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ABSTRACT: A simple, rapid, and inexpensive method for the
synthesis of cyclic arginine-glycine-aspartic acid (RGD) peptide
conjugated gold nanoclusters (RGD-GNCs) was reported. The
nanoclusters were synthesized with chloraurate as precursor and
cyclic RGD peptides as both reducing and protecting agent
directly under alkali condition, and the whole synthetic process
only took 15 min at room temperature. The properties of the
nanoclusters were characterized by means of ultraviolet—visible
spectra, Fourier transform infrared spectroscopy (FTIR),
fluorescence, transmission electron microscopy (TEM), and
X-ray photoelectron spectroscopy (XPS). The prepared gold
nanoclusters were successfully used as a contrast agent in
fluorescence imaging of the melanoma A375 cells, which
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overexpress the integrin o,f;. The results demonstrated that our nanoclusters possess good biocompatibility, stability, and
low toxicity. Moreover, the method is expected to be applicable to the synthesis of nanoclusters conjugated with other

biomolecules.

B INTRODUCTION

Peptides containing the arginine-glycine-aspartic acid (RGD)
sequence have been receiving extensive attention recently
because they can recognize the integrin a,f; that is highly
expressed by several solid tumors, such as melanomas,” ovarian
cancers,” and glioblastomas.”> To date, many kinds of RGD
peptide conjugated nanomaterials, such as silicon nanomateri-
als)?* quantum dots,s’6 and metal nanoparticles,7_11 were
reported to perform the tumor targeted therapy and imaging.
Among these nanomaterials, gold nanomaterials are especially
recommended due to their good chemical and optical
properties, good biocompatibility, and low toxicity. RGD
conjugated gold nanoparticles (GNPs) have been synthesized
and used as contrast agents in tumor imaging.”'® Compared
with GNPs, gold nanoclusters (GNCs) have been recognized as
more promising candidates for tumor therapy and imaging
because of their ultrasmall size, molecular-like properties,
luminescence, and unique charging properties.'> The common
method to synthesis GNCs uses sodium borohydride as
reducing agent and the derivatives containng amine or thiol
groups as protecting agent. In 2009, Ying et al."> reported a
simple and “green” synthetic route to prepare GNCs using
bovine serum albumin (BSA) as reducing and stabilizing agent.
One year later, Lee et al.'* discovered that the reduction
capability of a peptide depends on the presence of certain
reducing amino acid residues. The work from these two groups
inspired many researchers who used proteins, such as
lysozyme," insulin,'® apoferritin,'” and specific peptides,'® as
scaffolds for the preparation of GNCs.
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In this paper, we report a simple, rapid, and inexpensive
method for the synthesis of cyclic RGD peptide conjugated
gold nanoclusters (RGD-GNCs), which is also a one-step
method and only needs 15 min. In the synthesis process, we
made RGD peptides act as both reducing and protecting
agents. More importantly, the prepared RGD-GNCs possess
good biocompatibility, stability, and low toxicity. The
recognition between the RGD conjugated GNCs and the
integrin a,f3; was not noticeably influenced after the peptides
acting as reducing reagent. The RGD-GNCs had been
successfully used in the fluorescence imaging of the melanoma
A375 cells.

B RESULTS AND DISCUSSION

We observed that the order of addition of raw materials, the
ratio of c(RGDyE)/HAuCl,, pH, reaction time, and temper-
ature had a strong influence on the synthesis reaction (see
Supporting Information). If the gold ions were added into the
mixed solution of NaOH and peptides, the fluorescence
intensity would be larger than that with other additional orders
(Supporting Information Figure S1), which demonstrated that
the peptides’ reducing activity was fully motivated in alkaline
environment.'® If we mixed NaOH with gold ions at first, no
fluorescence increase was observed, which meant that most
gold ions were converted to less reactive [AuCl,(OH),]™ and
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[AuCI(OH),]~ (Supporting Information Figure S1).'> More-
over, if the reaction solution was kept at room temperature for
10 min, green fluorescent GNCs appeared. The reaction
efficiency was increased at higher temperature (Supporting
Information Figure.S2). In this work, the reaction was kept at
room temperature to maintain the biological stability of the
peptides and the ease of operation. Interestingly, the green
fluorescence of GNCs appeared in just 1 min under our
optimized conditions, which indicated that the peptides’
reducibility is strong enough to reduce gold ions into gold
atoms that then joined in the generation of GNCs. The
reaction time was set at 15 min (Supporting Information Figure
SS) which is quite short compared with other reports that need
at least 6 h."*'*~'® The reason for other works might be that
the proteins and peptides contain the cysteine (C), histidine
(H), and methionine (M), which are known to form strong
complexes with metal ions.*® Generally, complexation lowers
the redox potential and hence the reducibility of the metal ions.
The results of the optimization processes were shown in
Supporting Information (Figures S3 and S$4).

