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Optimisation of a gold nanoparticle-based
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Acephate (Ac) is an organophosphate (OP) compound, which is able to inhibit the activity of
acetylcholinesterase. Thus, the aim of this study was to optimize the detection of Ac using a thiolated
(TABA-Cit-AuNP)
incorporated an image processing technique. The effects of independent variables, such as the
incubation period of TABA-Cit-AuNPs (3—24 h) for binding TABA to Cit-AuNPs, the concentration of
phosphate buffer saline (PBS) (0.001-0.01 M), the concentration of thiolated acephate binding aptamer
(TABA) (50-200 nM), and the concentration of magnesium sulphate (MgSO,) (1-300 mM) were
investigated. A quadratic model was developed using a central composite design (CCD) from response
surface methodology (RSM) to predict the sensing response to Ac. The optimum conditions such as the
concentration of PBS (0.01 M), the concentration of TABA (200 nM), the incubation period of TABA-Cit-
AuNPs (3 h), and the concentration of MgSO,4 (1 mM) were used to produce a TABA-Cit-AuNPs sensor

acephate binding aptamer-citrate capped gold nanoparticle sensor that also
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for the detection of Ac. Under optimal conditions, this sensor showed a detection ranging from 0.01 to

DOI: 10.1035/d1ra04318h 2.73 uM and a limit of detection (LOD) of 0.06 uM. Real sample analysis demonstrated this aptasensor as
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Introduction

Acephate (Ac) is widely used as an organophosphate (OP)
insecticide for the crop protection." It is a highly water-soluble
chemical; therefore, it can easily contaminate groundwater
and soil, in addition to being easily absorbed by plants, which
subsequently accumulate in their edible parts.>* High appli-
cation levels of Ac have resulted in health problems and
created environmental pollution issues." OPs are highly
neurotoxic synthetic compounds® that inhibit cholinesterase
and regulate acetylcholine needed for the functioning of the
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a good analytical method to detect Ac.

nervous system.*” It is important to detect the presence of Ac
even at low levels. In line with this matter, numerous detection
techniques have been developed for the determination of Ops,
including Ac.

Gas chromatography-mass spectrometry (GCMS),*** liquid
chromatography-mass spectrometry (LCMS),”>™** high perfor-
mance liquid chromatography (HPLC),"*"” and surface-
enhanced Raman spectroscopy (SERS)'®2*> are common tech-
niques used for the detection of OPs with high accuracy and
precision. However, their bulky size, complicated operating
procedures, long operation time, and expensive analytical
procedures justify the need for a simple, easy to operate, and
affordable method that can be employed on site. Many sensors
have been developed based on colorimetric**?>* and electro-
chemical®*?® detection methods for the detection of OPs.
However, a rapid, sensitive, and selective method for an accu-
rate detection of Ac remains highly desired.

Sensitive and selective colorimetric detection methods for
OPs have been rapidly developed due to their reliability and
cost-effectiveness.”?*® Noble metal nanoparticles have been
extensively utilised for the development of colorimetric sensors
due to their strong localized surface plasmon resonance (LSPR)
extinction in the visible light region.**** Gold nanoparticles
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(AuNPs) have also been known to be an effective sensor array
owing to their inherent stability and distinct color changes as
the detection takes place.*** This colour change can be easily
distinguished using the naked eye without needing precise instru-
ments.”” In addition, Wang et al (2010) suggested that AuNPs are
ideal candidates for colorimetric assays as they can be prepared in
suitable sizes and possess distance-dependent optical properties.*
The color of AUNP suspension was sensitive to interparticle aggrega-
tion and/or dispersion due to changing interparticle plasmon
coupling and surface plasmon band shift. Moreover, the extinction
coefficient of AuNPs was higher than that of organic dyes,* which
thus enhanced the sensitivity of AuNP-based colorimetric recogni-
tion.>** Therefore, AuNP-based colorimetric assays have been devel-
oped as useful analytical tools for the detection of various analytes
(pesticides, anions, metal ions, and biomolecules) in real samples.*

