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ABSTRACT: We report a green synthesis of novel gold
nanoparticle−nanocluster composite nanostructures directly
using trypsin as linking and reducing agents. Size exclusion
chromatography (SEC) and transmission electron microscopy
(TEM) reveals that the as-prepared gold nanocomposite (gold
nanoparticles-trypsins-nanoclusters, GNPs-Trys-GNCs) is
composed of GNPs (gold nanoparticles) with an average
diameter of 5.5 nm and the GNCs (gold nanoclusters, about 1
nm)-embedded trypsins (Trys-GNCs), which are attached to
the surface of the GNPs. The specific amino acids in the
trypsin molecule, like cysteine, methionine, and tyrosine,
combined with the unique spatial structures, enable trypsins to
bind and reduce the AuCl4

− ions, simultaneously forming
GNPs and GNCs in one-pot synthesis. Similar to pure GNPs, the GNPs-Trys-GNCs nanocomposite also exhibits an intense
surface plasmon resonance (SPR) absorbance at 520 nm. However, it shows an obvious different optical property in the
interaction with Pb2+ ions. In the presence of Pb2+ ions, an increased intensity and a slight red-shift of the SPR peak for the
GNPs-Trys-GNCs nanocomposite in the UV−vis spectra were observed, while a decreased intensity and large red-shift for pure
GNPs were observed in previous studies. Moreover, we found that the SPR intensity linearly increased with Pb2+ concentration
from 1.6 to 32.3 μM (R2 = 0.9731). In addition, high-level Pb2+ ions would induce the aggregation of GNPs-Trys-GNCs
nanocomposite accompanied by the formation of precipitate. The unique structure and optical property of the GNPs-Trys-
GNCs nanocomposite enable it to be used in heavy metal ions sensing and elimination.
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■ INTRODUCTION

Gold nanoparticles (GNPs) are some of the most extensively
studied nanomaterials in recent years due to their charming
optical, chemical, and physical properties. Particularly, accu-
rately controlling the microstructure such as shape, size, and
composition of GNPs opens an important avenue for revealing
their new or enhanced functions in various applications, such as
biomedicine, biosensor, organic photovoltaics, and some other
areas.1 Recent advances have emerged a new class of quantized
fluorescent GNPs that consist of several to dozens of gold
atoms with a diameter of ∼1 nm.2−4 To differentiate
conventional plasmonic GNPs, these ultra-small GNPs are
specially denoted as gold nanoclusters (GNCs).5 In contrast
with quasi-continuous electronic bands of GNPs (>5 nm),
GNCs have discrete energy levels, leading to their unique
fluorescence, chiral, and magnetic properties. High quantum
yield, good biocompatibility, and stability against photo-
bleaching render GNCs an excellent candidate for bioimaging,
cell targeting, and biomedical engineering.6,7

To improve the application performance of gold nano-
particles, especially in biomedicine and biosensors, some

biomacromolecules like peptides, proteins, enzymes, antibodies,
and DNA were often used to functionalize them through
covalent or noncovalent conjugation.8,9 Inspired by the highly
ordered architecture and precise molecular recognition of these
biomolecules, in addition to the biomolecule-modified GNPs
via post-functionalization, many researchers had focused on the
synthesis of gold nanomaterials directly using biomolecules as
the stabilizing and reducing agents. Take peptides and proteins
for example, these molecules contain amino acid residues with
reducing ability, like tyrosine and cysteine,10,11 which are
capable of reducing chloroauric acid rapidly under mild
conditions. Shao et al.12 had demonstrated the roles of
specific-binding amino acid (e.g., aspartate, tryptophan,
tyrosine) in construction of gold nanostructures. On the basis
of these specific-binding amino acids, some peptide ligands,
such as PEPAu (AYSSGAPPMPPF)13 ,14 and AG4
(NPSSLFRYLPSD),15 were designed and used to direct the
synthesis of gold nanoparticles, further controlling the assembly

