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Silk fibroin-derived peptide directed silver
nanoclusters for cell imagingt
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Fluorescent silver nanoclusters (Ag NCs) that are capable of emitting green light have been synthesized
using a peptide derived from the C terminal of silk fibroin heavy chain (CSH) via a one-pot, green, and
facile synthesis method. The emission was also found to be stable at the excitation wavelength and the
fluorescence quantum yield of Ag NCs was measured to be 1.1%. Matrix assisted laser desorption
ionization time of flight mass spectrometry (MALDI-TOF MS) indicated the presence of a range of Ag
species that correspond to Agl, Ag2, Ag3 and Ag4. Transmission electron microscopic analyses
suggested that the formed particles are uniform and well dispersive with an average diameter of 2.5 nm.
The Ag NCs were successfully applied to cell imaging in murine preosteoblast MC3T3-E1 cells. Finally, Ag
NCs observed by MTT exhibited distinct cytotoxicity at CSH-Ag NCs concentrations of 600 pM. Based
on the concept of utilizing a functional peptide from nature, this study demonstrates a novel approach
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Introduction

Noble metal nanoclusters (NCs) have gained considerable
attention for various applications in biological imaging,
chemical sensing, catalysis and therapy due to their unique
physical, electrical and optical properties.'™ Generally, metal
NCs, comprising several to roughly dozens of metal atoms, are
an emerging class of fluorescent materials, which are attracting
increasing interests from many scientists. They possess discrete
energy level and sizes that approach the Fermi wavelength of
electrons and exhibit significant photoluminescence, which is
regulated by their sub-nanometer dimensions. Compared to
commonly used organic dyes, quantum dots and fluorescent
proteins, metal NCs possess several unique characteristics,
including tunable photo-properties, ultra-fine sub-nanometer
size particles, high selectivity and high biocompatibility,
enabling them as a highly attractive alternative for conventional
probes. However, to the best of our knowledge, there is limited
literature on Ag NCs and their applications, relative to that of Au
NCs.>® This is because silver clusters are more reactive than
other metal analogues and tend to grow and form larger
nanoparticles. As far as we know, ease of preparation, high
quantum yield and high stability under physiological condi-
tions are still the main challenges in the synthesis of Ag NCs. To
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to fabricate aqueous metal nanoclusters for tracking applications in bioimaging.

reduce their surface energy, various chelating ligands, such as
proteins, DNA, polymers, dendrimers, thiolates and other small
molecules have been successfully used as stabilizing ligands for
the synthesis of Ag NCs.”™°

Proteins/peptides serve as flexible and effective bio-
templates, which have been demonstrated to have great
potential for the controlled synthesis of metal NCs with char-
acteristic biofunctions. In the case of peptide templates, Dick-
son et al. designed three short peptides from nucleolin with
minor sequence differences to capture the silver clusters. These
silver clusters exhibit similar photophysics to those in the
nucleolus, but with narrower emissions at 610 nm (P1-Ag),
615 nm (P2-Ag), and 630 nm (P3-Ag). MALDI mass spectrom-
etry confirms the presence of silver clusters and their compo-
sition, in which Ag2, Ag3, Ag4, or Ag5 are bound to a single
peptide." In the case of BSA, the synthesis of fluorescent BSA-
Ag15 has been accomplished by using denatured BSA as
a stabilizing agent and NaBH, as a reduction agent. The stability
of BSA-Ag15 could be further enhanced by the addition of
poly(vinyl pyrrolidone) in aqueous solution.'” Furthermore, Xie
et al. prepared gold nanoclusters of five discrete sizes (Au4, Aus,
Au10, Au13, and Au25) by using BSA with a predefined protein
conformation.” In conclusion, it has been demonstrated that
the protein sequence and conformation as well as the protein
size and amino acid content play key roles in controlling the
size of the NCs, thus resulting in the formation of metal NCs
with different sizes and varied fluorescence properties.
Notably, certain proteins/peptides with distinct biological
functions and characteristic sequence and conformation were
demonstrated and predicted.'*** Currently, numerous proteins/
peptides, including GSH,'®" lysozyme,'® a-chymotrypsin,
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Scheme 1 Schematic of the synthesis of CSH-Ag NCs.

BSA,*® HAS,”* and programed peptides,**** have been success-
fully adopted as novel biotemplates for the synthesis of Ag NCs.
Nevertheless, only a few studies of Ag NCs have been reported
using peptide/protein as the capping reagent.