In addition, we investigated the feasibility of c(RGDyE),
c(RGDyC), c¢(RGDfC), c(RGD{V), and linear RGD tripeptide
in the synthesis of the RGD-GNCs (Figure 1). As shown in
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Figure 1. Cyclic peptides’ sequences of c(RGDyE), c¢(RGDyC),
c(RGDfC), and ¢(RGDfV).

Figure 2, only ¢(RGDyE) and c(RGDyC) could be used to
prepare green GNCs. The reason could be that the tyrosine
(y), the phenolic group of tyrosine of the cyclic peptides
c(RGDyE) and c¢(RGDyC), can reduce gold ions into
GNCs."'® The fluorescence intensity of the c(RGDyE)
products was much larger than that of the c(RGDyC) products,
the reason possibly being that the c(RGDyE) possesses two
carboxy groups which can stabilize colloidal solution under
alkaline condition after the peptides conjugated onto the
surface of GNCs,** although the gold ions can interact with the
thiol group of cysteine (C). The reducibility of c((RGDfC) and
c(RGDfV) was not strong enough because no fluorescent
products were produced. Linear RGD peptides had been used
to prepare gold nanoparticles'® but failed to prepare GNCs
because of their weak reducibility, and these results coincided
with that of Lee’s group.'*
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Figure 2. Fluorescence excitation and emission spectra of linear and
cyclic RGD peptides prepared GNCs (excitation at 385 nm and
emission at 485 nm).

In the sequence of c(RGDyE) peptides, the tyrosine (Tyr)
residue have strong electron donatin% properties in situ
reducing Au(III) ions to Au colloids. %22 The phenolic
group of tyrosine of the cyclic peptides c((RGDyE) can reduce
Au ions and then change into a phenoxide structure,'® which is
consistent with our result of UV—vis spectra as shown in Figure
3. The absorption peak at 274 nm of the pure c(RGDyE)
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Figure 3. UV—visible absorption spectra of the as-prepared RGD-
GNCs (a), and the cyclic peptides (b).

peptide, which comes from the tyrosine (y), disappeared in the
spectra of dialyzed GNCs because the benzene of tyrosine was
destroyed in the formation of a phenoxide structure while the
phenolic group of tyrosine played a reducing role in the basic
condition.®

The transmission electron microscopy (TEM) images
(Figure 4) clearly proved that most of the GNCs were well
dispersed and the average particle diameter was about 2.0 nm.

The emission band of the RGD-GNCs was approximately
centered at 485 nm upon excitation at 385 nm (black curves in
Figure S). The inset shows that RGD-GNCs emitted a green
fluorescence under UV light (365 nm), while c((RGDyE) and
gold ions did not have any fluorescence under the same test
condition (blue and red curves).
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Figure 4. TEM image of RGD-GNCs. Scale bar § nm.
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Figure S. Fluorescence excitation and emission spectra of RGD-GNCs
(black curves, excitation at 385 nm and emission at 485 nm), Au ions
(red curves), and cyclic RGD peptides (blue curves). The inset shows
a photograph of RGD-GNCs under a UV light source emitting 365
nm light.

Figure 6 provides the Fourier transform infrared spectrosco-
py (FTIR) spectra of the cyclic RGD peptides (a) and the
RGD-GNCs (b). The IR absorption peaks at 1666 cm™'

(amide 1, carbonyl stretch vibration) and 1385 cm™ (amide
III, C—N stretch vibration),”® which are representatives of
100
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Figure 6. FTIR spectra of cyclic RGD peptide (a) and RGD-GNCs

(b). The spectra between them are enlarged 10 units for the contrast
distinctly.
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peptides, were also found in the spectrum of the GNCs,
indicating the successful binding of cyclic peptide molecules to
the GNCs.

