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Abstract 
Citrate reduction of gold (III) chloride trihydrate 

(HAuCl4) is commonly used method to synthesise 

citrate-capped gold nanoparticles (cit-AuNPs). In this 

study, the sequence of reagents addition was modified 

(“inverse” method) to synthesise smaller size of cit-

AuNPs than the standard Turkevich method (“direct” 

method). Ultraviolet-visible spectroscopy (UV-vis) and 

field emission transmission electron microscopy 

(FETEM) confirmed the formation of cit-AuNPs. The 

cit-AuNPs synthesized using “inverse” method are 

smaller in size (14.0 ± 3.03 nm) with uniform spherical 

shape compared to “direct” method (23.5 ± 7.52 nm).  

 

Smaller particles size of cit-AuNPs provide higher 

efficiency and sensitivity for detection of 

methylphosphonic acid (MPA) via colorimetric 

incorporated with image processing with a linear 

range from 2.5 to 12.5 mM and a low detection limit of 

6.28 mM at shorter detection period (24 to 30 s). 
 

Keywords: Gold nanoparticles, sequence reagent additions, 

methylphosphonic acid, colorimetric, image processing. 

 

Introduction 
Nerve agents (NAs) are organophosphonates that can be 

characterized into three subcategories: G agents, V agents 

and Novichok agents.9 They are considerably toxic19 which 

cause paralysis and mortality as neural transmission was 

blocked by permanently binding of NAs with 

acetylcholinesterase enzyme.13 Moreover, they rapidly 

hydrolyze to alkyl methylphosphonic acids (AMPAs) which 

further hydrolyze into methylphosphonic acid (MPA).5  

 

In addition, the hydrolysis product of NA has been classified 

as Schedule 2B4 category by the Chemical Weapon 

Convention (CWC). Thus, MPA is an important marker of 

NA for the verification of CWC.13 Therefore, development 

of highly sensitive, rapid analysis, cost-effective and 

portable sensors have been developed during the last 

decade.16  
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In recent years, the use of gold nanoparticles (AuNPs) as 

sensing probe in colorimetry has been extensively 

discovered owing to their unique plasmonic and photonic 

characteristic.8,11,20 According to Wang and Yu20 highly 

functional molecular probes can be generated as the physical 

properties of AuNPs (i.e. optical, magnetic and electronic 

properties) can be improved by controlling their sizes, 

shapes, compositions and surface chemistry.  

 

Citrate reduction is the most prevalent conventional method 

used to synthesize AuNPs. It was developed by Turkevich et 

al15 in 1951 by employing only three starting materials 

namely sodium citrate (Na-cit), hydrochloroauric acid 

(HAuCl4) and water. In previous reports, synthesized AuNPs 

were capped with lipoic acid14, ammonium group7, citrate4 

and cysteine2 and applied to detect NAs (GB, GD and VX), 

mercuric ion, aluminium ion and organophosphate, 

respectively.  

 

Additionally, the quality and size of the synthesized AuNPs 

could be affected by altering the order of reagents addition 

as reported by Ojea-Jiménez et al.12 Therefore, the effect of 

different particle sizes of cit-AuNPs on detection of MPA 

was investigated in this study by two different sequences of 

reagents addition (Na-cit and HAuCl4).  

 

These two distinct strategies were performed by (i) a “direct” 

method (Na-cit solution was added into a boiling HAuCl4 

solution) and (ii) an “inverse” method (HAuCl4 solution was 

dropwise into a boiling Na-Cit solution). Subsequently, the 

synthesised AuNPs by both methods were employed to 

detect MPA. 

 

Material and Methods 
Materials: Gold (III) chloride trihydrate (HAuCl4.3H2O) 

was purchased from Sigma (USA). Tri-sodium citrate 

dihydrate (C6H5Na3O7.2H2O) and methylphosphonic acid 

(CH3P(O)(OH)2) were purchased from Merck (Germany). 