To further explore the potential of silk fibroin and its
derivatives, we initially employed one characteristic peptide of
silk fibroin to fabricate hydrosoluble fluorescent Ag NCs. As
shown in Scheme 1, CSH-Ag NCs with green emission were
synthesized via a one pot, facile and green method. The char-
acteristic peptide comprising 58 amino acids was selected from
the C terminus of heavy chain of silk fibroin, featuring three
cysteine units, four tyrosine units, and nine basic amino acids.
Recent studies have shown that the presence of a thiol group (in
cysteine) could facilitate the synthesis of peptide-protected
metal NCs with good stability in solution due to the unique
metal-sulfur chemistry that is typically strong.>*** We speculate
that the peptide could be a potential biotemplate candidate for
the synthesis of Ag NCs due to the presence of cysteine, tyrosine
and basic amino acids. We observed that the CSH-Ag NCs with
green emission can easily penetrate the cytomembrane, and
hence can be effectively applied for cellular imaging.

Experimental

2.1. Materials

The chemically synthesized peptide was purchased from ChinaPep-
tides Co., Ltd., according to the pristine sequence data from NCBI,
termed as CSH peptide (VSYGAGRGYGQGAGSAASSVSSASSRSY-
DYSRRNVRKNCGIPRRQLVVKFRALPCVNC, HPLC purified: 90%).
Chlorauric acid was purchased from National Medicines Chemical
Reagent Co., Ltd. (Shanghai, China). All reagents were of analytical
grade and used without further purification. Water (18.25 MQ cm)
used in all experiments was deionized by the Milli-Q Academic puri-
fication set (Millipore, Bedford, MA, USA).

2.2. Synthesis of CSH-Ag NCs

All glassware was washed with aqua regia and rinsed with
ultrapure water. Typically, the synthesis was started with an
aqueous AgNO; solution (32.4 pL, 25 mM, 37 °C), which was
slowly added to CSH peptide solution (205 pL, 2 mM, 37 °C).
Then, NaOH solution (0.5 M, 5 uL) was added to achieve a final
pH value of ~10. After vigorous stirring for 5 min, the reaction
was incubated in a baking oven at 37 °C for 12 h.
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2.3. Characterization of CSH-Ag NCs

Ultraviolet-visible (UV-vis) absorption spectra were recorded
using a Shimadzu UV-2450 spectrophotometer. All the photo-
luminescence (PL) spectra were recorded on a Fluoromax-4
spectrofluorometer (HORIBA Jobin Yvon Inc.) equipped with
a 150 W xenon lamp as the excitation source. The composition
of CSH-Ag NCs was analyzed using MALDI-TOF mass spec-
trometry on a Bruker micro TOF-Q system. The pure peptide
and as-synthesized CSH-Ag NCs were simultaneously charac-
terized in a positive linear model using a-cyano-4-
hydroxycinnamic acid (CHCA) as a matrix. Transmission elec-
tron microscopy (TEM) images were obtained on a FEI Tecnai F-
20 microscope operating at 200 kv for measuring the nano-
structure and size distribution. The size distribution of CSH-Ag
NCs was analyzed from TEM images using image J software
(ImageJ1.44p, National Institutes of Health, U.S.A.). X-ray
photoelectron spectra (XPS) were acquired with a Japan Kratos
Axis Ultra HAS spectrometer using a monochromatic Al Ka
source.

2.4. Cell culture and imaging

The murine osteoblastic MC3T3-E1 cells (preosteoblast cells)
were obtained from the Medical College of Soochow University
and maintained in our lab. The cells were expanded in an alpha
minimum essential medium («-MEM, Thermo Fisher Scientific,
U.S.A.) containing 10% fetal bovine serum (FBS, Life Technol-
ogies, U.S.A.) and 1% penicillin/streptomycin (Life Technolo-
gies, U.S.A.) in 5% CO, humidified incubator at 37 °C. The
medium was replaced every 48 h. After culturing in the growth
medium until 80-90% confluence, the cells were harvested for
further use.

2.5. Cytotoxicity

To assess the cytotoxicity, cell viability assays were carried out
with an MTT assay according to the standard manufacturer
protocol. MC-3T3 E1 cells (1 x 10" cells per well) were seeded in
a 96-well microplate and grown in o-MEM for 24 h in the
presence of 5% CO, at 37 °C. Then, various concentrations of Ag
NCs (0-600 uM) were added to the cells and kept for 24 h in
similar conditions. For the reaction, 7.0 pL of MTT was added to
each well of the microplate and kept for 2 h for the formation of
formazan. The control experiment was carried out in a similar

This journal is © The Royal Society of Chemistry 2018
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way with various amounts of peptide. All of the experiments
were carried out in triplicate. The percentage of cell viability of
the control was taken as 100%.

