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INTRODUCTION 
 

Gold (Au) is well known as the noblest metal [1] and for the 
past thousands of years, gold has been widely used in society 
to make various items such as jewelry, coins, gold bars and 
decoration. This shiny, yellow, soft, precious and chemically 
inert metal recently became a hot area of research whereby 
tiny amounts of gold are being extensively studied to meet the 
urgent demands in many areas ranging from polluted water 
treatments, sensors for the detection of metal ions, small 
molecules, nucleic acids, proteins, bio-sensing, bio
bio-labelling, drug delivery, gene delivery, therapy, etc. in 
various fields of nanotechnology, biotechnology and 
biomedicine [2-5]. Different from gold colloid, commonly 
known as gold nanoparticles (Au NPs), gold nanoclust
NCs) are on average approximately two nm or less in diameter 
and made up of a few to hundreds of gold atoms, a size that is 
comparable to the Fermi wavelength of electrons [6, 7]. The 
formation and properties of nanoclusters are assumed to be 
influenced by the amino acid contents and sequences in the 
protein template [8]. Fluorescent Au NCs have interesting 
unusual distinctive physiochemical properties, for example, 
ultra-small size, excellent solubility and stability in ambient 
conditions,  
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                             A B S T R A C T  
 

 

Lately, the applications of metal nanomaterials are continuously increasing in numerous 
areas. However, during production, some of these methods can be hazardous to 
environment, plants, and animals. Thus, there is a need for environmental friendly of metal 
nanomaterials during production. In this research, gold nanoclusters (Au NCs) were 
synthesized a new natural enzyme protein soybean trypsin inhibitor (STI) as p
ligand. The results showed that the newly synthesized STI
red fluorescence emission at 689 nm and excitation 513 nm. Optimum favourable 
conditions such as STI concentrations, buffers and time for the synthesis of ST
were studied for the brightest fluorescence emission. This newly synthesized STI
was used for the detection of mercury (Hg2+). The linear ship range for the Hg2+ ions is 
from 0.01 - 0.05 µM with a detection limit of 0.71 nM. Additionally, t
Au NCs probe can be easily synthesized and have generated a high fluorescence, hence, 
broadening its application in various fields of nanoscience.

 

Gold (Au) is well known as the noblest metal [1] and for the 
past thousands of years, gold has been widely used in society 
to make various items such as jewelry, coins, gold bars and 
decoration. This shiny, yellow, soft, precious and chemically 

recently became a hot area of research whereby 
tiny amounts of gold are being extensively studied to meet the 
urgent demands in many areas ranging from polluted water 
treatments, sensors for the detection of metal ions, small 

sensing, bio-imaging, 
labelling, drug delivery, gene delivery, therapy, etc. in 

various fields of nanotechnology, biotechnology and 
5]. Different from gold colloid, commonly 

known as gold nanoparticles (Au NPs), gold nanoclusters (Au 
NCs) are on average approximately two nm or less in diameter 
and made up of a few to hundreds of gold atoms, a size that is 
comparable to the Fermi wavelength of electrons [6, 7]. The 
formation and properties of nanoclusters are assumed to be 

enced by the amino acid contents and sequences in the 
protein template [8]. Fluorescent Au NCs have interesting 
unusual distinctive physiochemical properties, for example, 

small size, excellent solubility and stability in ambient 

low toxicity, as well as good b
the use of metal nanomaterials is rapidly increasing in 
numerous areas. However, during production some of these 
preparation methods can be harmful to our environment, 
plants, and animals, [11] therefore multiple of efforts
been committed to synthesizing high fluorescent Au NCs with 
better stability, improved brightness and of course 
environmentally friendly. [12] Among many of these 
approaches, protein protected Au NCs provided several 
outstanding distinct properties m
attractive. Protein protected Au NCs are friendly to the 
environmentally, require mild reaction conditions, exceptional 
water solubility, and biocompatibility [13]. The bovine serum 
albumin (BSA), [14, 15] egg white, [16] trypsin, [1
pepsin, [19] lysozyme, [20, 21] insulin, [22, 23] human 
transferrin, [24, 25] and lactoferrin [26] are some of the 
commonly used proteins for the synthesis of Au NCs. 
 

