 [34] 
Microcantilever- optical None ssDNA Profenofos 1.3 [43] 
Ratiometric- 

electrochemical 
carbon nanohorns/Au nanoparticles Hairpin DNA Malathion 0.013 [44] 

Omethoate 0.028 
Electrochemical Complexes of GO and polyaniline 

(GO@PANI). Gold nanoparticles 
ssDNA Profenofos 0.105 [45] 

Electrochemical Ag@Au nanoflowers ssDNA Prometryn 0.06 [46] 
Electrochemical Core–shell nanoparticles 

Ag@Au NPs and Cu2O@Au NP 
Complementary ssDNA Acetamiprid 0.043 [47] 

Malathion 0.063 
Colorimetric MOF. 

Fe–Co magnetic nanoparticles. Fe–N–C 
nanozymes 

Carboxyl functionalized aptamer and cDNA Phorate 0.16 [48] 
Profenofos Isocarbophos 0.16 
Omethoate 0.03  

1.6 
Colorimetric Octahedral Ag2O nanoparticles ssDNA Carbendazim 7.35 [49] 
Fluorescence Carbon dots and GO ssDNA Chlorpyrifos 0.01 This 

work  

Table 3 
Detailed locations and some physicochemical parameters of the superficial water samples showing Santa Elena and San Cristobal localities with low organic matter 
(COD and Color) and Rio Grande reservoir with high organic matter content and low electric conductivity.  

Sample Coordinates Description pH Electric conductivity (μS/cm) COD (mg O2/L) Color (UC) 

Santa Elena locality 6.2187712 N 75.50241516W Santa Elena creek high part 6.18 1368 <25.0 14.8 
San Cristóbal Locality 6.3036804215 75.65491622W San Cristobal creek "La Iguaná” 6.84 81.3 <25.0 10 
Rio Grande reservoir 6.50564438 N 75.53597286W Rio Grande rersevoir 6.5 52.8 39.6 36.4  
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[51]. 
The findings imply that the fluorescence-based aptasensor can 

accurately assess >2.85 nM of CPF in superficial waters. However, the 
use of pretreatments like filtration or the implementation of protective 
techniques for the ssDNA before using the aptasensor on-site will be a 
must. 

4. Conclusions 

A novel fluorescence nanostructured biosensor based on ssDNA 
aptamer and carbon dots-graphene oxide was developed for the detec
tion of CPF in water. The molecular mechanism of interaction between 
the aptamer and the target was proposed using bioinformatic tools and a 
docking energy model, elucidating the specific pocket for the detection 
in S1 and the most probable residues involved. This modeling gives 
important insights for system optimization, like the need to apply some 
aptamer modifications to obtain stronger interaction forces with the 
pesticide thus increasing the system sensibility. The system works 
through a FRET mechanism and shows good results for the detection of 
the pesticide with an exponential relationship of the fluorescence re
covery and the pesticide concentration, obtaining a low LOD of 0.01 μg 
L− 1. As it was expected, the specificity of the system is good since other 
organophosphate pesticides which are usually detected with enzymatic 
systems, like profenofos, did not show any signal. Moreover, the apta
sensor was evaluated for the recovery of CPF in superficial natural 
water, showing a good performance in the detection of CPF amounts 
above 2.85 nM in reservoirs with higher conductivity and low amounts 
of dissolved organic matter. Humic substances usually present in some 
water sources have been identified as the main interference factor for 
the on-site use of the proposed aptasensor. To overcome that limitation, 
a simple pre-treatment step like filtration of the sample could be applied. 
Considering the low amount of sample, reagents, and the simplicity of 
the detection process, the practical application of the aptasensor rep
resents a potential advantage to reaching commercial validation, espe
cially when in combination with a portable fluorescent reader. 

Regarding the state of the art, the field evaluation, and the expla
nation about the relationship between water quality and performance is 
scarce in aptasensors works, so this development is highly valuable for 
the scientific community. Strategies like the optimization of the aptamer 
structure generating a truncated alternative, pre-treatment steps, or the 
protection of the aptamer are crucial for the use of the systems in field 
assays. However, the proposed system integrates two types of nano
materials with a novel aptamer technique in a simple way, reaching a 
lower LOD compared to other high-complex systems. This work paves 
the way for the implementation of novel systems based on nanotech
nology and aptamers for the detection of environmental pollutants. 
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biosensors for monitoring environmental pollutants: a critical review, Talanta 
Open 2 (2020), 100006, https://doi.org/10.1016/j.talo.2020.100006. 

[21] X. Cheng, Y. Cen, G. Xu, F. Wei, M. Shi, X. Xu, M. Sohail, Q. Hu, Aptamer based 
fluorometric determination of ATP by exploiting the FRET between carbon dots 
and graphene oxide, Microchim. Acta 185 (2018) 1–8, https://doi.org/10.1007/ 
s00604-018-2683-z. 
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