Received: May 7, 2013
Published: August 17, 2013

Research Article

pubs.acs.org/journal/ascecg

© 2013 American Chemical Society 1398 dx.doi.org/10.1021/sc400244u | ACS Sustainable Chem. Eng. 2013, 1, 1398−1404

pubs.acs.org/journal/ascecg


of gold nanoparticles superstructures like double helices or
hybrid spheres. Similar to the synthesized peptides, some
natural proteins also contains Au binding (and reducing) amino
acids. Particularly, they have unique spatial architectures and
confined cavities (or cages), which can also direct the gold
nanoparticles growth.16 In this respect, ferritin is a classical
protein with cages for synthesis of size-controlled inorganic
nanoparticles.17 For gold nanoparticle synthesis, Colombo et
al.18 reported a novel synthesis of GNPs using spaBC3 (B-
domain variant of protein A, 75 kDa) as a capping agent,
resulting in gold nanoparticles suitable for functionalization
with human IgGs. In addition, many other proteins, such as
fibroin,19 enzyme R-amylase20 had also been used as templates
to direct the synthesis of gold nanoparticles.21

Recently, some specific proteins have been proposed to
synthesize fluorescent gold nanoclusters consisting of several to
tens of atoms. A classic example is the use of bovine serum
albumin (BSA) to sequester and reduce Au precursors in situ.22

The as-prepared GNCs consist of 25 gold atoms with red
emission at 640 nm (the quantum yield is ∼6%). Up to now,
only several proteins have been reported for GNCs synthesis,
including lysozyme type VI,23 lactoferrin,24 pepsin,25 horse-
radish peroxidase,26 and insulin.27 These novel GNCs have
been successfully applied to bioimaging and biosensing due to
their excellent optical properties. Although it was not very clear
how these proteins biomineralized the ultra-small GNCs at the
molecular level, results suggest that their specific spatial
structures, confined inner cages, binding, and reducing abilities
play important roles in GNCs formation. Previous studies have
demonstrated the protein-assisted synthesis of pure GNPs or
GNCs nanostructures. However, thus far, there is no report on
the design of a GNPs−GNCs nanocomposite. Surface
modification of GNPs with GNCs may enable formation of
this hybrid gold nanostructure with novel or different functions.
Herein, we report an innovative one-pot synthesis of a gold

nanoparticles-trypsins-nanoclusters (GNPs-Trys-GNCs) nano-
composite by using trypsin as linking and reducing agents. The
trypsin molecule contains 7 cysteines (with the −SH group)
and 10 tyrosines (with the phenolic group). These specific
amino acids had been shown to bind and reduce AuCl4

− ions in
alkaline pH (above the pKa).

22,28 The binding and reducing
ability of trypsin molecules, combined with the electrostatic
interactions under alkaline conditions, enable them to control
the GNPs nucleation and growth, resulting in protein-stabilized
GNPs. Meanwhile, the inner space of the individual trypsin
molecule can provide an effective scaffold for the formation of

GNCs. The resulting GNCs-embedded trypsin, similar to its
original state, can bind to the surface of GNPs and thus form a
GNPs-Trys-GNCs nanocomposite. This specific structure was
examined by UV−vis spectroscopy, transmission electron
microscopy (TEM), and size exclusion chromatography
(SEC) in this work. Furthermore, heavy metal ion Pb2+ was
chosen as the model to characterize the different optical
properties from the GNPs alone, as well as to demonstrate its
potential applications in heavy metal ion sensing and
elimination.

■ EXPERIMENTAL SECTION
Materials. Gold(III) chloride trihydrate (HAuCl4·3H2O) powder

and Nα-benzoyl-DL-arginine 4-nitroanilide hydrochloride (BApNA)
were purchased from Aladdin Reagent Corporation (Shanghai, China).
Trypsin from bovine pancreas was purchased from Beijing Probe
Bioscience Corporation (Beijin, China). The other reagents were of
the highest grades available commercially. All glasswares were soaked
in aqua regia overnight and then rinsed with distilled Milli-Q
(Millipore Corp.) water three times before use.

