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Abstract

In this paper, the Au nanoplate with bright red fluorescence was synthesized on the basis of bovine serum albumin
stabilized Au nanoclusters (BSA-Au NCs). The small molecule N-ethyl-N'-(dimethylaminopropyl) carbodiimide
(EDC) was used as the cross-linking agent to activate the carboxyl group on the surface of BSA, and then the
condensation with amino acid in BSA induced the self-assembly of BSA-Au NCs. The particle size of Au nanoplate
increased with EDC concentration. In addition, when EDC concentration was 0.0050 M, the Au nanoplate changed
from smooth to grainy structure. The Au nanoplate remained the unique fluorescence characteristics of BSA-Au
NCs. As EDC concentration reached 0.0025 M, the Au nanoplate even exhibited brighter red emission than that of

BSA-Au NCs.
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Introduction

The particle size of Au NCs is less than 2 nm, which is
equivalent to the Fermi wavelength, resulting in the
unique properties of Au NCs, such as surface plasma
resonance, molecular recognition and electrolumines-
cence [1]. By controlling the particle size and composi-
tion of Au NCs, the wavelength of photoluminescence
can be adjusted in the range of visible to near-infrared
light. Moreover, the Au NCs have excellent biocompat-
ibility, fluorescence stability and nontoxicity, so there
are wide application prospects in the biological analysis,
imaging and therapy [2]. At present, various preparation
methods of Au NCs have been developed. The thiolate,
polymer, DNA and protein all can be used to synthesize
the Au NCs, but there are large differences in the emis-
sion wavelength and quantum yield [3]. The Au NCs
reduced and stabilized by BSA consist of 25 Au atoms.
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After excitation, the BSA-Au NCs with high quantum
yield (6%) can emit bright red fluorescence (Aj.x=
640 nm). Due to excellent biocompatibility, high sensi-
tivity and selectivity [4], the BSA- Au NCs have been
widely used for the ion and molecule detection,
bioimaging and oncotherapy [3].

The excellent performance of nanomaterials can be
achieved by controlling the structure and morphology
[5]. Recently, the self-assembly has been the newly-
developing method to prepare the advanced
nanomaterials, especially for Au nanoparticle [6]. The
most typical method is template, such as surfactant, poly-
mer and DNA and thiolic groups [7—10]. Though the re-
markable developments have been achieved, there still
exist problems. For example, it is difficult to control the
reaction and remove the template and remnant byproduct.
Lee MJ and co-workers synthesized the mesoporous gold
sponges through self-assembly of citrate-covered Au
nanoparticles induced by thiolated poly (ethylene glycol)
[10]. For high purity, only very low concentration of
thiolated poly (ethylene glycol) was mixed with the Au
nanoparticles in aqueous solution at room temperature.
However, the purity of as-synthesized gold sponges was
98.7%, and the residual organic molecules was removed
for further purification. Li M et al. [11] also adopted thiol
ligands to exchange citrate, which was the capping agent
of Au nanoparticle. In the presence of 2-mercaptoethanol,
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the extended networks of linear and branched Au nano-
particle chains were produced only at 25-30 °C. The
short-chain networks and small amounts of isolated Au
nanoparticles may be produced outside the temperature
range.

The small molecule-induced self-assembly using thiol
and oligomer is a simple and effective method to syn-
thesize Au nanoparticle. Wang J et al. [12] self-
assembled Au nanoparticle arrays on thiol-
functionalized resin beads for sensitive detection of
paraquat. The Au nanoparticles also can be self-
assembled by polystyrene through a combined
swelling-heteroaggregation method [13, 14]. However,
the other chemical reactions may occur due to the
chemical activity, and the application in biology will
be limited due to the bio-toxicity [15-17]. To overcome
the problems, it is necessary to find a linking material
with biocompatibility and unique chemical properties.
As a well-known bioconjugate, EDC has higher chemi-
cal activity, and the reactivity will disappear after 1 h.
Furthermore, it also possesses excellent biocompatibility
and steric hindrance [18]. Lee J et al. [19] successfully
obtained one-dimensional arrangement of Au nanoparti-
cles using EDC without templates. As the carboxylate
stabilizers, citrates on Au nanoparticle surfaces were ac-
tivated by EDC. Then the Au nanoparticles were self-
assembled to form one-nanostructure. In this paper,
EDC was selected to induce the self-assembly of
BSA-Au NCs. In addition, the effects of EDC concen-
tration on the microstructure and fluorescence property
were discussed.

Experimental

BSA (66.7 kDa, >98.0%) and chloroauric acid
(HAuCly44H,0, AR) were provided by J & K Chemical
Technology. NaOH (AR) and EDC (AR) were purchased
from Shanghai Lingfeng Chemical Reagent Co. Ltd. and
Beijing Innochem Sci. &Tech. Co. Ltd., respectively.
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Fig. 1 a TEM image of BSA-Au NCs, (b) and (¢)
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Fig. 2 FT-IR spectra of Au nanoplate at different EDC concentrations

BSA-Au NCs were prepared according to the literature [4].
Briefly, in a typical experimental procedure, the aqueous so-
Iution of HAuCl4-4H,0 (10 mM, 12.5 mL) was added into the
aqueous solution of BSA (50 mg'mLfl, 12.5 mL) in a round
bottomed flask, and stirred for 2 min to make the homoge-
neous precursor solution. Then the aqueous solution of NaOH
(1 M, 2 mL) was introduced, and the mixture solution was
incubated at 37°Cfor 12 h. The color of the solution changed
from light yellow to light brown, and then to deep brown,
which indicated the formation of the red fluorescent BSA-
Au NCs. After the reaction performed for 12 h, the BSA-Au
NCs were purified by dialysis against ultrapure water for 48 h
using a 12 kDa molecular weight cut-off membrane. Finally,
different concentrations of EDC solution (300 pL) were added
into BSA-Au NCs solution (0.025 mg~mL71, 20 mL). When
the reaction was performed for 30 min, the products were
obtained after post-treatment.