Soybean trypsin inhibitors (STI) also known as serine protease 
enzymes are responsible for decreasing the biological activity 
of trypsin and chymotrypsin enzymes, which can hinder the 
health of animals and humans when consumed [27, 28].  It was 
previously reported that majority of the legumes protein 
content on average ranges between 
soybeans protein is much higher approximately at 40%, higher 
than other food sources such as meat, fish, cheese, egg, bread, 
rice, milk, etc. [29] STI is considered as a monomeric protein 
containing 181 amino acid residues in a sing
chain cross-linked by two disulfide bridges with a molecular 
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Lately, the applications of metal nanomaterials are continuously increasing in numerous 
areas. However, during production, some of these methods can be hazardous to the 
environment, plants, and animals. Thus, there is a need for environmental friendly of metal 
nanomaterials during production. In this research, gold nanoclusters (Au NCs) were 
synthesized a new natural enzyme protein soybean trypsin inhibitor (STI) as protecting 
ligand. The results showed that the newly synthesized STI-Au NCs exhibited a very strong 
red fluorescence emission at 689 nm and excitation 513 nm. Optimum favourable 
conditions such as STI concentrations, buffers and time for the synthesis of STI-Au NCs 
were studied for the brightest fluorescence emission. This newly synthesized STI-Au NCs 

). The linear ship range for the Hg2+ ions is 
0.05 µM with a detection limit of 0.71 nM. Additionally, this fluorescence STI-

Au NCs probe can be easily synthesized and have generated a high fluorescence, hence, 
broadening its application in various fields of nanoscience. 
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preparation methods can be harmful to our environment, 
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better stability, improved brightness and of course 
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approaches, protein protected Au NCs provided several 
outstanding distinct properties making it predominantly 
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environmentally, require mild reaction conditions, exceptional 
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pepsin, [19] lysozyme, [20, 21] insulin, [22, 23] human 
transferrin, [24, 25] and lactoferrin [26] are some of the 
commonly used proteins for the synthesis of Au NCs.  
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previously reported that majority of the legumes protein 
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soybeans protein is much higher approximately at 40%, higher 
than other food sources such as meat, fish, cheese, egg, bread, 
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weight of 20.1 kDa. Soybean seed consist of Arginine (7.71 
%), Alanine (4.02 %), Aspartic acid (6.88 %),  Cysteine (2.50 
%), Glutamic acid (19.01 %), Isoleucine (5.15 %), Leucine 
(8.16 %), Lysine (6.83 %), Phenylalanine (5.62 %), proline 
(5.29 %) and Serine (5.40 %) [30]. Xie’s team in 2009, 
demonstrated that protein rich in amino acids residues 
(tyrosine and cysteine)  play an important role in generating 
protein-protected Au NCs by acting as reducing and protective 
agents to reduce Au (III) to Au(0) [14].Therefore making STI 
a potential ideal candidate. 
 

Mercury (Hg) is a naturally occurring element that can be 
found in the air, soil, and water and is among one of the highly 
hazardous and well-known pollutants in the biological system 
with bio-accumulative properties [31]. Over-ingestion of 
mercury could lead to severe health effects to the central 
nervous system, endocrine systems, brain, liver, kidney and 
even death by interacting with thiol groups in protein and 
amino phospholipids [32]. Of late various testing approaches 
have been focused towards the detection of Hg2+, for example, 
photo luminescent carbon nanomaterials, [33] atomic 
spectrometry, [34] inductively coupled plasma-mass 
spectrometry, [35] colorimetric sensors, [36] electrochemical 
analysis, [37] and surface-enhanced Raman spectroscopy [38]. 
Nonetheless, most of these methods are not user friendly, 
require expensive instruments and are not environmental 
friendly, unlike proteins. Consequently, this approach has the 
potentially be used for the detection of mercury for food 
safety, public health and environmental monitoring 
applications.   
 

To the best of our knowledge, there has been no report on the 
use of STI as a template for the synthesis of Au NCs and 
application towards the detection of mercury (Hg2+) ions. 
Herein, we report on the synthesis for Au NCs using the 
natural enzyme protein STI and the results obtained show a red 
strong fluorescence at a maximum excitation and emission 
wavelengths were 513 nm and 689 nm. The experiment was 
carried out at room temperature. Moreover, this newly 
synthesized STI-Au NCs was carried out successfully without 
requiring extra reducing and protecting agents and was further 
applied towards the detection of mercury (Hg2+). 
 