One of the best approaches to improve the selectivity and
sensitivity of a sensor array is to incorporate molecular
recognition elements such as aptamers to AuNPs.3%**%
Compared to antibodies, aptamers exhibit certain outstanding
merits, such as excellent stability, in vitro synthesis, ease of
modification and fixing, small size, low toxicity, and cost effi-
ciency.** Aptamers are single-stranded, synthetic oligonucle-
otides (DNA or RNA), which fold into 3-dimensional shapes®**¢
and are capable of binding non-covalently and with high
affinity to a target molecule.””*®* They can bind with such
specificity that they can differentiate enantiomers and mole-
cules that differ by as little as one functional group.*” More-
over, molecular interactions between aptamers and their
target molecules are affected by physicochemical conditions of
the binding environment, including both ionic concentration
and pH.***>* Li et al. (2021) developed a label-free target
binding induced aptamer structure switch colorimetric sensor
for ultrasensitive detection of kanamycin based on Exo I-
assisted signal amplification and polycationic protamine
mediated aggregation of negatively charged AuNPs with a low
detection limit of 2.8 x 10~'* M under optimal conditions.**
Besides that, many studies have used AuNPs based apta-
sensors for the detection of OPs, which resulted in notable low
limits of detection (LOD).2%336:56-60

The detection of an analyte is simple and easy using
a colorimetric method; however, there is a concern about
detection accuracy, which may arise when the determination
of color change is only based on naked eyes. Still, enhanced
reproducibility can be achieved by applying an image pro-
cessing technique to convert the captured color images into
RGB (red, green, and blue) values. Image processing tech-
niques have been reported as being an excellent technique to
replace naked eyes for the determination of color change of
a sensor for the detection of OPs.*"** Using image processing,
one can eliminate the subjectivity found when performing
manual readings, thereby promoting accuracy in recognising
the color change caused by the detection of OPs.** Detection
accuracy of Ac was improved using a colorimetric sensor
array consisting of citrate-capped gold nanoparticles (Cit-
AuNPs), which was coupled with an applied image process-
ing.** Ma et al. (2021) developed an AuNPs based colorimetric
sensor for the detection of pesticides, in which the color
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changes of the aggregated AuNPs were captured using
a smartphone camera, and the images were processed to
obtain average RGB (red, green, and blue) values using self-
developed software.®

Recently, Qu et al. (2020) evaluated the effect of pH and
ionic strength (through the addition of common salt (NaCl))
on the sensitivity and selectivity of colorimetric detection
towards ametryn. They noted that pH played a major role
during the detection of ametryn by changing the influence of
aggregation behavior of AuNPs, subsequently affecting its
absorption profiles. Changing the ionic strength of the
sensing solutions might result in improved aggregation
behaviour of AuNPs towards ametryn but might also result in
unstable AuNPs.*® Another study by Hwang et al (2019)
investigated the effect of the concentration of aptamer on
colorimetric capability towards bisphenol A. The concentra-
tion of aptamer played an important role as it could result in
false-positive and negative signals.®” To the best of our
knowledge, however, literature examples using AuNPs based
aptasensors, which are enhanced by adding salt and inte-
grated with image processing techniques, are still lacking for
the sensing of Ac.

Therefore, in this study, we demonstrated using AuNPs,
modified DNA aptamer (modified with thiol group), and
magnesium sulphate salt to enhance the selectivity and
sensitivity of a colorimetric aptasensor for the detection of
Ac. Moreover, image processing was employed to improve the
accuracy of the detection. To obtain the best results for the
detection, the following parameters were optimised using
response surface methodology (RSM) based central
composite design (CCD): the incubation period of thiolated
acephate binding aptamer-based citrate capped AuNPs
(TABA-Cit-AuNPs) (3-24 h) for binding TABA to Cit-AuNPs,
a specific concentration of phosphate buffer saline (PBS)
(0.001-0.01 M), and concentration of magnesium sulphate
(MgSO,) (1-300 mM). Images of the color solution before and
after detection were captured using a portable digital
microscope. Then the colorimetric images were converted to
R, G, B values using Image] software, where later R value was
chosen as the response parameter for enhancement of
detection accuracy.