The samples were characterized by X-ray diffraction
(XRD, Model D/max-2200/PC X-ray diffractometer, Rigaku
Corporation, Japan) using Cu-K«, Fourier transform infrared
spectroscopy (FT-IR, Spectrum 100, Perkin Elmer, Inc.,
USA), transmission electron microscope (TEM, JEOL2010,
JEOL, Japan), and luminescence spectrometer (LS 50B,
Perkin Elmer, Inc., USA).
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Fig. 3 XRD patterns of Au nanoplate at different EDC concentrations
Results and Discussion

The average particle size of obtained BSA-Au NCs is only
1.5 nm, as shown in Fig. 1a. In the presence of EDC, the BSA-
Au NCs self-assemble into Au nanoplates. When EDC concen-
tration is 0.0025 M, the Au nanoplates exhibit the quasi-wafer
shape. The estimated diameter of Au nanoplate is 3540 nm, as
shown in Fig. 1b. A HRTEM image of Au nanoplate is shown in
Fig. lc. The measured fringe spacing of Au nanoplate is
0.238 nm, which is in accord well with the d-value of
0.236 nm for (111) plane of Au nanoparticle [20]. Therefore, it
is for sure that the Au nanoplate consists of many BSA-Au NCs.

Figure 2 shows the FT-IR spectra of Au nanoplate at dif-
ferent EDC concentrations. When EDC concentration is
0.0025 and 0.0030 M, there appear the characteristic

Fig. 4 TEM images of Au
nanoplate at different EDC
concentrations (a: 0.0020 M, b:
0.0030 M, c: 0.0050 M, d:
0.0070 M)

absorption peaks at 1100 cm ', which correspond to C-N
stretching vibration of EDC. When EDC concentration in-
creases to 0.0050 M, the absorption peaks disappear.
Therefore, when EDC concentration is lower (0.0020, 00025
and 0.0030 M), the carbon in the imine of EDC can activate
the free carboxyl group on the surface of BSA to form an
intermediate, and then the condensation with amino acid in
BSA induces the self-assembly of BSA-Au NCs. However,
when EDC concentration is overhigh, the branched structure
of Au NCs is destroyed [19].

The diffraction peak of polycrystalline Au locates at 20 =
38.2,44.4, 64.6 and 77.6°, which correspond to (111), (200),
(220) and (311) planes respectively [21]. As shown in Fig. 3,
there is no diffraction peak belonging to Au. Thus, all peaks
can be assigned to BSA. In addition, no sharp diffraction peak
is observed, indicating the amorphous behavior of BSA.
When EDC concentration is lower, the patterns of Au
nanoplates are significantly different from BSA-Au NCs.
However, as EDC concentration increases to 0.0050 M, the
diffraction pattern is in accord with BSA-Au NCs. The struc-
ture change corresponds with FT-IR spectra. The reason is that
the addition of EDC changes the structure of BSA.

Fig. 4 shows the TEM images of Au nanoplate at different
EDC concentrations. When EDC concentration is 0.0020 M,
the particle size distribution of Au nanoplate is nonuniform
(Fig.4a). As EDC concentration increases, the particle size
distributes uniformly (Fig.4b). When EDC concentration
reaches 0.0050 M, the Au nanoplate changes from smooth
to grainy structure, and the particle size distributes
nonuniformly again, as shown in Fig. 4c and d.
Additionally, it is clearly observed that Au nanoplate grows
continuously with the increase in EDC concentration.
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Fig. 5 Fluorescence emission spectra of Au nanoplate at different EDC
concentrations

Figure 5 shows the fluorescence emission spectra of Au
nanoplate at different EDC concentrations (Aex =470 nm).
There still is obvious emission peak for Au nanoplate in the
near-infrared spectral range centered at ~640 nm. When EDC
concentration is over 0.0025 M, the Au nanoplate exhibits
brighter red emission than that of BSA-Au NCs. Moreover, when
EDC concentration is 0.0025 M, the emission is the strongest.

Conclusions

The Au nanoplate with bright red fluorescence has been synthe-
sized by using the small molecule EDC to induce the self-
assembly of BSA-Au NCs. With the increase in EDC concen-
tration, Au nanoplate changed from smooth to grainy structure,
and the particle size increased constantly. The Au nanoplate
maintained the fluorescence property of BSA-Au NCs, and
showed stronger emission as EDC concentration reached
0.0025 M. Moreover, when EDC concentration was 0.0025 M,
the Au nanoplate exhibited the brightest red emission.
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