Experimental 
 

Reagents and Materials 
 

STI (Glycine max) was purchased from Sigma-Aldrich Trade 
Co., Ltd. (Shanghai, China). Hydrogen tetrachloroaurate 
(HAuCl4.3H2O) was purchased Sinopharm Chemical Reagent 
Co., Ltd. (Shanghai, China). Tris-buffer, PBS, HEPES 
(C8H18N2O4S) and Sodium hydroxide (NaOH) were 
purchased from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). Ultra-distilled water was collected from a 
Milli-Q A10 filtration system (Millipore, Billerica, MA, USA) 
and was used throughout the experiments. All the other 
chemicals were analytical grade. 
 

Instrumentation 
 

The fluorescence measurements were carried out on a spectro 
fluorophotometer RF-6000, Shimadzu Inc., (Kyoto, Japan) 
upon a maximum excitation of 513nm. Fluorescence images 
were performed on a transilluminator imaging system (Tanon 
5200), Tianlong equipment factory (Shanghai, China) under 
UV light (302nm). Aqueous solutions were mixed thoroughly 
on a vortex mixer MX-F, Dragon Laboratory Instruments 

Limited (Beijing, China). The transmission electron 
microscope (TEM) images were examined via a JEOL JEM-
2100 HR (JEOL, Tokyo, Japan) at an accelerating voltage of 
200 kV. 
 

Synthesis of STI Au NCs  
 

HAuCl4 (0.01 M, 5 mL) was added to a 5 mL aqueous solution 
containing soybean trypsin inhibitor (STI) (30 mg/ mL), under 
mild stirring for 10 min to form a homogeneous solution on a 
votex mixer. Sodium hydroxide (NaOH, 1 M) was added to 
adjust the solution mixture to a pH of 10. The mixed solution 
was then incubated at 37 °C for 20 h under mild stirring (120 
rpm), according to previously reported approach [14]. The 
color of the reaction mixture changed from light yellow before 
incubation to deep brown after incubation. 
 

Fluorescence Detection 
 

Detection of STI-Au NCs fluorescence 
 

After incubation, the STI-AuNCs (50 µL) was added to tris-
buffer (350 µL, 0.01 M, pH 7) and mixed thoroughly prior to 
recording the fluorescence intensities. The experiment was 
carried out in independent triplicates. 
 

Detection of Hg2+ fluorescence using STI-Au NCs 
 

Different concentrations of Hg2+ in aqueous solution were 
freshly prepared using Tris-buffer (0.01 M, pH 7) and mixed 
thoroughly prior to use. The prepared solution was then mixed 
with STI-AuNCs (50 µL) with a ratio of 7:1. The fluorescence 
spectra were recorded on a spectro fluorophotometer RF-6000, 
Shimadzu Inc., (Kyoto, Japan) at a maximum excitation of 513 
nm. Applying the same conditions, different heavy metal ions 
were also examined individually in the presence of STI-Au 
NCs. The experiment was carried out in triplicates and the 
average fluorescence intensities were recorded as mentioned 
above. 
 

RESULTS AND DISCUSSION 
 

Synthesis and Characterization of STI-Au NCs 
 

Several experiments were carried out to obtain the optimum 
favourable conditions for the synthesis of Au NCs producing a 
high fluorescence intensity. Important factors such as STI 
concentration, time and temperature for synthesizing were 
considered as clearly shown in Fig 1a, and Fig 1b. Four 
different concentrations (20 mg/ mL, 30 mg/ mL, 40 mg/ mL 
and 50 mg/ mL of Au NCs) were studied and the concentration 
of 40 mg/ mL produced the highest emission. However, the 
fluorescence emission produced by 30 mg/ mL did not show a 
significant difference in comparison to the other higher 
concentrations 40 mg/ mL and 50 mg/ mL, hence the 30 mg/ 
mL was used throughout the experiment. The lowest 
concentration of 20 mg/ mL resulted in Au NCs producing the 
lowest fluorescence intensity. The fluorescence intensity was 
recorded at different times with the interval of 2 h, and the 
highest fluorescence intensity was found to be at 20 h. The 
temperature was selected based on the previously reported 
results [14, 15], and 37 °C was favored due to its production of 
high fluorescence intensity. 
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Fig 1(a) Fluorescence emission of four different concentrations (20 mg/ mL, 
30 mg/ mL, 40 mg/ mL and 50 mg/ mL of STI-Au NCs. (b) Fluorescence 

emission spectra of 30 mg/ mL of STI-Au NCs under different times (0-24 h). 
 
