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Methylphosphonic Acid Detection using DNA Aptamer-Citrate
Capped Gold Nanoparticles Enhanced by Digital Image Analysis
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Methylphoshonic acid (MPA) is a metabolite of several organophosphorus (OP) nerve agents.
The aim of this study was to optimise MPA detection by gold nanoparticles capped with DNA
aptamer-citrate using a centred central composite design response surface methodology. The
independent variables investigated included the concentration of citrate-capped gold
nanoparticles (cit-AuNPs) (A), concentration of DNA aptamer (D), and the incubation period
(P) for binding the cit-AuNPs to the DNA aptamer. Analysis of variance (ANOVA) was used to
determine the significance of the variables and the interactions between them. A second-order
polynomial model was developed to predict the detection response (ARGB value). The results
demonstrated that A, D, P, A?, D?, P?, AP, and DP were factors that significantly affected ARGB
values at a 95% confidence level. Good correlations between the experimental and predicted
values were supported by the high F-value (721.09), very low p-value (<0.0001), non-significant
lack of fit, and a high coefficient of determination (R? = 0.9944). The optimum concentration of
cit-AuNPs, concentration of DNA aptamer, and incubation period for binding cit-AuNPs to the
DNA aptamer were found to be 0.34 nM, 3.9 uM, and 18 min, respectively. A practical
application of this sensor is as an environmental monitoring tool for on-site detection of MPA.
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Chemical warfare agents (CWAS) are extremely toxic
synthetic chemicals that can be dispersed as gases,
liquids or aerosols or as agents adsorbed to particles to
form a powder. These CWAs have either lethal or
incapacitating effects on humans [1]. Among the
chemical warfare agents, the nerve agents (NAs) are
particularly hazardous. These cause rapid and severe
health effects by blocking the function of acetylcho-
linesterase, an enzyme that is vital to the central
nervous system [2-4]. NAs are a subcategory of
organophosphorus (OP) compounds, and they have
been used in wars and terrorist activities [5]. They
decompose rapidly with water via hydrolysis to yield
corresponding alkyl phosphonic acids, phosphonothioic
acids and various alkyl amino ethanol compounds
when NAs are exposed to the environment [6-7], and
these eventually degrade to methylphosphonic acid
(MPA) via hydrolysis [7]. MPA is resistant to
photolysis, hydrolysis, and biodegradation because the

bond formed between carbon and phosphorus in the
MPA molecule cannot be cleaved or metabolized by
plants or animals; thus MPA is a stable hydrolysis
product [8]. Thus, the degradation products of NAs
can be an indicator of NAs in the environment and
may play a key role in assessing the degree of parent
agent contamination [9]. Portable and rapid field
detection of NA hydrolysis products is desirable for
screening purposes and to augment standard
laboratory methods [10].

Sensitive and selective colorimetric sensors
have been widely adopted as they are simple, rapid,
precise and use common laboratory instruments [11].
Colorimetric biosensors can detect a particular analyte
based on colour changes easily seen by the naked eye
or by using simple portable optical detectors for
quantitative measurement [12]. Indeed, the accuracy
of the colorimetric method by the naked eye can be
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increased using digital image analysis. In a previous
study, a digital image-based method using an office
scanner was utilized to determine OPs in food samples
[13]. Later, Fu et al. [14] developed a smartphone-
based colorimetric dipstick reader for rapid
monitoring of OPs. A digital image-based method was
utilized in the determination of organophosphates and
carbamates [15]. Image analysis has also been applied
to enhance the accuracy of acephate detection [16]. In
addition, the colorimetric biosensor may be modified
using either nanoparticles or biological recognition or
both [17]. Gold nanoparticles (AuNPs) are extensively
used in colorimetric sensing due to their simplicity,
cost-effective fabrication, and ease of use [18-19].
Aptamers are single-stranded oligonucleotides (DNA
or RNA) that form stable and specific complexes with
the target molecules by changing conformation [20-
22], and have been used to enhance the selectivity of
sensors. For example, the synergistic molecular
assembly of aptamers on AuNPs was also reported by
Abnous et al. [23] for the selective and sensitive
colorimetric detection of malathion in spiked human
serum samples. Moreover, Mondal et al. [24]
conjugated AuNPs with aptamers, which resulted in
the aggregation of AuNPs, and the colour of the AUNP
solution changed from red to blue/violet. Furthermore,
Liu et al. [25] developed a colorimetric detection
method based on broad-spectrum aptamers on AuNPs
for specific recognition of isocarbophos and
omethoate. However, to the best of our knowledge,
there is little research on colorimetric biosensors for
detecting NA degradation products.