All chemicals were of analytical grade which were directly 

used without any purification. Ultrapure water (resistivity of 

18.2 MΩ.cm,) was obtained from a Milli-Q water 

purification system (Millipore) and used for preparing and 

dilutions of all solutions. 
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Preparation of citrate-capped gold nanoparticles 

“Direct” synthesis of citrate-capped gold nanoparticles: 

Cit-AuNPs were synthesized according to the chemical 

reduction method reported by Turkevich et al.15 Briefly, 100 

mL of 0.25 mM of HAuCl4 was boiled to 100°C in 250 mL 

conical flask at 1500 rpm stirring speed. After 15 min, Na-

cit solution (2 mL, 34 mM) was added into the boiling 

HAuCl4 solution which resulted in a change of solution color 

from pale yellow to wine red. Subsequently, the mixture was 

boiled for another 20 min at constant stirring speed and then 

the solution was allowed to cool to room temperature and 

kept at 4°C.  

 

“Inverse” citrate-capped gold nanoparticles synthesis: 

The synthesis of cit-AuNPs was repeated with different 

sequences of reagent addition based on modification of the 

method reported by Ojea-Jiménez et al.12 A colorless 

solution of Na-cit (100 mL, 0.34 mM) was first boiled for 15 

min prior to the addition of HAuCl4 (0.5 mL, 25 mM). Then, 

the mixture was continuously stirred at 1500 rpm for 20 min 

at 100°C before cooling down to room temperature and 

stored at 4°C.  

 

Characterization of “direct” and “inverse” synthesized 

citrate capped-gold nanoparticles 
Fourier transform infrared spectroscopy: Functional 

groups of synthesized cit-AuNPs were analyzed using 

universal attenuated total reflectance Fourier transform 

infrared spectrophotometer (UATR-FTIR) (IRTracer-100, 

Shimadzu, Japan). A drop of synthesized cit-AuNPs was 

drop-casted on a top of diamond crystal plate. The spectral 

resolution was 4 cm-1 and scanned in a range of 400 to 4000 

cm-1. 

 

Ultraviolet-visible spectrometry analysis: Formation of 

cit-AuNPs was evaluated by ultraviolet-visible 

spectrophotometer (UV-vis) (Genesys 6, Thermo Scientific) 

which operated at a resolution of 1 nm. The absorbance 

spectrum was scanned from 200 to 800 nm after baseline 

correction at room temperature using ultrapure water as a 

reference.  

 

Field emission transmission electron microscopy 
analysis: Morphology of cit-AuNPs was observed by field 

emission transmission electron microscope (FETEM) (JEM-

2100F, JEOL) which was operated at 200 kV.  

 

A sample of 10 uL of cit-AuNPs was drop-casted onto the 

carbon-coated copper grid (400-mesh) and allowed to dry in 

the air in order to evaluate the particles size and their 

distributions. Subsequently, 50 cit-AuNPs particles were 

measured by ImageJ software to obtain the particles size. 

 

Preparation of stock solution of methylphosphonic acid: 

An amount of 2.5 g of MPA was dissolved in Milli-Q 

ultrapure water to prepare a stock solution (100 mM) and 

stored at room temperature. Different concentrations of 5 

mM, 10 mM, 15 mM, 20 mM and 25 mM of MPA were 

freshly prepared using Milli-Q ultrapure water by dilution 

series. 

 

Methylphosphonic acid detection: The synthesized cit-

AuNPs were used as chemical sensor for MPA detection 

where 500 mL of MPA (5 to 25 mM) were added to 500 mL 

of cit-AuNPs. Detection period and color changed were 

recorded after shaking gently. All the experimental runs 

were conducted in triplicate using both cit-AuNPs 

synthesized from “direct” and “inverse” methods. 

 

Color image processing:  After each MPA detection, a color 

image was captured using a 20-Mega Pixel smart phone 

(Huawei P20) at a distance of 9 cm in an image capturing 

box. All conditions including distance, placement of sample 

in the image capturing box and camera setting were kept 

constant for all experiments. Digital values of red (R) of the 

color images were obtained using ImageJ software and 

employed for further statistical analysis.  