Materials and methodology
Materials

Thiolated acephate binding aptamer (TABA) with a sequence of 5'-
thiol-AAG CTT GCT TTA TAG CCT GCA GCG ATT CTT GAT CGG
AAA AGG CTG AGA GCT ACG C-3' was purchased from Integrated
DNA Technologies, Singapore. The DNA sequence used in this
research was similar to that used by previous researchers,’**® with
a modification through the addition of a thiol group at the
beginning of the TABA sequence (C5). Gold(m) chloride trihydrate
(HAuCl, - 3H,0; >49% Au basis), acephate (Ac) (C4H;oNO3PS) Pes-
tanal analytical grade, and phosphate buffered saline powder (PBS)
(pH: 7.4) were purchased from Sigma Aldrich, USA. Tri-sodium
citrate dihydrate (CsHsNazO,-2H,0) (Na-Cit) and magnesium
sulphate (MgSO,) were purchased from Merck KGaA, Germany. All

© 2021 The Author(s). Published by the Royal Society of Chemistry
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other chemicals were of analytical grade. All preparation and
dilution of solutions were carried out using Milli-Q water with
a resistivity of 18.2 MQ cm.

Synthesis of citrate capped gold nanoparticles

Citrate capped gold nanoparticles (Cit-AuNPs) were synthesised
by mixing 100 mL of 0.25 mM gold(m) chloride trihydrate and
2 mL of 34 mM Na-Cit in a beaker and heated in a microwave
oven chamber (NN-CS599S, Panasonic) for 10 min at 300 W. The
prepared Cit-AuNPs suspension was then stored in a dark
amber glass bottle at 5.0 & 0.5 °C.

Preparation of thiolated acephate binding aptamer-based
citrate capped gold nanoparticles (TABA-Cit-AuNPs)

Thiolated acephate binding aptamer-based citrate capped gold
nanoparticles (TABA-Cit-AuNPs) suspensions were freshly
prepared for each detection. One hundred pL of TABA was
incubated with the synthesised AuNPs (800 pL) at 25 °C for
a chosen period (between 3.0 to 24.0 h). The suspension was
then centrifuged at 12 000 rpm for 10.0 min to remove excess
TABA and then re-dispersed using Milli-Q water.

Experimental design and statistical analysis

The experiments were designed at three different levels based
on a central composite design (CCD) of response surface

Table 1 Experimental factor in coded and actual units

Standard run number A B C D

1 0.010 200 3.0 1.0
2 0.005 125 3.0 150.5
3 0.005 125 13.5 150.5
4 0.010 50 3.0 300.0
5 0.005 125 13.5 1.0
6 0.005 125 13.5 300.0
7 0.001 200 3.0 1.0
8 0.001 50 3.0 300.0
9 0.010 200 3.0 300.0
10 0.010 200 24.0 1.0
11 0.001 50 24.0 300.0
12 0.005 200 13.5 150.5
13 0.010 50 24.0 300.0
14 0.001 50 3.0 1.0
15 0.005 125 13.5 150.5
16 0.005 125 24.0 150.5
17 0.010 200 24.0 300.0
18 0.010 50 3.0 1.0
19 0.010 50 24.0 1.0
20 0.001 50 24.0 1.0
21 0.001 200 24.0 1.0
22 0.005 125 13.5 150.5
23 0.005 125 13.5 150.5
24 0.001 200 3.0 300.0
25 0.005 125 13.5 150.5
26 0.005 125 13.5 150.5
27 0.010 125 13.5 150.5
28 0.005 50 13.5 150.5
29 0.001 200 24.0 300.0
30 0.001 125 13.5 150.5

© 2021 The Author(s). Published by the Royal Society of Chemistry
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methodology (RSM) using Design Expert 11 software (USA). The
parameters investigated in this study were concentration of PBS
(4) (0.001-0.01 M), concentration of TABA (B) (50-200 nM),
incubation period of TABA-Cit-AuNPs (C) (3.0-24.0 h), and
concentration of MgSO, (D) (1-300 mM). The experimental
design of a total of 30 experimental runs for optimisation of Ac
detection is presented in Table 1.

The response was used to generate a mathematical model,
which relates to the independent variables using a second-
degree polynomial equation as shown in eqn (1).

Y=2Xo+ Xi4 + XoB+ X3C+ X4D + Xs4> + XsB* + X5C* + Xy D?
+ XoAB + X,0AC + X\,AD + X,BC + X\3BD + X,CD (1)

where Y, X,, X;-X;, Xs5-Xg, and Xo-X;, are the predicted
responses, the constant coefficient, linear coefficients,
quadratic coefficients, and interaction coefficients.