X-ray photoelectron spectroscopy (XPS) was used to
determine the in-depth chemical state of gold nanoclusters.
As shown in Figure 7, there were two peaks located at the
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Figure 7. XPS spectrum of the Au 4f of the RGD-GNC:s (the original
spectra - black; the fitted result - red). The Au 4f7/2 binding energy
was deconvoluted into two components, which showed peaks at 84.2
eV (Au(0) - green) and 85.1 eV (Au(I) - purple).

binding energies of around 84.4 and 882 eV, which is
consistent with the emission of 4f 7/2 and 4f 5/2 photo-
electrons from Au 0.2* The best fit spectrum of Au 4f 7/2 could
be deconvoluted into two distinct components (green and
purple curves) centered at binding energies of 84.2 and 85.1 eV,
which could be assigned to Au(0) and Au(I), respectively.>>~>°
There was a certain amount of Au(I) (~39%) present on the
surface of the Au core, which helped to stabilize the GNCs.”
These results indicated that the formation of [Au(I)Cl,] ions
could be bound to the pronated peptides by the gold—nitrogen
interaction.**

The MALDI-TOF mass measurement in Figure 8 shows that
the green GNCs contained 13 gold atoms (m/z = 2561), which
was consistent with the published reference.**** The lifetime of
GNCs was also collected on a combined fluorescence lifetime
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Figure 8. MALDI-TOF MS of RGD-GNCs recorded in the positive
mode.
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and steady state spectrometer (Figure 9). The decay curves of
the emission intensities were fitted with a double exponential
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Figure 9. Luminescence lifetime of the RGD-GNCs (black -the fitted
curve, red - instrument response function (IRF) curve).

function model, which showed that RGD-GNCs had an average
lifetime of S ns (87%). The quantum yield (QY) of Aul3
clusters was measured to be 4.05%, using quinine sulfate as the
reference.

To determine the fluorescence stability of RGD—GNCs, we
measured their fluorescence spectra at same concentrations
while the GNCs were dispersed in DMEM medium, PBS buffer
solution, and water, respectively. As shown in Figure 10, the
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Figure 10. Fluorescence spectra of the GNCs dispersed in DMEM
medium (green curve), PBS buffer solution (black curve), and water
(black curve).

fluorescence intensities and the emission spectra did not change
obviously, indicating that the synthesized RGD—GNCs
possessed good fluorescence stability in physiological status.
The A375 cell line that overexpresses the integrin a,f; was
selected as the test group and the MCF-7 breast cancer cell that
expresses the integrin a,f; at a very low level was set as the
control group. The cytotoxicity of the RGD-GNCs was
measured by the MTT assay (Supporting Information Figure
S6). The viability of A375 and MCF-7 remained over 63% after
incubation with 10 ug/mL of RGD-GNCs for 1 h as compared
to the control groups, which were incubated with an equal
amount of PBS buffer and the viability of the control groups
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was set as 100%. The results illustrated that the prepared GNCs
had low cytotoxicity and were suitable for tumor imaging.

The uptake of GNCs (10 ug/mL) by both cell lines after 1.0
h of incubation was assessed by a two photon confocal
fluorescence microscopy with a 405 nm laser (consistent for all
test conditions). Figure 11(1) clearly demonstrated the
entrance condition of RGD-GNCs in both cells, and A,
exhibited a strong green fluorescence, which meant that there
were large amounts of RGD-GNCs in A375 cells. However,
there was only background in MCF-7 cells (B,), indicating that
small amounts of GNCs had entered the MCF-7 cells. The
entry process relies on the recognition between the a.f;
integrin and RGD peptides conjugated on the surface of
prepared GNCs, which was compatible with the entrance
mechanism.

Quantitative determinations were carried out to compare the
amounts of RGD—GNCs taken up by A375 and MCF-7 cells.
In Figure 11(2), we selected 30 um in both cells and presented
the corresponding intensity data in the form of spectra in
Figure 11(3). Consistent with the fluorescence imaging images,
we can find that the peak area of A375 cells (457.65) was much
larger than that of MCF-7 cells (54.7), indicating that there
were much more GNCs entered in A375 cells.