Synthesis of GNPs-Trys-GNCs Nanocomposite. Fresh chlor-
oauric acid and trypsin stock solutions were prepared by dissolving
them in deionized water at a concentration of 200 mM and 20 mg
mL−1, respectively (prepared just before use). In a typical experiment,
4 mM of HAuCl4 solution (diluted from 200 mM stock solution) was
rapidly added into trypsin solution (20 mg mL−1) with vigorous
shaking at room temperature. After 3 min, the pH of the solution was
tuned to 12 by adding an appropriate amount of 1 M NaOH. The
resulting mixture was transferred to a water bath shaker at 37 °C and
200 rpm and then incubated for an appropriate time (from 0 to 510
min, as indicated in Figure 1a). The synthetic gold nanocomposite was
analyzed immediately or placed in a 4 °C refrigerator.

Characterization of GNPs-Trys-GNCs Nanocomposite. During
the gold nanocomposite synthesis process, aliquot samples of the
reaction mixture were taken out at different time points for UV−vis
measurements in the wavelength range from 200 to 900 nm. The
characteristic absorption peak of the gold nanocomposite was recorded
with increasing time until no change was observed. High resolution
transmission electron microscopy (HRTEM) was performed on a
JEM-2100F field emission transmission electron microscope (JEOL,
Tokyo, Japan) at an accelerating voltage of 200 kV. To prepare
samples for TEM analysis, the gold nanocomposite solution was
diluted and dispersed ultrasonically with deionized water. Then a drop
of the resulting solution was deposited on the carbon-coated copper
mesh and air-dried at room temperature. Size exclusion chromatog-
raphy (SEC) analysis was performed with a Hiload Sephadex 75
column in the ÄKTA purifier chromatography system (GE Healthcare,
USA) by using deionized water as mobile phase (1.0 mL min−1). The
protein (trypsin) and gold nanocomposite were monitored by

Figure 1. UV−vis spectra of as-prepared samples with increasing time (a) and with increasing HAuCl4 concentrations (b). Other default conditions
unless otherwise noted are 6 mM HAuCl4 (Figure 1a), 20 mg mL−1 trypsin, pH 12, 37 °C, and 6 h (Figure 1b).
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measuring the absorption at 280 and 520 nm simultaneously with
elution time.
Determination of Trypsin Activity. The enzymatic activity of

raw trypsins and gold nanocomposite (GNPs-Trys-GNCs) were
measured using BApNA as the standard chromogenic substrate.29 A
total of 21.7 mg BApNA was dissolved in 5 mL DMSO and then
diluted with Tris-HCl buffer (50 mM, pH 8.0) containing 10 mM
CaCl2 to a final concentration of 50 mM. Thirty microliters of raw
trypsin solution (20 mg mL−1) or gold nanocomposite solution was
mixed with 2.97 mL BApNA solution (50 mM, pH 8.0) at 25 °C. The
product (p-nitroaniline) from BApNA hydrolysis was measured by
monitoring the change of absorbance at 410 nm with an UV−vis
spectrophotometer every 30 s for 10 min. The activity of trypsin (U) is
calculated with the following equation: U = A(410)/min ×1000 × 3/
8800/mg enzyme, where 8800 is the extinction coefficient of p-
nitroaniline, and 3 is the total volume of reaction mixture.
Interaction between GNPs-Trys-GNCs Nanocomposite and

Pb2+ Ions. Lead nitrate (Pb(NO3)2) solution with different
concentrations was prepared by dissolving lead nitrate powder in
ddH2O. Then 100 μL of Pb(NO3)2 solution was added into 2.9 mL
6.5 nM of gold nanocomposite solution with vigorous shaking. After
incubation in the air shaker (150 rpm, 25 °C) for 20 min, the mixture
solution was centrifuged at 12000 rpm. The resulting supernatant was
analyzed by UV−vis spectroscopy immediately.