 

Statistical data analysis: In order to determine the 

significant color change after the detection of MPA, 

independent t-test was analysed using Minitab software 

version 18.0 (Minitab Inc., PA, USA). The limit of detection 

(LOD) was calculated based on the equation as reported by 

Bala et al.3  

 

Results and Discussion 
Alteration of the Sequence of Reagents Addition:  Fig. 1 

shows wide-scan FTIR spectra (4000 - 400 cm-1) of both cit-

AuNPs from “direct” and “inverse” synthesis methods. The 

broad absorbance peak of O-H stretching vibration at 3300 

cm-1 in both spectra is due to the presence of water in both 

cit-AuNPs solutions. An absorption peak located at 1631  

cm-1 is indicative of the carboxylate (COO-) asymmetric 

stretching band from the COOH group of citrate in both cit-

AuNPs. A similar carboxylate asymmetric stretching band 

(1591 cm-1) of cit-AuNPs was reported by Wulandari et al.21  

 

Fig. 2 shows a comparison of the UV-vis absorption 

spectroscopy of the cit-AuNPs synthesized by both “direct” 

and “inverse” methods. Fig. 2a inset and 2b inset show visual 

evidences of cit-AuNPs synthesized from “inverse” and 

“direct” synthesis methods respectively. The results revealed 

that “inverse” synthesis method produced a lighter red color 

of cit-AuNPs solution than “direct” synthesis method.  

 

This is due to the color of cit-AuNPs solutions obtained 

varying according to their size.17 The maximum absorption 

peaks for “direct” and “inverse” synthesis methods were 

found at 522 nm and 519 nm respectively. Both cit-AuNPs 

displayed absorption peaks in the visible range. Remarkably, 

there was a red shifting of surface plasmon resonance (SPR) 

peak from 519 nm (“inverse” synthesis method) to 522 nm 

(“direct” synthesis method) together with an increase of the 

absorbance maximum value which may be attributed to the 

surface plasmon oscillation of free electrons accordance to 

Mie theory.6  
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Fig. 3 displays the FETEM images of cit-AuNPs with 

different synthesis methods via “direct” and “inverse”. 

ImageJ was used to determine the size of cit-AuNPs by 

measuring the diameter of particles on FETEM images. Both 

FETEM images and particles size distribution histograms 

(Fig. 4) clearly confirmed a decrease of the mean particles 

size (14.0 ± 3.03 nm) of cit-AuNPs obtained from “inverse” 

synthesis method compared to that of (23.5 ± 7.52 nm) 

“direct” synthesis method.  Moreover, the FETEM images 

show that most of the cit-AuNPs produced from both 

synthesis methods were round and spherical in shape. As 

reported by Verma et al17, a spherical shape of cit-AuNPs is 

due to negative charged layer of citrate ions repelling each 

other. 

 

 
Fig. 1: FTIR spectra of cit-AuNPs synthesized via (a) “direct” and (b) “inverse” methods. 

 

 
Fig. 2: UV-vis spectra of cit-AuNPs synthesized via a) inverse (519 nm) and b) direct (522 nm) methods. 

       

 
Fig. 3: FETEM micrographs of cit-AuNPs synthesized via (a) direct and (b) inverse methods. 
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Detection on Methylphosphonic Acid (MPA) by 

colorimetry incorporated with image processing:  The 

colorimetric method was employed for detection of MPA 

where different concentrations of MPA were spiked into 

both cit-AuNPs “direct” and “inverse” synthesis methods, 

respectively. As shown in fig. 5 and fig. 6, SPR absorption 

bands got shifted from 522 nm to 680 nm and from 519 nm 

to 710 nm using cit-AuNPs synthesized from “direct” and 

“inverse” methods respectively, after the addition of MPA. 

Marti et al10 explained that shifting of SPR absorption band 

is due to aggregation of nanoparticles triggered by the 

change in the overall electrostatic charge on the surfaces of 

nanoparticles. The aggregation of cit-AuNPs in this study 

was further confirmed by FETEM analysis (Fig. 7). 

 

  
Fig. 4: Particles size distribution of AuNPs synthesized by (a) direct and (b) inverse methods. 

  

  
Fig. 5: UV- vis spectra of cit-AuNPs before and after detection of 12.5 mM of MPA  

using cit-AuNPs synthesized by direct method.  

 

  
Fig. 6: UV- vis spectra of cit-AuNPs before and after detection of 12.5 mM of MPA  

using cit-AuNPs synthesized by inverse method.   
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ImageJ was used to measure the color intensities [red (R), 

green (G) and blue (B) values] of AuNPs-MPA complex 

formed. The background color was removed in the images 

color threshold, converted to grey scale and the RGB values 

were determined. Based on the digital values of RGB 

(Tables 2 and 3), the intensities of R decreased with 

increasing of MPA concentration.  