In the competitive inhibition assay, the A375 cells were
preincubated with free cyclic RGD peptides (0.64 mM, 20 uL),
washed with PBS buffer solution, and then incubated with
RGD-GNCs (10 pg/mL) for 0.5 h (Figure 12B) while the
control group was just incubated with RGD-GNCs for 0.5 h
(Figure 12A). Compared with A and B, one can see that there
was almost no fluorescence observed in B,; however, A,
showed a strong fluorescence although A37S5 cells were
incubated with RGD-GNC:s for only 0.5 h. The results show
that free peptides could compete for binding to the a,f;
integrin on the cell membrane, which blocked the internal-
ization of RGD-GNCs with the a,f; overexpressed in A375
cells. As a result, it will reduce the availability of the a,f3;
integrin for RGD-GNCs. This indicated that the cyclic RGD
peptides conjugated on the surface of GNCs facilitated the
uptake by A37S cells through receptor-mediated endocytosis.

B CONCLUSION

We have successfully developed a rapid and one-step method to
synthesize cyclic RGD conjugated GNCs, which only needs 15
min at room temperature. We made the cyclic RGD molecules
play triple roles as reducing, stabilizing, and targeting agents in
the one-step synthesis. The prepared GNCs possess good
biocompatibility and fluorescence stability. The results of
fluorescent imaging and the competitive inhibition assay proved
that the receptor-mediated cell internalization can efliciently
facilitate delivery of the GNCs into A375 cancer cells, and the
specific targeting activity of the peptides on our RGD—GNCs
were not influenced noticeably after the peptides acted as a
reducing reagent. The results demonstrated that it is also a
green synthesis method for reducing costs, simplifying the
synthetic process, and shortening the reaction time signifi-
cantly.

B EXPERIMENTAL PROCEDURES

Chemicals. All the chemicals were of reagent grade.
HAuCl,-3H,0 was purchased from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). The cyclic arginine-
glycine-aspartate-tyrosine-glutamic acid (c(RGDyE)), cyclic

DOI: 10.1021/bc500505¢
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Figure 11. (1) Confocal fluorescence images of A375 cells (A) and MCF-7 cells (B). A; and Bj are the overlapping images of bright (A, B,) and
fluorescent images (A, B,). All of the scale bars are 20 ym. (2) Comparison of RGD—GNCs taken up by A37S5 and MCF-7 cells. The peak area
represents the integral of the fluoresence data of the selected distance. (3) Spectra of the fluoresence intensity of the selected distance (30 #m). The
top spectra represent the brightness of the bright field pictures, and the lower ones represent the fluoresence intensity.

arginine-glycine-aspartate-tyrosine-cysteic acid (c(RGDyC)),
cyclic arginine-glycine-aspartate-phenylalanine-cysteic acid (c-
(RGDfC)), and cyclic arginine-glycine-aspartate-phenylalanine-
valine (c(RGDfV)) were purchased from China Peptides Co.,
Ltd. (Shanghai, China). The linear arginine-glycine-aspartic
acid (RGD) were purchased from Biotech Bioscience and
Technology Co., Ltd. (Shanghai, China). Sodium hydroxide
was purchased from Damao Chemical (Tianjin, China). The
melanoma A375 and the MCF-7 cell lines were purchased from
Shanghai Institutes For Biological Sciences, Chinese Academy
of Sciences. Dulbecco Modified Eagle’s Medium (DMEM) was
purchased from HyClone Technologies. The MTT Cell
Proliferation and Cytotoxicity Assay Kit was supplied by
KeyGENE BioTECH (Nanjing, China). Ultra pure water of
18.0 M was used for all experiments.

Preparation of RGD-GNCs. For the synthesis of c-
(RGDyE) conjugated GNCs, 35 uL of 1 M sodium hydroxide
was first added into the aqueous solution of the c¢(RGDyE)
peptides (0.64 mM, 1.0 mL) under magnetic stirring to fulfill
the reducing ability of the peptides. Then, Au ion solution (1.20
mM, 1.0 mL) was added into the aqueous solution of the
peptides. The reactions continued for 15 min at room
temperature, and the color of the solution changed from light
yellow to light red. The red color is attributed to the colloidal
gold nanoparticles because the GNCs were nearly colorless to
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the naked eye. The solution containing peptide-conjugated
GNCs was purified by centrifugation at 20 000 rpm for 1 h.
After removing the bottom precipitate, the supernatant was
dialyzed for 12 h to remove excess reactants.

In the following experiments, all the conditions were fixed as
above except for the experiments for conditional optimization.