■ RESULTS AND DISCUSSION

To monitor the formation of gold nanostructures, UV−vis
spectroscopy was used to characterize the resulting samples in
real-time, as shown in Figure 1a. UV−vis absorption spectra
exhibit a surface plasmon resonance (SPR) peak at 520 nm that
increase gradually in intensity over time. The results suggest the
formation of stable gold nanoparticles solution due to the
reducing and capping abilities of the trypsin molecules. Similar
to other proteins or peptides, the specific amino acids in
trypsin, such as cysteines and tyrosines, should play important
roles in GNPs formation.18,30 These amino acids interact with
AuCl4

− ions to trigger the nucleation and growth of GNPs in
alkaline pH.
Previous studies have shown that the amount of HAuCl4 in

the reaction system is an important factor affecting the size and
shape of the formed gold nanostructures.31−33 Herein, we also
investigated the effect of the AuCl4

− ion concentration on the
growth of gold nanoparticles. As shown in Figure 1b, the
intensity of the SPR peak in UV−vis spectra increased
obviously with increasing the AuCl4

− ion concentration from
4 to 10 mM, while there was no change in their corresponding
wavelength located at 520 nm. A number of studies have
suggested that the SPR frequency of metal nanoparticles closely
depends on their size, shape, and aggregation state.10,34−37

Spherical GNPs with a diameter of ∼20 nm possess an intense
SPR absorption band centered at 520 nm. The SPR band will
red-shift to a longer wavelength with an increasing diameter in
the range of 1 to 100 nm. In this work, UV−vis results (Figure
1b) suggest that the generated GNPs under different AuCl4

−

concentrations are spherical shape with a similar size.
To gain a direct insight into the microstructures of gold

nanoparticles, transmission electron microscopy (TEM) was
employed to observe the morphologies of the resulting samples.
As shown in Figure 2a and c, we can clearly observe gold
nanoparticles with spherical shapes. From the respective
histograms (inset images), the as-prepared GNPs revealed
good size uniformity. The diameters of GNPs, upon averaging
over 200 particles, was calculated to be ∼5.5 nm. At different
AuCl4

− concentrations, the GNPs represent similar size
distribution and average diameter (Figure 2a, c and Figure

S1, Supporting Information), which is in agreement with the
UV−vis optical absorption spectrum (Figure 1b). Interestingly,
in high resolution TEM images (Figure 2b, d and Figure S2,
Supporting Information), we see ultra-small spherical gold
nanoclusters around the GNPs. These GNCs are approximately
1 nm in diameter, and some of them are tightly adhered to the
GNPs surfaces. Combined with the results from previous
studies,22,24 we speculate that specific amino acid residues in
trypsin, such as thiols and phenolic groups, could bind and
reduce AuCl4

− ions, leading to the formation of GNCs in the
inner cavity of the trypsin. Meanwhile, the free trypsins and the
GNCs-embedded trypsins could interact with AuCl4

− ions as
capping (or binding) and reducing agents to control the growth
of GNPs. For individual GNPs, free trypsins or GNCs-
embedded trypsins or both of them were bound onto the
GNPs surfaces, resulting in a stable GNPs-GNCs solution.
To confirm the structure of GNPs-GNCs in aqueous

solution, we employed size exclusion chromatography (SEC)
to separate the gold nanostructures with different sizes. Because
of the protein capping layer on the gold surface, the gold
nanostructures are compatible with standard liquid chromatog-
raphy media used in protein purification. Similar results have
been demonstrated by Lev́y et al.,38 who used SEC with
Sephadex G25 to separate the peptide-capped gold nano-
particles from the excess peptide and citrate. In this study, the
SEC was operated on Sephadex 75 column using deionized
water as the mobile phase. As shown in Figure 3, SEC
chromatogram recorded at 520 nm (red line) has an intense
peak, which corresponds to the larger GNPs. In SEC
chromatogram at 280 nm (black line, Figure 3), as character-
istic of proteins, three peaks appeared at different retention
times. The first peak at ∼44 min, the same as that of the gold
nanoparticles, corresponds to trypsins that linked to the GNPs
surfaces. However, whether these trypsins contain GNCs in the
inner space needs further confirmation. For the other two