Analysis of variance (ANOVA) was used for graphical analyses
of the data to identify the interactions between the variables and
responses. The accuracy of the fitted model was determined by
the R of the coefficient. The significant model terms were
evaluated by their probability values (p-value) at a 95% confi-
dence interval.

Optimisation of acephate detection conditions

Detection of 1.09 mM of Ac for each experimental run was
performed in triplicate under the conditions shown in Table 1. At
first, 100 pL of PBS was added into 100 pL of the prepared TABA-
Cit-AuNPs suspension in a glass vial. Then, 100 pL of Ac was mixed
into the glass vial before adding 100 uL of magnesium salt. Finally,
the glass vial was placed in an image capturing box for image
capturing of the mixture using a portable digital microscope at
a fixed distance of 10.5 cm (Fig. 1).

Image processing of captured images

The captured color images were processed using Image] soft-
ware (Fig. S17). First, each image was cropped to a constant area
carefully, as displayed in Fig. S1(a).f Then, the undesirable
region of the image was cleared by the software (Fig. S1(b)f).
Eventually, the mean RGB values were extracted from the image
(Fig. S1(c) and (d)t), and red value (RV) was used as the response
of the colorimetric aptasensor.

Retort stand

Portable Digital
Microscope

Image
. —_—
capturing box

==
=

Ac-TABA-Cit-AuNPs/ Blank

Fig. 1 Schematic of experimental set-up for detection of Ac assisted
by image processing technique.
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Validation of the detection optimum conditions

Validation of the detection optimum conditions was conducted
by detecting 1.09 mM of Ac (1.09 mM) at the following proposed
optimum conditions by CCD-RSM: concentration of PBS (0.01
M), concentration of TABA (200 nM), incubation period of
TABA-Cit-AuNPs (3 h), and concentration of MgSO, (1 mM) in
five replications. In brief, 100 pL of PBS was added to 100 pL of
the prepared TABA-Cit-AuNPs suspension in a glass vial. Then,
100 pL of Ac was mixed into the glass vial before adding 100 pL
of MgSO,. Eventually, the mean of experimental response (RVs)
was determined using the standard curve of AC and compared
with the mean of predicted response (RVs).

Development of acephate standard curve

The detection of various concentrations (0.01, 0.03, 0.05, 0.14,
0.27, 0.55, 1.36, and 2.73 pM) of Ac was conducted under
optimum conditions in 3 replications for the construction of the
Ac standard curve.

Real sample analysis

To assess the applicability of the colorimetric aptasensor, real
sample analysis was studied by spiking real samples (tap water and
lake water) with Ac at chosen concentrations (0.05, 0.27, 0.55, and
2.73 mM) under optimum conditions. All collected water samples
were filtered through filter paper and kept at 5 °C in a dark capped
bottle. Next, in a glass vial, 100 pL of the Ac spiked water sample
was added to the prepared TABA-Cit-AuNPs. Then, 100 pL of
300 mM MgSO, containing Mg”* ion was added to the mixture.
The images of the Ac-TABA-Cit-AuNPs complex formed were
photographed and digitised. Eqn (2) was used to calculate the
recovery of Ac in various water samples, where the calculated
concentration of Ac was determined from the standard curve of Ac.

calculated concentration (uM)
spiked concentration (uM)

Percentage recovery (%) =

% 100% )

Independent t-test

All independent ¢-test analyses were conducted using Minitab
18 software at a 95% confidence level.

Results and discussion

In this study, a total number of 30 experiments of four different
combinations of tested parameters involving PBS concentra-
tion, TABA concentration, incubation period of TABA-Cit-
AuNPs, and MgSO, concentration were evaluated. The results
of mean RVs according to the central composite design are
shown in Table 2. In this design, the experimental data were
analysed using multiple regression analysis and then generated
through a second-order polynomial equation, where mean RVs
were a function of the four tested independent parameters.
The following second-order polynomial is shown in eqn (3):
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Table 2 Experimental factors in coded and actual units and experi-
mental responses

Response (RVs)