The main objective of this study was to develop
DNA aptamer-cit-AuNPs for the detection of MPA,
with detection accuracy enhanced by digital image
analysis. To achieve this objective, optimisation of
detection conditions (including concentration of cit-
AuUNPs, the concentration of DNA aptamer, and the
incubation period for binding cit-AuNPs with DNA
aptamer) was performed using response surface
methodology (RSM) based on a face-centred central
composite design (FCCCD).

EXPERIMENTAL
1. Materials

Gold (1) chloride trihydrate (HAuCl4+.3H.0) was
purchased from Sigma (USA). Trisodium citrate
dihydrate (CsHsNazO7.2H,0) and methylphosphonic
acid (CH3P(O)(OH),) were purchased from Merck
(Germany) and used without further purification.
Thiolated DNA aptamer (5°-/5ThiolMC6-D/ATC
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CGT CAC ACC TGC TCT CGA TGA GAC AAG
AGG AAC ACG GCA CAA TTG ATT TAA TGG
TGT TGG CTC CCG TAT-3") [26] and IDTE buffer
pH 8.0 (IXTE solution) were purchased from
Integrated DNA Technologies (Singapore).

2. Preparation of Solutions

2.1. Gold (I11) Chloride Trihydrate and
Trisodium Citrate Dihydrate Solutions

Briefly, 100 mL solutions each containing 0.2157 mM
of gold (111) chloride trihydrate (HAuCl4.3H20) and
34 mM trisodium citrate dihydrate were prepared
using MilliQ water (18.2 MQ.cm, Milli-Q, Millipore)
in different volumetric flasks.

2.2.  Methylphosphonic Acid Stock and Working
Solutions

A stock solution of 50 mM methylphosphonic acid
(MPA) was prepared by dissolving the desired amount
of MPA with MilliQ water in a volumetric flask. This
was then stored at 4 °C for further use. MPA working
standard solutions were freshly prepared by serial
dilution of the MPA stock solution with MilliQ water.

2.3. DNA Aptamer Stock and Working Solutions

A stock solution of DNA aptamer (100 uM) was
prepared by dissolving the DNA aptamer with 828 pL
IDTE buffer solution. For the detection of MPA, DNA
aptamer working solutions were freshly prepared by
dilution.

3. Synthesis of Citrate-capped Gold Nano-
particles (cit-AuNPs)

Unmodified cit-AuNPs were synthesised according to
Turkevich et al. [27] by reduction of tetrachloroauric
acid (HAuCly) by trisodium citrate solution. Gold (I11)
chloride trihydrate solution (100 mL, 0.2157 mM) was
boiled to 100 °C in a 250 mL conical flask while
stirring at 1,500 rpm for 15 min. Then, 2 mL of 34 mM
trisodium citrate solution was added to the gold (l11)
chloride trihydrate solution under vigorous stirring.
The solution eventually changed from pale yellow to
a light red wine, indicating the formation of cit-
AuNPs. The solution was allowed to cool to room
temperature, and then centrifuged at 12,000 rpm for 30
min to remove excess trisodium citrate. The
precipitate (concentrated cit-AuNPs) was collected
and stored at 4 °C for further use. A schematic diagram
of the synthesis is shown in Figure 1.
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Figure 1. Schematic diagram of citrate-capped gold nanoparticles (cit-AuNPSs) synthesis (created with Chemix)
(https://chemix.org).

The synthesised cit-AuNPs had a concentration
of 0.538 nM, according to the calculation proposed by
Zuber et al. [28].

CAu * MAu )
3
% Pay * Daynps™ * Ny

Caunps = 6(

where Caunes is the molar concentration of the cit-
AUNPs (M), Ca, is the molar concentration of the gold
atoms/ions (M), May is the molecular weight of gold
(gmol™), pay is the density of gold (19.3 g.cm™3), Daunps
is the diameter of the cit-AuNPs and Na is the
Avogadro constant (mol). The mean diameter of the
cit-AuNPs synthesised in this study (23.5 nm) was
determined from our previous study [29].