Figure 2. TEM images of gold composite nanostructures formed
under different HAuCl4 concentrations: (a, b) 4 mM; (c, d) 8 mM.
Other default conditions unless otherwise noted are 20 mg mL−1

trypsin, pH 12.0, 37 °C, and 6 h. Inset images are the size distributions
of GNPs through statical analysis of 200 particles. GNPs have average
diameters of about 5.5 nm, while the GNCs diameters are about 1 nm.
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peaks, we speculate they should correspond to trypsins-GNCs
and free trypsins, respectively.
After SEC separation, the first peak of eluent was

characterized by TEM (Figure 4). Highly uniform GNPs with

a diameter of ∼5.5 nm was shown in Figure 4a. The HRTEM
image (Figure 4b) shows a typical zone in Figure 5a, from
which we can see that there are a large number of ultra-small
GNCs. Combined with the SEC analysis, the TEM results of

peak 1 indicate that the GNPs are capped and stabilized with
GNCs-embedded trypsins (Trys-GNCs), forming a gold
nanoparticles-trypsins-nanoclusters (GNPs-Trys-GNCs) nano-
composite. Before TEM observation, dilution and ultrasonic
treatment are required to disperse the GNPs for sample
preparation. As a result, some Trys-GNCs dropped from the
surface of GNPs, leading to dispersed Trys-GNCs in the
HRTEM image (Figure 4b). The samples from the other two
elution peaks (Figure 3, black line) were also analysized by
HRTEM, and the results suggested that the second and third
peaks correspond to the Trys-GNCs (Figure S3, Supporting
Information) and free trypsins (data not shown), respectively.
The above SEC and TEM results were in good agreement with
our previous speculation.
Furthermore, we tested the enzymatic activity of trypsin in a

gold nanocomposite using BApNA as the substrate. The change
of absorbance at 410 nm, which is characteristic of p-
nitroaniline from BApNA hydrolysis, with the reaction time is
shown in Figure S4 of the Supporting Information. The results
indicate that there is no product (p-nitroaniline) generated
when using typsins in GNPs-Trys-GNCs. After the synthesis of
the gold nanocomposite, trypsin, as the linking and reducing
agents, losts its activity completely. The inactivation of trypsins
may be attributed to the redox reaction of specific amino acids
in trypsin, the thiol−Au interaction, and the high pH value.
Scheme 1 illustrates a possible mechanism for the formation

of the GNPs-Try-GNCs nanocomposite. First, AuCl4
−1 ions

were added to a trypsin solution under violent shaking
conditions, and some of them entered the inner space of the
trypsins. Trypsin has rich amino acids with thiol groups, which
strongly bind the AuCl4

− ions, forming a trypsin−Au ion
complex. After adjusting the pH to 12 by adding NaOH
solution, the reduction function of the amino acid residues was
activated to trigger the nucleation and growth of the GNPs in
the scaffolds between trypsin molecules. Meanwhile, the
internal spaces of trypsins might work as templates to produce

Figure 3. Size-exclusion chromatography (SEC) of the as-prepared
samples. Gold nanostructures synthesis conditions: 6 mM HAuCl4, 20
mg mL−1 trypsin, pH 12, 37 °C, and 6 h. Absorbance at wavelength
280 nm (characteristic of protein) and at 520 nm (characteristic of
GNPs) was recorded simultaneously with increasing elution time.

Figure 4. (a) TEM image of the first elution peak, which corresponds
to the gold nanocomposite, GNPs-Trys-GNCs. (b) HRTEM image of
Trys-GNCs from a typical zone in panel (a) (red-labeled).

Figure 5. UV−vis spectra of gold composite nanostructures after
interacting with Pb2+ ions with different concentrations from 0 μM
(blank) to 330 μM. The inset image is the corresponding real pictures.