Experimental Experimental Predicted
run A B c D data data
1 0.010 200 3.0 1.0 33.97 £0.68 33.09
2 0.005 125 3.0 150.5 38.13 £0.32 38.32
3 0.005 125 13.5 150.5 43.10+1.45 43.14
4 0.010 50 3.0 300.0 44.25+0.11 44.29
5 0.005 125 13.5 1.0 36.99 £0.41 37.55
6 0.005 125 13.5 300.0 43.65+1.04 43.13
7 0.001 200 3.0 1.0 37.91 £0.67 38.37
8 0.001 50 3.0 300.0 43.11 +1.38 43.34
9 0.010 200 3.0 300.0 43.32+0.41 43.69
10 0.010 200 24.0 1.0 36.10 +£2.07 36.20
11 0.001 50 24.0 300.0 37.64 +2.12 38.17
12 0.005 200 13.5 150.5 46.89 £1.84 47.73
13 0.010 50 24.0 300.0 41.18+0.33 41.06
14 0.001 50 3.0 1.0 38.07£1.91 37.84
15 0.005 125 13.5 150.5 43.57 +£1.73 43.14
16 0.005 125 24.0 150.5 37.45+£0.07 37.29
17 0.010 200 24.0 300.0 41.95+0.52 41.84
18 0.010 50 3.0 1.0 35.07 £2.33 35.35
19 0.010 50 24.0 1.0 36.95+0.49 37.07
20 0.001 50 24.0 1.0 37.66 +£1.11 37.62
21 0.001 200 24.0 1.0 39.92 £ 1.27 39.54
22 0.005 125 13.5 150.5 42.48 £1.17 43.14
23 0.005 125 13.5 150.5 43.66 + 1.43 43.14
24 0.001 200 3.0 300.0 45.98+2.40 45.53
25 0.005 125 13.5 150.5 42.70 4+ 2.37 43.14
26 0.005 125 13.5 150.5 43.43 £0.12 43.14
27 0.010 125 13.5 150.5 42.72 4+ 0.33 42.93
28 0.005 50 13.5 150.5 47.87 £1.44 47.07
29 0.001 200 24.0 300.0 41.69 +0.60 41.75
30 0.001 125 13.5 150.5 44.31 +£2.11 44.13

Y =43.14 — 0.604 + 0.33B — 0.52C + 2.79D — 0.704B
+0.484C + 0.864D + 0.35BC + 0.41BD — 1.24CD
+0.404% + 4.268> — 5.33C* — 2.80D* (3)

where Y = mean RV; 4, B, C, and D are coded values of PBS
concentration, TABA concentration, the incubation period of
TABA-Cit-AuNPs, and MgSO, concentration, respectively. Based
on the above equation, the quadratic model was generated and
evaluated by the determination of F-value and p-value, and it
was found to be 77.39 and <0.0001, respectively. This indicated
that our developed model was highly significant.®”* The model
fitness was assessed through a non-significant p-value lack of fit
test, which was found to be 0.2809, thus revealing that there was
a28.09% chance that the lack of fit could be largely due to noise,
confirming its validity.” The applicability of the developed
model was determined using the values of R*, adjusted R, and
coefficient variance (CV).* The R value was 0.986, revealing
that only 1.4% of the model's variability could not be
explained.”®”® Furthermore, the expected R* value was 0.931,
which was close to the R* value (0.986), thus exhibiting a good
correlation between the experimental and predicted data.”*”®
The developed model thus shows good reliability and high

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Analysis of variance (ANOVA) for response surface quadratic
model for RVs

Source Sum of squares df Mean square F-Value p-Value
Model 377.00 14 26.93 77.39  <0.0001“
A 6.44 1 6.44 18.52 0.0006°
B 1.95 1 1.95 5.61 0.0317°
c 4.79 1 4.79 13.76 0.0021°
D 139.75 1 139.75 401.65 <0.0001°
AB 7.77 1 7.77 22.33 0.0003¢
AC 3.76 1 3.76 10.79 0.0050“
AD 11.80 1 11.80 33.92  <0.0001“
BC 1.93 1 1.93 5.54 0.0326“
BD 2.74 1 2.74 7.87 0.0133¢
cD 24.52 1 24.52 70.48  <0.0001“
A? 0.4059 1 0.4059 1.17 0.2972°
B> 47.10 1 47.10 135.38  <0.0001“
c* 73.58 1 73.58 211.47 <0.0001%
D? 20.25 1 20.25 58.21  <0.0001“
Residual  5.22 15 0.3479 — —
Lack of fit 4.05 10 0.4055 1.74 0.2809°
Pure error 1.16 5 0.2329 — —
Cor total  382.22 29 — — —
R>=0.986 R®adjusted = 0.974 R’ predicted =  C.V. = 1.44%
0.931