3.1. Characterisation of cit-AuNPs

3.1.1. Fourier transform infrared (FTIR) spectro-
scopy

FTIR spectra were recorded on a Perkin Elmer
Frontier spectrophotometer. One microlitre of the
centrifuged AuNPs was placed on the diamond crystal

plate. Infrared spectra of the sample were recorded in
the region of 400-4000 cm™,

3.1.2. Ultraviolet-visible (UV-vis) spectrometry

The UV-vis spectrum of the centrifuged AuNPs was
recorded on a UV-3600i Plus UV-Vis-NIR spectro-
photometer (Shimadzu, Japan) at a wavelength range
of 300 to 900 nm.

3.2.  Experimental design

In this study, the response surface methodology
(RSM) method based on the face-centred central
composite design (FCCCD) was used to design the
experiment and optimise the DNA aptamer/cit-
AuNPs colorimetric assay using Minitab 17
software. The optimisation involved the following
three factors: concentration of the cit-AuNPs (A),
concentration of the DNA aptamer (D), and
incubation period for binding the cit-AuNPs with
the DNA aptamer (P), at their low, centre, and high
levels as presented in Table 1. The experimental
design required 20 experimental runs to optimise
the factors with 8 factorial points, 6 centre points in
cube, and 6 axial points (Table 2).



4 Fellyzra Elvya Pojol, Nur Athirah Zulkifli, Keat Khim Ong,
Mohd Junaedy Osman, Jahwarhar lzuan Abd Rashid,
Wan Md Zin Wan Yunus, Siti Hasnawati Jamal, Syed
Mohd Shafiqg Syed Ahmad and Chin Chuang Teoh

Methylphosphonic Acid Detection using DNA
Aptamer-Citrate Capped Gold Nanoparticles
Enhanced by Digital Image Analysis

Table 1. Independent variables and their levels used for MPA detection by DNA aptamer/cit-AuNPs.

Symbol Factor Unit Low level | Centre level High level
(-1) ) (+1)

A Concentration of cit- nM 0.27 0.35 0.43
AuNPs

D Concentration of DNA UM 1 5 9
aptamer

P Incubation period for min 0 30 60
binding cit-AuNPs with
DNA aptamer

Table 2. Design matrix of the independent variables investigated in this study.

Run order Concentration Concentration Incubation

of cit-AuNPs of DNA period for

(nM) aptamer binding cit-

(uM) AUNPs with

DNA
aptamer
(min)
1 0.35 5 30
2 0.27 9 0
3 0.35 5 30
4 0.27 1
5 0.43 9

6 0.35 5 30
7 0.27 9 60
8 0.35 5 30
9 0.35 5 60
10 0.43 9 60
11 0.35 5 30
12 0.35 9 30
13 0.27 5 30
14 0.35 5 30
15 0.27 1 60
16 0.43 1 0
17 0.35 5 0
18 0.43 5 30
19 0.35 1 30
20 0.43 1 60

The experimental design was evaluated with a
second-order polynomial model using multiple linear
regression based on equation (1):

Y =B, + X BiXi + X B XiX; + X BuX? 1)

where Y is the predicted response (ARGB), f, is the
intercept, fi is the effect of the linear term, g is the

effect of the quadratic term, g is the effect of the
interaction term, and X; is the coded value of the
corresponding i factor.

The significance, adequacy, and validity of the
model were evaluated by analysis of variance
(ANOVA), and a p-value of less than 0.05 indicated
significance at a 95% confidence level. Three-



ARGB =4/(Ro— R1)? + (Go—G1)” + (Bo— B1)®

5 Fellyzra Elvya Pojol, Nur Athirah Zulkifli, Keat Khim Ong,

Mohd Junaedy Osman, Jahwarhar l1zuan Abd Rashid,
Wan Md Zin Wan Yunus, Siti Hasnawati Jamal, Syed
Mohd Shafiqg Syed Ahmad and Chin Chuang Teoh

dimensional (3D) surface plots were used to visualize
the interactive effects between two independent
variables and the response [30]. Minitab 17 response
optimiser was used to determine the optimum
conditions for the colorimetric assay.

3.3. Colorimetric detection of MPA

A desirable volume of cit-AuNPs was mixed with 1
puL of DNA aptamer in a 3 mL screw-cap glass vial
and incubated at 37 °C for a certain period (Table 2).
Subsequently, MPA was added into the vial until the
solution reached a total volume of 1 mL, and then the
mixture was swirled. After 20 seconds, the colour of
the solution was captured using a smartphone that was
placed at a distance of 9 cm from the sample in an
image capturing box. The experiments were
conducted at room temperature.