Scheme 1. Preparation of GNPs-Trys-GNCs (gold
nanoparticles-trypsins-nanoclusters) Composite
Nanostructures by Using Trypsin As Linking and Reducing
Agents under Basic Conditions at 37 °Ca

aBecause of the structural difference between the original trypsin (free
trypsin) and GNCs-embedded trypsins, we use two symbols to
represent them in this scheme.
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smaller GNCs, leading to the formation of a GNPs-Trys-GNCs
nanocomposite.
GNPs have been used extensively for heavy metal ion

sensing, such as Hg2+, Pb2+, and Cu2+, based on the distance-
dependent optical property of the GNPs.39−41 In this work, the
heavy metal ion Pb2+ was chosen as the model to characterize
the different optical properties of the GNPs-Trys-GNCs
nanocomposite from the GNPs alone. Figure 5 shows UV−
vis spectra of the GNPs-Trys-GNCs solution after interacting
with different concentrations of Pb2+ ions. When the
concentration of Pb2+ ions is low, 33 and 166 μM, the color
of the solution stayed red while the intensity of the SPR peak
representative of the GNPs moved up and red-shifted slightly.
However, when the concentration of the Pb2+ ions increased to
330 μM, the SPR peak in the UV−vis spectrum disappeared,
accompanied by precipitates in the solution, leaving the
supernatant clear and colorless. This is obviously different
from the results in previous studies using pure GNPs. In these
works, the GNPs solutions are red colored with a SPR peak
around 520 nm. After changing the charge state42 or removing
the protective layer39 on the surfaces of the GNPs by adding
some specific agents like heavy metal ions, GNPs aggregation
occurred, leading to purple or blue solution and a red-shifted
peak (e.g., 700 nm) in the UV−vis spectra. The reverse process
of anti-aggregation of GNPs has also been utilized to detect
Hg2+ ions43 and small molecules like glutathione41 and
cocaine.40 In our work, the UV−vis result shows that the
SPR peak increased in intensity while no obvious red-shift of
peak position was observed. This should be attributed to the
unique structure of the GNPs-Trys-GNCs nanocomposite.
To understand the interaction between the GNPs-Trys-

GNCs nanocomposite and Pb2+ ions, a dynamic light scattering
(DLS) measurement was performed in this study. As shown in
Figure 6, increasing the concentration of Pb2+ ions to 25.8 μM,

the hydrodynamic size increased apparently along with a
broadened size distribution. The inset image shows the average
hydrodynamic diameter Dm gradually increases with the
content of lead ions. The DLS results suggest that Pb2+ ions
can act as joints between GNPs-Trys-GNCs and free Trys-
GNCs or trypsins in the solution, leading to an increased size of
the GNPs-Trys-GNCs nanocomposite.

Heavy metal ions can influence the microenvironment of the
surface of gold nanoparticles through chelating with ligands
molecules, such as L-cysteine,44 and trypsin in our work. When
adding heavy metal ions, aggregation of gold nanoparticles
occurred due to binding with chelating ligands.44,45 One Pb2+

ion may bind two or more trypsin molecules to the surface of
the GNPs-Trys-GNCs nanocomposite, and the small quantity
of Trys-GNCs and trypsins disappeared rapidly when
increasing the amount of Pb2+ ions. The richer the Pb2+ ions
in the solution, the more and bigger the chelation networks
became, and gradually, precipitation occurred. Scanning
electron microscope (SEM) equipped with an energy-dispersive
X-ray (EDX) detector was utilized to characterize the
precipitate produced by the chelating process (Figure S5,
Supporting Information). The EDX analysis shows a rather
high content of Pb in precipitate that verified the chelation
function of Pb2+ during the whole process.
The specific mechanism for the above-mentioned phenom-