UV-visible, FTIR, Fluorescence, TEM, and XPS
Spectroscopic Studies. UV 3150 Spectrophotometer
(Shimadzu, Japan) was used to measure the UV—visible
spectra of the RGD-GNCs using 1 cm path length quartz
cuvettes with 0.1 nm resolution. Fourier transform infrared
(FTIR) spectrum of the RGD peptides and RGD—GNCs were
obtained from a Nicolet Avatar FTIR model 330 spectrometer
(Thermo, America) with the range from 500 to 3800 cm™". The
fluorescence spectra were obtained on a RF-5301 Fluorospec-
trophotometer (Shimadzu, Japan) with the excited and emissive
slit of 5 nm. The samples for transmission electron microscope
(TEM) were prepared by dropping the RGD—GNCs solution
onto a carbon-coated copper grid, drying at room temperature,
and then characterizing by a TEM (JEM-2010HR, JEOL,
Japan) operated at an accelerating voltage of 200 kV. The
surface compositions of RGD—GNCs were investigated by an
ESCALab250 X-ray photoelectron spectroscopy (XPS) (Ther-
mo, America).

DOI: 10.1021/bc500505¢
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Figure 12. Confocal fluorescence images of competitive inhibition
assay of A37S cells. A represents that A375 cells were just incubated
with RGD-GNCs; B represents that A37S cells were preincubated with
free cyclic RGD peptides and then incubated with RGD-GNCs. A; and
B, are the overlapping images of bright (A;, B,) and fluorescent images
(A, B,), respectively. All of the scale bars are S0 ym.

ICP Analysis. Inductively coupled plasma-atomic emission
spectrometry (ICP-AES, IRIS, TJA, USA) was used to
determine the quantities of Au in the RGD-GNCs. The
RGD-GNCs were digested in hot HNO; (65%), and then
diluted with dilute aqua regia to a final volume of 10.0 mL for
ICP-AES measurements. The calibration solutions were
prepared from a stock standard solution supplied by SPEX
Certiprep and the concentration range is from 0.0 to 10.0 ppm
Au. Three replicate measurements were made for each sample.

MALDI-TOF MS Measurement. The MALDI-TOF mass
measurement of the prepared RGD—GNCs was determined on
a Bruker ultrafleXtreme MALDI-TOF/TOF system (Bruker
Daltonics, America) in positive mode with 2,5-dihydroxy
benzoic acid as the matrix.

Cell Culture. The A375 and MCE-7 cells were cultured in
DMEM medium supplemented with 10% FBS in a humidified
5% CO, balanced air incubator at 37 °C for 24 h. The cells
were collected and implanted onto the confocal dishes, and the
culturing was continued for 1 day.

Cytotoxicity Assay. Equal amounts of A375 and MCF-7
cells (5 X 10° cells/well) in the exponential phase were added
to each well of two 96-well plates and incubated for 24 h,
respectively. Then the RGD—GNCs of concentrations 10, S,
2.5, 1.25, and 0.625 pg/mL were added to each well of two 96-
well plates and incubated for 1 h at 37 °C, respectively. Cells
without addition of the RGD—GNCs were used as the control
group and the viability was set as 100%. A solution of 50 uL of
the MTT was added to each of the wells and incubated for 1 h
at 37 °C. The OD values at 450 nm were measured with a
microplate reader (Victor XS, PerkinElmer). Three wells for

248

each concentration were set up and the final values were
expressed as a percentage of the control.

Imaging GNCs in A375 and MCF-7 Cells. The RGD—
GNCs of 10 pug/mL were added into a confocal dish and
incubated with both cells for 1 h. Subsequently, these cells were
rinsed with phosphate buffer solution (PBS) for three times to
remove free and physically absorbed GNCs. Then these cells
were imaged by a two photon confocal fluorescence microscopy
(Zeisgs-LSM 710, laser: 40S nm) at 400X magnification.

Competitive Inhibition Assay. The competitive inhibition
control experiments of A375 cells was also performed by
culturing cells with free cRGDyE peptides (20 uL, 0.64 mM)
primarily and then with the RGD—GNCs (10 pg/mL) for 0.5
h. Finally, the cells was washed with PBS buffer, and then
examined under the laser scanning confocal fluorescence
microscope (Leica, TCS-SPS, laser: 405 nm) at 400X
magnification.

B ASSOCIATED CONTENT

© Supporting Information

Fluorescence spectra of the optimized conditions of the
additional order of raw materials, the ratio of c(RGDyE)/
HAuCl,, the amount of sodium hydroxide, the reaction time
and temperature, MTT results. This material is available free of
charge via the Internet at http://pubs.acs.org.
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