 

The maximum absorption of UV-vis at 680 nm and 710 nm 

(which matches the red light region) was observed after 

detection of MPA using cit-AuNPs “direct” and “inverse” 

synthesis methods respectively (Figures 5 and 6). Therefore, 

ΔR value was used for MPA determination where ΔR was 

calculated based on the differences between the R value of 

blank and the R value of the complex formed. 

       

As shown in tables 2 and 3, cit-AuNPs from “inverse” 

synthesis method offered larger ΔR value and a shorter 

detection period compared to that of “direct” synthesis 

method. This is due to smaller particles size of cit-AuNPs 

being produced in “inverse” synthesis method which is more 

colloidally stable18 and has s larger surface-to-volume 

ratios20 and readily reacts with MPA.  

 

    
Fig. 7: FETEM micrographs of cit-AuNPs-MPA (a) before detection and (b) after detection of MPA  

using inverse cit-AuNPs method. 
 

Table 2 

The ΔR value of cit-AuNPs-MPA formed using cit-AuNPs synthesized by “direct” method 

to detect different concentrations of MPA (2.5 – 12.5 mM). 
  

Final concentration  

of MPA (mM) 

Mean value of R ± SD  Mean value of ΔR 

0 133.68 ± 0.98 - 

2.5 130.84 ± 0.09 2.84 

5.0 127.37 ± 0.19 6.31 

7.5 118.79 ± 0.38A 14.89 

10.0 114.26 ± 0.35A 19.42 

12.5 101.21 ± 0.11A 32.47 
         

   Significant differences among R values of blank and samples after detection of MPA by “direct” synthesis method of cit-AuNPs:  
     A P ≤ 0.05 

 

Table 3 

The ΔR value of cit-AuNPs-MPA formed using cit-AuNPs synthesized by “inverse” method  

to detect different concentrations of MPA (2.5 – 12.5 mM).  
 

Final concentration  

of MPA (mM) 

Mean value of R ± SD  Mean value of ΔR  

0 157.34 ± 0.23 - 

2.5 146.05 ± 0.31B 11.29 

5.0 137.72 ± 0.39B 19.62 

7.5 128.60 ± 0.71B 28.74 

10.0 115.31 ± 0.60B 42.03 

12.5 111.54 ± 0.39B 45.80 
      

 Significant differences among R values of blank and samples after detection of MPA by “inverse” synthesis method of cit-AuNPs:  
  B P ≤ 0.05 
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Fig. 8: Calibration curve of cit-AuNPs synthesized using the “direct” method.  

Error bars indicate the standard deviation (SD) of ΔR with n=3. 

 

  
Fig. 9: Calibration curve of cit-AuNPs synthesized using the “inverse” method.  

Error bars indicate the standard deviation (SD) of ΔR with n=3. 
 

Limit of detection (LOD) is an important parameter to 

evaluate the performance of a sensor. Figures 8 and 9 show 

the calibration curves for detection of MPA using cit-AuNPs 

synthesized from “direct” and “inverse” synthesis method 

respectively. Cit-AuNPs from “inverse” synthesis method 

showed a linear response with higher linear regression of 

0.9872 over difference concentrations of MPA as compared 

to the “direct” synthesis cit-AuNPs method with only 0.915. 

The calculated LOD were 6.28 mM and 13.68 mM for 

“inverse” and “direct” synthesis method respectively. Thus, 

cit-AuNPs synthesized from “inverse” synthesis method was 

more sensitive in detection of MPA. 

 

Conclusion 
Different particle sizes of cit-AuNPs have been produced 

using the “inverse” and “direct” methods. The cit-AuNPs 

synthesized by “inverse” method are smaller in size (14.0 ± 

3.03 nm) with an even distribution compared to the “direct” 

cit-AuNPs method (23.5 ± 7.52 nm). This smaller size of cit-

AuNPs provided better performance in MPA detection with 

LOD of 6.28 mM compared to a bigger size of cit-AuNPs 

(LOD of 13.68 mM).  

 

Hence, it is suggested that the cit-AuNPs synthesized using 

“inverse” method are more sensitive for detection of MPA 

in colorimetric sensors compared to the “direct” synthesis 

method.  
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