enon is illustrated in Scheme 2. We have demonstrated that the

main component in the solution is the GNPs-Trys-GNCs
nanocomposite; the others are small amounts of dissociate
Trys-GNCs and free trypsins (Figure 3). In a particular content
range (low-level Pb2+) , Pb2+ ions can change the micro-
environment of the GNPs-Trys-GNCs surfaces by electrostatic
adsorption or complexing action, resulting in the binding of
Try-GNCs and free trypsins. The increased size of the GNPs-
Trys-GNCs nanostructure (Figure 6) can probably lead to a
slight red-shift of the SPR peak (Figure 5), while the increased
SPR intensity may be attributed to the change in the Trys-
GNCs content on the GNPs-Trys-GNCs surface. When the
concentration of Pb2+ ions was 330 μM, it was high enough to
induce aggregation of the GNPs-Trys-GNCs and Trys-GNCs
accompanied by the formation of precipitate and the
disappearance of the SPR peak. This property enables
formation of the GNPs-Trys-GNCs nanocomposite with the
function of heavy metal ions elimination.
On the basis of the change in SPR intensity under different

concentrations of Pb2+ ions, we furtherly developed a label-free
colorimetric method for detection of Pb2+ ions. As shown in
Figure 7, the intensity of the SPR absorption at 520 nm is
linearly related to the concentration of Pb2+ ions within the
concentration range investigated (from 1.6 to 32.3 μM, R2 =
0.9731). In previous studies, the absorption ratio (e.g., A670 nm/
A520 nm, A700 nm/A518 nm) was often used to express the molar
ratio of aggregated and dispersed pure GNPs corresponding to

Figure 6. DLS analysis of the hydrodynamic diameter of gold
nanostructures with an increasing concentration of Pb2+ ions from 1.6
to 25.8 μM. The inset image is the average diameter (Dm) of the gold
nanostructures as a function of Pb2+ ion concentrations (Color of lines
(−) and symbols (■) are matchable at the same Pb2+ concentrations).

Scheme 2. Proposed Process of Interaction between Gold
Nanostructures and Pb2+ Ions
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heavy metal ions concentrations.42,44 In our method, the SPR
intensity was directly used to reflect the change in
concentrations of Pb2+ ions due to the unique optical properties
of the GNPs-Trys-GNCs nanocomposite. The results indicated
the high potential of this GNPs-Trys-GNCs nanocomposite for
colorimetric detection of Pb2+ ions in aqueous solutions.

■ CONCLUSION
In conclusion, we have reported a green synthesis of a novel
GNPs-Trys-GNCs nanocomposite using trypsin as the
reducing and stabilizing agents. In the gold nanocomposite,
GNCs-embedded trypsins (Trys-GNCs) are attached to the
surface of GNPs via a ligand, e.g., thiolate ligand−Au
interaction. SEC and TEM results provide consistent evidence
in support of this composite structure. The as-prepared GNPs-
Trys-GNCs nanocomposite contains GNPs with average
diameters of 5.5 nm and the GNCs (about 1 nm)-embedded
trypsins. The trypsin molecule has rich amino acids with thiol
(e.g., cysteine) and phenolic groups (e.g., tyrosine), which can
strongly bind and reduce the AuCl4

− ions, forming trypsin-
stabilized gold nanostructures. The binding and reducing
abilities, combined with the unique spatial structures, enable
trypsins to direct the synthesis of GNPs and GNCs
simultaneously. Furthermore, the interaction between gold
nanocomposites and Pb2+ ions show a different behavior from
that of pure GNPs alone. In our work, low-level Pb2+ ions can
induce an increase in SPR intensity and a slight red-shift of SPR
peak, which may attribute to the change of Trys-GNCs content
on the GNPs-Trys-GNCs surface and the increased size of gold
nanocomposite. For pure GNPs solutions in previous studies,
however, the aggregation of GNPs occurred in the presence of
heavy metal ions, leading to a decrease in SPR intensity and a
new peak in the longer wavelength (e.g., 700 nm) in the UV−
vis spectra. On the basis of this unique optical behavior, we
developed a label-free colorimetric method for detection of
Pb2+ ions in aqueous solutions. This method shows a good
linear relationship between SPR intensity and the concentration
of Pb2+ over the range of 1.6−32.3 μM (R2 = 0.9731). The
results indicated that the GNPs-Trys-GNCs nanocomposite is
very promising for colorimetric detection of Pb2+ ions.
Generally, we believe that this synthesis protocol of gold
nanocomposite can be applied to other proteins and metals
with different functions.
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