 

The morphology and particle size of the STI-Au NCs were 
studied using the TEM as shown in Fig 2a; the image 
displayed that the STI-Au NCs were uniformly well 
distributed, and almost spherical with an average diameter of 
less than 2.224 nm as shown in Fig 2a, inset. The newly 
synthesized STI-Au NCs maximum excitation and emission 
wavelengths were recorded at 513 nm and 689 nm, Fig 2b. 
 

 

 
 

Fig 2 (a) TEM image of STI-Au NCs and the inset shows the size distribution 
of STI-Au NCs. (b) UV-visible absorption spectrum (i), excitation spectrum at 

513 nm (ii) and fluorescence emission spectrum at 689 nm (iii). 
 

Detection of Hg2+ using STI – Au NCs  
 

The Mechanism for the Determination of Hg2+ 

 

Previous studies suggested that because of the Au+ (4f145d10) 
and Hg2+ (4f145d10) metallophilic interactions, Hg2+ is able to 
induce photoluminescence quenching of Au NCs [14, 39, 40]. 
Based on that, STI- Au NCs also stands a chance to be used as 
a fluorescence sensor towards the detection of Hg2+. As 
predicted, upon adding 0.05 µM Hg2+ to the STI-Au NCs 
solution, the fluorescence emission intensity significantly 
decreased, Fig 3. The red fluorescence of STI-Au NCs was 
quenched by 0.05 µM Hg2+, Fig 3, inset.  
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Fig 3 Fluorescence spectra of STI-Au NCs (i) in the absence and (ii) in the 
presence of 0.05 µM Hg2+ and inset images of STI-Au NCs (i) in the absence 

and (ii) in the presence of 0.05 µM Hg2+ under UV light at 302 nm. 
 

Effects of Buffer on STI-Au NCs for the detection of Hg2+ 

 

A series of tests were carried out to study the effects of three 
different buffers (Tris, PBS, and HEPES) (0.02 M, pH 7) on 
the fluorescence intensity of STI-Au NCs for Hg2+ (0.05 µM) 
detection. Fig 4, showed the images of the above-mentioned 
buffers under ultraviolet light at 302 nm. A decrease in the 
fluorescence emission was observed in Tris-buffer contrasting 
to HEPES and PBS. Thus, Tris-buffer was chosen as the 
suitable solvent for this approach to detect Hg2+. 
 

 
 

Fig 4 Comparison of three buffers (Tris-buffer, HEPES and PBS), each buffer 
had a concentration of Hg2+ at 0.05 µM. 

 

Sensitivity of the STI–Au NCs for the Detection of Hg2+ 
 

The sensitivity of STI-Au NCs was studied based on the 
optimal factors that were obtained. The fluorescence intensity 
of STI-Au NCs in the presence of different concentrations of 
Hg2+ ions (0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09 
and to 0.1 µM) were selected to examine the corresponding 
relation. It was observed that the fluorescence intensity of STI-
Au NCs efficiently decreased with the increase in the 
concentration of Hg2+, Fig 5a. The linear relationship between 
the fluorescence intensity and the concentration of Hg2+ 
correlated in the range 0.01 μM to 0.05 μM, respectively and 
the linear regression equation obtained was y = -
578242.45975x + 33318.54163, R2 = 0.98933 which indicated 
a good linear relationship, as shown in Fig 5a inset. Fig 5b 
illustrates the images of the STI–Au NCs in the presence of 

different concentrations of Hg2+ ions from 0 µM to 0.1 µM 
under UV light (302 nm) irradiated under UV at 302 nm. 
 