“ Significant.  Not significant.

precision based on the low coefficient of variance (C.V.) ob-
tained (1.44).7%7

All the tested independent parameters, such as the concen-
tration of PBS (4), the concentration of TABA (B), the incubation
period of TABA-Cit-AuNPs (C), and concentration of MgSO, (D)
had significant effects on the reduction in RV values, as shown
in Table 3, which reflects the degree of aggregation of Ac-TABA-
Cit-AuNPs complexation. Besides that, all the linear coefficients
(4, B, C, and D), cross-product coefficients (AB, AC, AD, BC, BD,
and CD), and quadratic coefficients (B>, C*, D*) were significant
with their p-values being <0.05. Among the tested parameters,
MgSO, concentration was found to have a major influence on
the aggregation of Ac-TABA-Cit-AuNPs based on the high F-
value of 401.65 obtained compared to other parameters.
Meanwhile, the concentration of TABA was found to have the
least significant effect on the aggregation of Ac-TABA-Cit-
AuNPs.

Three-dimensional response surface (3D) and contour plots
were plotted through the second-order polynomial equation
(eqn (3)) to better understand the four tested parameters’
behaviour towards the RVs.

In these graphical plots, the RVs were obtained by varying
the values of two different tested parameters, while the other
two parameters were fixed at constant values. The shape of the
contour plots, whether circular or elliptical, indicates the
significance of interactions between variables.”® A circular
contour represents a less significant effect; meanwhile, ellip-
tical contours represent a high significance effect on the inter-
action between variables.”®””

The combined effect of independent parameters on the
sensitivity of the sensor towards the detection of 1.09 mM Ac is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Response surface plot showing the effect of (a) concentration of
PBS and concentration of TABA, (b) concentration of PBS and incubation
period of TABA—Cit-AuNPs, (c) concentration of PBS and concentration of
MgSQOy,, (d) concentration of TABA and incubation period of TABA-Cit-
AuNPs, (e) concentration of PBS and concentration of MgSO,4 and (f)
incubation period of TABA-Cit-AuNPs and concentration of MgSQOa.
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Fig. 3 Numerical optimisation parameter of RVs.
Table 4 Results for detection of various concentrations of Ac at the optimum conditions
Concentration of Ac (UM) Blank 0.01 0.03 0.05 0.14 0.27 0.55 1.36 2.73
Mean RVs 145.5 143.1 140.2 138.7 135.4 127.1 115.6 82.3 36.2
Standard deviation 0.80 0.14 0.19 0.06 0.44 0.27 0.15 0.80 0.15
Relative standard variation (%) 0.55 0.10 0.13 0.04 0.33 0.21 0.13 0.98 0.42
p-Value — 0.037 0.008 0.005 0.000 0.000 0.000 0.000 0.000

depicted in Fig. 2. It was observed that the lowest RVs, which
represented the highest degree of aggregation of Ac-TABA-Cit-
AuNPs complex, was 39.343. Fig. 2a illustrates the effect of TABA
concentration and PBS concentration on RVs value of the
developed sensor. It appears that lower RVs values were found
when the range of TABA concentrations was 110-140 nM, and
there was no notable change in RVs when decreasing or

75

Mean RVs

50

25

0.8

1.2

increasing the PBS concentration. Fig. 2b shows the effect of the
incubation period of TABA-Cit-AuNPs and PBS concentration.
Similar to the observations in Fig. 2a, the PBS concentration
had less impact on RVs values. A rise in RVs value was observed
with increasing the incubation period of TABA-Cit-AuNPs from
3 h to 13 h, and RVs slightly declined after 13 h. Fig. 2 ¢
demonstrates the effect of MgSO, concentration and PBS

y = 140.82 - 39.545x
R?=0.9921

1.6 2 2.4 2.8

Concentration of Ac (uM)

Fig. 4 Standard curve of Ac by optimised colorimetric aptasensor coupled with image processing.
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Fig. 5 Schematic illustration of the mechanism detection of acephate using AuNPs based-aptasensor.