3.4. Image processing of the captured images

The captured images of the solutions were analysed
using an ImageJ software to obtain digital red (R),
green (G) and blue (B) values. At first, the captured
image of the solution from above was analysed using
the “oval” tool in the software to highlight the desired
area and to remove the background lighting effect. The
R, G, and B values were then measured and used to
calculate the response (ARGB) by subtracting the
colour intensity of the blank and sample using
Equation 2 [31].

where R,, Go, and By are red, green, and blue values
for the blank, while R1, G1, and B; are red, green, and
blue values for MPA, respectively.

RESULTS AND DISCUSSION
1. Characterisations of cit-AuNPs

The cit-AuNPs were synthesised based on the
chemical reduction of gold ions (Au®*) to gold atoms
(Au®) using trisodium citrate. In this study, the
centrifuged cit-AuNPs were characterised by FTIR
and UV-vis spectroscopy.

1.1. FTIR spectroscopy

Attenuated total reflectance-Fourier transform
infrared spectroscopy (ATR-FTIR) measurements
were conducted on the trisodium citrate dihydrate and
cit-AuNPs samples to confirm the formation of cit-
AUNPs, and the resulting spectra are shown in Figure
2. The characteristic band for citrate can be observed

)
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in the spectrum of trisodium citrate at 1580 cm which
is assigned to carboxylate (COO") asymmetric
stretching, as shown in Figure 2a. Other peaks at 1278
cm*and 1078 cm™ are due to C-O stretching (C-O S).
In addition, a small peak at 610 cm™ represents
carboxylate bending (COO" bending).

In the FTIR spectrum of cit-AuNPs (Figure
2b), a broad band above 3000 cm™ suggests O-H
stretching and indicates the presence of water mole-
cules. These peaks are related to the interaction of
water with the free carboxylic acid groups of the
adsorbed citrate anions on the nanoparticles, and the
high intensity of this absorption band is due to hydro-
gen-bonding arising from the (—COOH H,0O --HOOC-)
intermolecular interaction [32]. It is well-known that
carboxylic acid molecules with no other polar groups
usually exist predominantly as the hydrogen-bonded
dimer, which results in a very broad OH stretching
band around 3000 cm-* [33]. A sharp peak at 1638 cm"
! can be assigned to COO-asymmetric stretching. When
comparing the peaks for COO™ asymmetric stretching
in both spectra, it was observed that the COO-
asymmetric stretching peak in the cit-AuNPs spectrum
had shifted to a higher wavenumber, indicating that
the binding of cit-AuNPs had occurred through uni-
dentate coordination of citrate ions anchoring only one
oxygen atom [34-36]. Similar results were reported by
Osman et al. [36]. There was also a noticeable broad
band at 546 cm* which may be due to COO- bending.
These results confirmed the presence of citrate anions
in the synthesised cit-AuNPs.

1.2. UV-vis Spectroscopy

Gold nanoparticles exhibit a distinct optical feature
commonly referred to as localized surface plasmon
resonance (LSPR), which is the collective oscillation
of electrons in the conduction band of AuNPs in
resonance with a specific wavelength of incident light.
LSPR of AuNPs result in a strong absorbance band in
the visible region (500 nm-600 nm), which can be
measured by UV-vis spectroscopy. Figure 3 shows the
absorbance spectrum of the synthesised cit-AuNPs,
where the LSPR peak was observed at around 520 nm.
The presence of the LSPR peak indicates the
successful synthesis of AuNPs from the reduction of
Au¥* of HAuUCI.3HO solution. Jiang et al. [37]
attributed this peak to the transverse ligand mode (in-
phase) of the induced dipole. In addition, Gosh and Pal
[38] suggested that the transverse mode showed a
resonance coinciding with the plasmon band of
spherical particles, e.g., at 520 nm. The shape and
position of surface plasmon absorption depends on the
particle size, its shape and the dielectric constant of the
surrounding medium [39-40]. Obviously, a sharp
peak found in the spectrum (Figure 3) indicates a
uniform particle size [41].
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Figure 2. FTIR spectra of (a) trisodium citrate and (b) centrifuged AuNPs.
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Figure 3. Absorption spectrum of the synthesised cit-AuNPs
2. Experimental Design and Statistical experimental runs was conducted, and the results of
Analysis the experimental responses were compared with the

In this study, FCCCD based on RSM was used to
determine the influence of certain factors (concentration
of cit-AuNPs, concentration of DNA aptamer, and
incubation period for binding cit-AuNPs with DNA
aptamer) on the colorimetric assay. A set of 20

predicted responses (Table 3). Higher experimental
and predicted responses (ARGB) were obtained in
the current study as compared to our previous study
[42] where cit-AuNPs were synthesised using an
“inverse” cit-AuNPs synthesis method and used in
the detection of MPA.
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Table 3. Response surface design using FCCCD and the experimental and predicted responses.