 
 

Fig 5 (a) Fluorescence emission intensities of STI-Au NCs in the presence of 
different concentrations of Hg2+ ions (0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 

0.07, 0.08, 0.09 and to 0.1 µM. Inset shows the linear relationship between the 
fluorescence intensity and the concentration of Hg2+ from 0.01 µM to 0.05. (b) 
The images of STI-Au NCs in the presence of different concentrations of Hg2+ 

ions from 0 µM to 0.1 µM under UV light (302 nm) taken by phone camera 
and image system respectively. 

 

Selectivity of the STI–Au NCs for the Detection of Hg2+ 

 

Common heavy metal ions, such as Zn (II), Ca (II), Mg (II), 
Na (I), K (I), Pb (II), Fe (III), Co (II), Ni (II), and Cu (II) at 
0.05 µM, were tested using the as-synthesized STI-Au NCs 
fluorescent for the selectivity of Hg2+ at a concentration of 10 
mM. The results shown in Fig 6a, indicate that Hg2+ induces a 
visible fluorescence change at 689 nm. The Hg2+ quenched on 
to the fluorescence intensity of STI–Au NCs due to the high-
affinity of metallophilic Hg2+-Au+ interactions, [41] whereas 
the other ions had little or no quenching effects on the 
fluorescence STI-Au NCs. Thus, making the newly 
synthesized STI-Au NCs a suitable sensor for selective & 
sensitive detection of Hg2+. It was also observed that the red 
emission produced by the synthesized STI-Au NCs 
disappeared when it interacted with the Hg2+, however, the 
other metal ions kept emitting the red fluorescence Hence, the 
selectivity of Hg2+ could be easily visualized under UV light 
(302 nm), Fig 6b. 
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Fig 6 (a) Fluorescence emission intensities of different heavy metal ions at a 
concentration of 0.05 µM. (b) The UV-light pictures taken by phone camera (left) and 

image system (right) respectively. UV light at 302 nm. 
 

 

Determination of Hg2+ in real Water Samples: Recovery – A 
case of Lake Water 
 

The STI-Au NCs was further applied towards the detection of 
Hg2+ level in real water samples collected from Taihu Lake 
(Wuxi, Jiangsu, China) near Jiangnan University. The samples 
were then filtered through a 0.45 µm membrane for the 
removal of unwanted particles. The pre-treated water samples 
were mixed with Tris-buffer 0.01 M, pH 7 (1:1) and made 
different concentrations ranging from 0.01 µM to 0.06 µM of 
Hg2+. The above-prepared solutions were further mixed with 
STI-Au NCs solutions (50 µL), ratio 7:1 and the fluorescence 
spectra emission were recorded on a spectro fluorophotometer 
RF-6000, Shimadzu Inc., (Kyoto, Japan). The obtained Hg2+ 
recoveries ranged between 133 % and 106 % and an RSD 
below 8.2 % as shown in Table 1. The recovery percentage 
decreased to 100 % as the concentration of Hg2+ increases, 
thus making STI-Au NCs sensitive to the presence of Hg2+ 
ions. 
 

Table 1 Determination of Hg2+ ions from Taihu-Lake water samples 
at 0.03, 0.04 and 0.05 µM concentrations. 

 

Sample Hg2+ added (µM)
Hg2+ detected 

(µM) 
Recovery 

(%) 
RSD %  
( n =3) 

 0.03 0.040 133.30 8.21 
Lake water 0.40 0.047 117.50 0.98 

 0.05 0.053 106.00 3.45 
 

RSD relative standard deviation 

CONCLUSION 
 

In summary, we successfully synthesized Au NCs using a 
natural enzyme protein soybean trypsin inhibitor (STI). This 
newly synthesized STI-Au NCs displayed a strong red 
fluorescence emission at 689 nm. The developed fluorescence 
probe was used to detect Hg2+ whereby the Hg2+ quenched the 
fluorescence of STI-Au NCs and could detect Hg2+ 
concentrations as little as 10 nM. This approach is less 
complicated (simple and straightforward), efficient, selective 
and sensitive towards the visual detection of Hg2+. 
Additionally, the newly developed fluorescence STI-Au NCs 
probe has the potential to be applied for biomaging, labelling, 

sensing and therapy in numerous fields of nanoscience. Also, 
this approach could be further extended in the future to various 
types of protein protected metal NCs while maintaining good 
bioactivities. 
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