concentration. At a fixed concentration of PBS, as MgSO,
concentration decreased from 300 to 1 mM, RVs values signif-
icantly decreased. The effect of the incubation period of TABA-
Cit-AuNPs and TABA concentration is depicted in Fig. 2d.
Obviously, the highest RVs could be obtained at the incubation
period of 12-15 h either at 50 nM or 200 nM TABA concentra-
tion. The effect of MgSO, concentration, TABA concentration,
and incubation period of TABA-Cit-AuNPs is shown in Fig. 2e
and f. It is clearly seen that a lower concentration of MgSO,
resulted in lower RVs. Meanwhile, RVs decreased with a decline
in TABA concentration from 110-140 nM and slightly increased
beyond 140 nM. Based on the contour plot (Fig. 2f), the highest
and lowest RVs were observed at 240.20 nM MgSO, concentra-
tion at 13.50 h and 1 nM MgSO, concentration at 1 h,
respectively.

The detection of Ac was improved when PBS (0.01 M) (pH:
7.4) was used, as it provided a neutral condition for the detec-
tion (Fig. 2b and c). Similar optimum working pH (nearly
neutral) of TABA were reported by previous researchers.”®”® The
detection was also enhanced as the TABA concentration increased
due to a higher number of binding sites available for Ac, as shown
in Fig. 2d and e. In addition, the formation of covalent bonding
between thiol-modified TABA and Cit-AuNPs causes the formation
of a strong suspension of TABA-Cit-AuNPs.*>?***% A sufficient
incubation period for the formation of TABA-Cit AuNPs complex is
crucial to ensure Cit-AuNPs surfaces are fully immobilised with
TABA, providing more binding sites for Ac and reduce non-specific
binding®* towards Ac. A certain amount of MgSO, was required
because of its specific binding to the Ac-TABA-Cit-AuNPs complex,
which weakens the repulsive forces between them and facilitates
aggregation of the Ac-TABA-Cit-AuNPs complex.*** Thus, the
colour change is improved from red to blue with and without the
presence of Ac. The maximum aggregation for the Ac-TABA-Cit-
AuNPs complex was influenced by aptamer folding, which can
be seen in Fig. 2¢.5%%”

Optimisation of acephate detection conditions

The most important part of this study was the determination of
optimum sensing conditions for the detection of 1.09 mM Ac,
which would be demonstrated by the lowest RVs due to maximum
aggregation. Optimisation was carried out using a Design Expert
numerical optimisation method. The optimum sensor perimeter
to achieve RVs = 33.10 with composite desirability of 1.000 was
suggested with the following conditions (Fig. 3).

The predicted and experimental values of RVs were 33.10
and 33.96, respectively, for the detection of 1.09 mM Ac under

© 2021 The Author(s). Published by the Royal Society of Chemistry

optimal conditions. A comparison between the predicted and
experiment results indicated that the percentage error was
2.6%. The optimized values for the concentration of PBS,
concentration of TABA, concentration of MgSO, and incubation
period of TABA-Cit-AuNPs were found to be 0.01 M, 200 nM,
1 mM, and 3 h, respectively, as shown in Fig. 3.

Standard curve of acephate

Using the optimised sensor, detection at different concentra-
tions (0.01, 0.03, 0.05, 0.14, 0.27, 0.55, 1.36, and 2.73 uM) of Ac
was conducted in 3 replications under optimal conditions. A
statistical tool (independent ¢-test) was used to identify any
significant differences between the RVs of blank and Ac for all
cropped images at a 95% confidence level. The results of the
detection and the analysis are summarised in Table 4.

The significant difference between the two RVs was deter-
mined from the p-value of the ¢-test. The results revealed that all
mean RVs values of Ac (0.01-2.73 uM) had a significant differ-
ence compared to that of the blank as indicated by p-values of
<0.05. Therefore, the results indicated the promising potential
of the colorimetric sensor for the detection of Ac. Standard
deviations (RSDs) were applied to evaluate the reproducibility of
the results in this study. In addition, the study by Hongsibsong
et al. (2020) also used RSDs as the coefficient of variation to
evaluate the reproducibility of their results.®® According to Gao
et al. (2013), the coefficient of variation is usually termed as RSD,*
whereas Cozma et al. (2015) concluded that there was no signifi-
cant intra-assay and inter-assay variation within the run and
between the runs for aliquots of the sample with an RSD% < 15%.%
Based on the results (Table 4), detection of Ac (0.01-2.73 uM)
under optimal conditions demonstrated good reproducibility as
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Table 5 Detection results of tap water and lake water spiked with Ac