Run Concentration of Concentration of | Incubation period Response, ARGB
cit-AuNPs (nM) DNA aptamer for binding cit-
(M) AuUNPs with DNA Experimental Predicted
aptamer (min)
1 0.35 5 30 48 47
2 0.27 9 0 32 32
3 0.35 5 30 48 47
4 0.27 1 0 35 35
5 0.43 9 0 24 24
6 0.35 5 30 47 47
7 0.27 9 60 29 29
8 0.35 5 30 48 47
9 0.35 5 60 43 44
10 0.43 9 60 23 23
11 0.35 5 30 47 47
12 0.35 9 30 44 44
13 0.27 5 30 36 36
14 0.35 5 30 47 47
15 0.27 1 60 30 30
16 0.43 1 0 27 27
17 0.35 5 0 47 47
18 0.43 5 30 28 29
19 0.35 1 30 46 46
20 0.43 1 60 24 24

Table 4. Analysis of variance (ANOVA) of the response surface quadratic model for predicting ARGB.

Source Sum of DF Mean F-value p-value
squares square
Model 1775.81 9 197.313 721.09 0.000 Significant
A 129.20 1 129.600 473.62 0.000
D 10.00 1 10.000 36.54 0.000
P 25.60 1 25.600 93.55 0.000
A? 1566.45 1 630.051 2302.51 0.000
D? 27.61 1 12.551 45.87 0.000
p2 12.55 1 12.551 45.87 0.000
AD 0.00 1 0.000 0.00 1.000
AP 2.00 1 2.000 7.31 0.022
DP 2.00 1 2.000 7.31 0.022
Residual 2.74 10 0.274
Lack of fit 1.24 5 0.274 0.82 0.581 Not
significant
Pure error 1.50 5 0.300
Cor total 1778.55 19

R2 = 09944, Rzpredicted = 09985, Rzadjusted = 09971
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Table 5. Estimated regression coefficients, t-values, and p-values.

Terms Effects Coefficients SE t-value p-value
Coefficient

Constant 47.36 0.18 263.33 0.00
A -7.20 -3.60 0.17 -21.76 0.00
D -2.00 -1.00 0.17 -6.05 0.00

P -3.20 -1.60 0.17 -9.67 0.00
A2 -30.27 -15.14 0.32 -47.98 0.00
D? -4.27 -2.14 0.32 -6.77 0.00
p? -4.27 -2.14 0.32 -6.77 0.00
AD -0.00 -0.00 0.19 -0.00 1.00
AP 1.00 0.50 0.19 2.70 0.02
DP 1.00 0.50 0.19 2.70 0.02

Analysis of variance (ANOVA) was performed
to evaluate the significance of the overall model and
each regression coefficient. The results revealed high
conformity between the experimental (ARGB) and
predicted responses. The ANOVA shows the linear
terms, the squared terms, and the interactions between
the factors (Table 4).

The p-value of the model was 0.000 and the
obtained F-value was 721.09, which is higher than
the F-critical value (Fo.05,9,10 = 3.02), implying that
the model was significant at a 95% confidence
level. This indicates that the experimental data
obtained fitted well with the model. Moreover, the
lack of fit (F-value=0.82) was insignificant (p-value
> 0.05) relative to the pure error which indicates
that the quadratic model was statistically significant
for the response, thus it can be used for further
analysis. In addition, the fit of the models was
evaluated by the determination of coefficients (R?)
and adjusted R? (R%agjusted) [43].