Water sample Tap water Lake water

Spiked concentration (uM) 2.73 0.55 0.27 0.05 2.73 0.55 0.27 0.05
Calculated mean concentration (uM) 2.744 0.553 0.273 0.054 2.765 0.597 0.329 0.053
Standard deviation 0.029 0.027 0.004 0.002 0.031 0.012 0.012 0.002
Relative standard deviation (%) 1.043 4.833 1.416 3.277 1.137 1.970 3.666 4.056
Percentage recovery (%) 100.5 100.5 101.3 108.4 101.3 108.6 121.8 106.0

indicated by the low RSDs values (<1%). Thus, the developed
colorimetric aptasensor can be used for the detection of Ac.

The mean values of RVs were used in developing a linear
regression model to detect Ac in a linear range of 0.01-2.73 pM
(Fig. 4). The calibration curve displays a high correlation of
coefficient value (0.9921). The limit of detection (LOD) of Ac was
found to be 0.06 uM, which was calculated using the formula
reported by Bala et al. (2016).”*

Fig. 5 illustrates the proposed detection mechanism using
the colorimetric aptasensor. After AuNPs are synthesized using
the citrate reduction method, TABA is immobilised on the
surface of AuNPs through the formation of covalent bonding
between Au and S (from the thiol group of the aptamer), which
is stronger than the electrostatic attraction of Au-citrate form-
ing the TABA-Cit-AuNPs complex. In the absence of Ac, the
TABA-Cit-AuNPs complex is stabilised by a repulsive electro-
static interaction between negatively charged phosphate group
ions of TABA with the counter-ions in the medium, which
prevents the AuNPs aggregation and maintains the red colloidal
AuNPs solution against high concentrations of magnesium
sulfate.” Upon the introduction of Ac, the interaction between
Ac and aptamer sequences induces a conformal change in TABA
and hinders its electrostatic repulsion between the negatively
charged phosphate group of TABA with the counter-ions in the
medium. As a result, AuNPs aggregate with the addition of
magnesium sulfate, which then leads to a color change of the
colloidal AuNPs solution from red to purple.®* A similar expla-
nation of the effect of adding NaCl was reported by Bala et al.
(2016).°* The results also showed that the sensitivity of detection
could be enhanced with the addition of magnesium sulfate.

Real sample analysis

Fig. 6 shows the results of mean RVs obtained from the detec-
tion of Ac in different water samples. Water samples from two
different sources (tap water and lake water) were taken and
spiked with different Ac concentrations (2.73, 0.55, 0.27, and
0.05 uM). The concentrations of Ac in the real samples were
then calculated against the standard curve and presented in
UM. Good and notable recovery was found and recorded,
namely between 100% to 122% for all the samples tested (Table
5). Furthermore, the value was comparable with an acceptable
RSD, thus validating the employability of the optimized sensor

25940 | RSC Adv, 2021, 1, 25933-25942

for the detection of Ac. The same conclusion was made in
a previous study.**

Conclusions

CCD-RSM was successfully used for the optimisation of colori-
metric detection of Ac. CCD-RSM gave a better understanding of
the relationship of all parameters on the digitised RVs values of
the complex formed after exposure to Ac. Based on the ANOVA
analysis, a small lack of fit value and the C.V. value proved that
the developed model has a low level of pure error and showed
good reliability and high precision. The TABA-CIt-AuNPs apta-
sensor was optimised as suggested by the results of the CCD-
RSM based on the parameters that produced the lowest RVs
values. The optimised parameters suggested by numerical
optimisation (0.01 M concentration of 100 puL PBS, 200 nM
concentration of 100 pL TABA, 3 h incubation period of TABA-
Cit-AuNPs, and 1 mM concentration of 100 pL MgSO,)
demonstrated the good potential for Ac detection by the apta-
sensor with the LOD being 0.06 pM. Good recovery was recorded
for both tap water and lake water samples, which indicated that
the optimized sensor could be a good candidate for on-site
detection of Ac.
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