The R? value should be close to 1 for the
model to fit the experimental data. According to the
ANOVA results (Table 4), the high R? (0.9944) and
adjusted R?(0.9971) values were very close,

indicating that the model was able to predict the
response accurately. Also, the predicted R-squared
(R%predicted) Was 0.9985, which is in good agreement
with the actual RZgjustea (0.9971). Overall, the
ANOVA results showed that the proposed model
can be used to navigate the design space. To
evaluate the significance of each term of the model,
a p-value was used. Model terms with p-values <
0.05 were considered significant, and terms with p-
values > 0.05 were regarded as insignificant. The
results demonstrated that the concentration of cit-
AUNPs (A), concentration of DNA aptamer (D), and
the incubation period for binding cit-AuNPs with
DNA aptamer (P), A%, D? P?, AP, and DP were
significant factors affecting ARGB values as
indicated by the p-values < 0.05. The estimated
regression coefficients, t-value, and p-value for the
linear, quadratic and interaction effects of the
variables are presented in Table 5 at a 95%
significance level.

The experimental data (ARGB) (Table 3) were
used in developing the RSM model. The empirical
relationship between the actual factors and the
response was presented by the following second-order
polynomial equation in terms of coded factors:

ARGB = 47.36 — 3.60A — 1.00D - 1.60P — 15.14A2 — 2.14D? — 2.14P? + 0.50AP + 0.50DP (3)



9 Fellyzra Elvya Pojol, Nur Athirah Zulkifli, Keat Khim Ong,

Mohd Junaedy Osman, Jahwarhar lzuan Abd Rashid,
Wan Md Zin Wan Yunus, Siti Hasnawati Jamal, Syed
Mohd Shafig Syed Ahmad and Chin Chuang Teoh

60
50
40
30
20

Predicted ARGB

10

20 25 30

Methylphosphonic Acid Detection using DNA
Aptamer-Citrate Capped Gold Nanoparticles
Enhanced by Digital Image Analysis

R?=0.9975

35 40 45 50

Experimental ARGB

® Predicted ARGB

Linear (Predicted ARGB)

Figure 4. Correlation between experimental and predicted ARGB values by FCCCD model.

in which A, D, and P represent the concentration of
cit-AuNPs, concentration of DNA aptamer, and the
incubation period for binding cit-AuNPs with the
DNA aptamer, respectively.

The coefficient values and signs obtained from
the model equation indicate how each factor affected
the response [44]. Notably, the positive values of the
equation showed positive effects on the response, and
vice versa [45-46]. From equation 3, it can be seen that
AP and DP presented positive values attributed to the
synergistic effect. In contrast, A, D, P, A%, D?> and P?
presented negative values attributed to the
antagonistic effect. A, D, and P had coefficients of —
3.60, —-1.00, and —1.60, respectively, therefore, the
highest main effect was due to factor A. The largest
interaction effect belonged to AD and DP, both with
coefficients of +0.50. The highest square effect
belonged to A? which had a coefficient of —15.14.

Figure 4 depicts the relationship between the
predicted ARGB values of the model and the
experimental ARGB values. A linear distribution plot
was observed, with data distributed close to the
straight line, indicating a well-fitted model with good
prediction ability.

3. Three-dimensional Response Surface Plots

Three-dimensional (3D) response surface plots were
used in this study to illustrate the interactions between
three factors (concentration of cit-AuNPs,
concentration of DNA aptamer, and incubation
period for binding cit-AuNPs with DNA aptamer). As
illustrated in Figure 5, the effects of two relative
factors were tested as one factor was kept constant at
the centre level.

Figure 5(a) presents the response surface plot
of the concentration of cit-AuNPs (A) and
concentration of DNA aptamer (D) on ARGB values.
As can be seen from this figure, increasing the
concentration of cit-AuNPs (A) and the concentration

of DNA aptamer (D) to the centre level resulted in an
increase in ARGB values to a point, then the response
decreased steadily. At low DNA aptamer
concentrations, there are insufficient binding sites on
the DNA aptamer available for the cit-AuNPs.
Conversely, an excess amount of DNA aptamer is
present at high concentrations, which acts as an
electrostatic barrier [47]. However, the maximum
ARGB was estimated close to the centre level of both
factors, implying that the amounts of cit-AuNPs (A)
and DNA aptamer were sufficient for the detection of
MPA at this level. Plotnikov et al. [48] found that the
application of AuNPs at high concentrations (0.1
mg/ml and above) caused a noticeable amount of
DNA damage.

The effects of the interactive relationship
between the concentration of cit-AuNPs and
incubation period for binding cit-AuNPs with DNA
aptamer (AP) on the response are illustrated in Figure
5(b). The ARGB increased with the increasing
concentration of cit-AuNPs and incubation time from
low to centre level. The ARGB value then decreased
as the concentration of cit-AuNPs (A) increased with
longer incubation periods for binding cit-AuNPs with
DNA aptamer (P). This phenomenon might be caused
by the disassembly of DNAs due to high cit-AuNPs
concentrations and long incubation periods for
binding cit-AuNPs with DNA aptamer as reported by
Wang et al. [49]. Still, this interaction effect
significantly influenced the response. In addition, the
maximum ARGB can be observed near to the centre
levels of both factors.

The combined effects of DNA aptamer
concentration and incubation period for binding
cit-AuNPs with DNA aptamer (DP) on ARGB of
the developed aptasensor is shown in Figure 5(c).
A similar trend was found for this combined effect,
where ARGB increased with the concentration of
DNA aptamer and incubation period from low to
centre level, while keeping the concentration of
cit-AuNPs at the centre level. Both DNA aptamer
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concentration and incubation period substantially
affected ARGB. However, reduction of ARGB was
recorded when the concentration of DNA aptamer
increased at longer incubation periods. This might
be due to the fact that the supercoiled form of DNA
decreased with an increased incubation period [50].
Furthermore, an optimal incubation period allows
the DNA aptamer to easily bind on the AuNPs
surface, which reduces the risk of the sensor giving
false positive reactions from non-target analyte

(a)

0.35
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(b)

(©)
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42.5

=
&
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molecules [51]. Yet, the highest ARGB can be
observed at the top of the surface plot (Figure 5c).
A previous study reported that the incubation of
AuUNPs for 24 h resulted in 15-20% DNA damage
through the induction of an alkali-labile site,
causing single and double strand breaks [52].
Furthermore, a study by Verger et al. [53] also
showed that the relative amount of supercoiled
DNA decreased as the incubation time of plasmid
DNA increased from 0 to 25 h.

7:5
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7700
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© 60
40
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60
~ 40
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Figure 5. 3D response surface plots for ARGB values: (a) interaction between the concentration of cit-AuNPs
(A) and the concentration of DNA aptamer (D), (b) interaction between the concentration of AuNPs (A) and
incubation period for binding cit-AuNPs with DNA aptamer (P) and (c) interaction between the concentration of
DNA aptamer (D) and incubation period for binding cit-AuNPs with DNA aptamer (P).
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Figure 6. Optimisation plots of the factors affecting ARGB value.
4, Optimisation of the Parameters DNA aptamer. Qualitative detection by the naked eye

The optimum values for the concentration of cit-
AUNPs, the concentration of DNA aptamer, and the
incubation period for binding cit-AuNPs with DNA
aptamer were determined by an optimisation plot to
obtain the highest response (ARGB) using Minitab 17
software. The optimisation plot (Figure 6) shows that
the optimised conditions predicted by the RSM model
with 1.0000 composite desirability are as follows: 0.34
nM of cit-AuNPs, 3.9 uM of DNA aptamer, and an 18
min incubation period. In contrast, a previous study
showed that the optimum conditions to attain the
optimum ARGB values were 155 nM of cit-AuNPs, 1
UM of DNA and a 24.85 min incubation period [42].
A longer incubation period was required compared to
the current study as the DNA concentration was not
high enough for the aggregation of aptamer-AuNPs to
occur. However, the prolonged incubation period
resulted in the partial hybridisation of the aptamers
[54].

CONCLUSION

The detection of MPA by DNA aptamer-citrate
capped gold nanoparticles was optimised using RSM
based on FCCCD. The relationship between the
response (ARGB) and the independent variables was
developed via a quadratic polynomial equation with a
high determination coefficient (R?= 0.9944). The
concentration of cit-AuNPs (A), concentration of
DNA aptamer (D), and the incubation period for
binding cit-AuNPs with DNA aptamer (P), A2, D?, P?,
AP, and DP were the significant factors affecting
ARGB values. The optimum conditions suggested by
RSM for attaining maximum ARGB values were 0.34
nM of cit-AuNPs, 3.9 UM of DNA aptamer, and an 18
min incubation period for binding cit-AuNPs with

without the use of advanced instruments allows rapid
on-site detection and makes this method a good tool
for environmental monitoring. Furthermore, the
proposed biosensing method offers good precision,
simplicity and low cost, making it is possible to be
used for the detection of MPA in real samples.
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