Results and discussion

3.1. Synthesis of CSH-Ag NCs

Highly fluorescent Au NCs using aprotinin in aqueous solution
were synthesized via a facile one pot method. For the synthesis,
the peptide solution was mixed with a similar volume of AgNO;
aqueous solution under thorough stirring. Some of the Ag ions
interacted with the thiol groups of the CSH peptide to form an
intermediate product. When pH was adjusted to the desired
value by adding 1 M NaOH solution, the phenolic group of Y
converted into a negative phenolic ion that reduced Ag ions to
Ag atoms. The color of the mixed solution turned from pale to
brown, indicating the formation of Ag NCs.”> The as-prepared
CSH-Ag NCs showed significant fluorescence under UV illu-
mination. They were kept in a refrigerator for further use.
Overall, this CSH peptide performs the role of a protecting
ligand for Ag clusters synthesis.

3.2. Characterization of the CSH-Ag NCs

The optical properties of the peptide-Ag clusters were further
characterized by ultraviolet-visible (UV-vis) absorption spec-
troscopy. There were no distinct absorption peaks between 200~
350 nm belonging to the Au clusters. A peak at 520 nm in
a gradient absorption from 350 to 800 nm was present in the
absorption spectrum and was designated as the peptide-Ag
clusters (the red dash line in the inset of Fig. 1). The fluores-
cence spectrum was also characterized using a Fluoromax-4
spectrofluorometer, which showed that the peptide-Ag NCs
(Fig. 1) have maximum excitation and emission peaks at 525 nm
and 550 nm, respectively. The absorption maxima matched the
excitation wavelength in photoluminescence spectra. The as-

Absorption (a.u.)

Fluorescence intensity (a.u.)

200 500 600 700
Wavelength (nm)

300 800

Fig. 1 UV-vis and fluorescence spectra of the as-prepared CSH-Ag
NCs aqueous solution (black). Emission of CSH-Ag NCs at 550 nm
excited at 525 nm spectra of the as-prepared CSH-Ag NCs aqueous
solution.
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prepared CSH-Ag NCs solution is transparent under visible
light and exhibits green emission under UV light at 365 nm. As
shown by the inset of Fig. 1, the lyophilized CSH-Ag NCs
powder maintains the corresponding fluorescence emission
under visible and UV light. It is notable that both samples were
stable in their aqueous solutions and as powder when stored at
4 °C in a dark room for more than one month (Fig. S1 in the
ESIf). The excitation-independent PL spectrum showed that
peptide-Ag NCs exhibited intrinsic fluorescence at 550 nm with
different excitation wavelengths from 400 to 525 nm (Fig. S2 in
the ESIT). The as-synthesized CSH-Ag clusters possess a fluo-
rescence quantum yield of about 1.1%. The quantum yield (QY)
of the CSH-Ag NCs was obtained using a 405 nm Xe laser and
calibrated with Rhodamin 6G (Sigma 252433, dye content:
99%), according to the emission peak area and absorbance of
the peptide-Au clusters and Rhodamin 6G. Matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI-
TOF MS) is a general way to identify the well-defined composi-
tion of peptide-Ag NCs, including accurate number of Ag
clusters and peptide coating outside the Ag NCs.>® Peptide-Ag
clusters and the pure peptide were characterized in positive ion
mode using a-cyano-4-hydroxycinnamic acid (CHCA) as
a matrix. The spectrum of the peptide-Ag clusters was
composed of a series of intense peaks between 5.8-6.8k m/z. The
representative mass spectrum with labeled peaks is shown in
the inset of Fig. 2. The spacing between adjacent intense peaks
could be matched with the m/z of one intact peptide with one
missing silver atom. The peak of m/z 108 corresponds to the loss
of Ag in MALDI-TOF MS studies. All intense peaks correspond to
a cluster and the m/z of the intense peaks match the formula of
Agl, Ag2, Ag3 and Ag4 (Fig. 2a). Furthermore, no apparent peaks
were observed between 6800-19 000 m/z, suggesting that the Ag
NCs in aqueous solution was not coated by multiple peptides.
As reported previously, biomolecules with the sequence speci-
ficity and structure of DNA and the peptide play key roles in
determining the composition of the Ag clusters and their optical
properties.****** Compared to the results of the Dickson study,
our results showed that the sequence dependent peptide affects
the accurate formation of Ag NCs. Based on these results, we
speculate that different compositions of Ag NCs can be achieved
by engineering the sequence of the protein/peptide, particularly
with the use of cysteine and basic amino acids as stabilizing
reagents.'®*” Thus far, a limited amount of research has been
conducted towards the precise production of Ag NCs by using
engineered peptides. Due to the limitation of high cost associ-
ated with long peptides, the hypothesis should be further veri-
fied via experiment by wusing simplified peptides. To
characterize the morphology of peptide-Ag NCs, TEM
measurements were performed, which indicated that the as-
prepared Ag NCs were uniform in size. Furthermore, the
mean diameter of CSH-Ag NCs was determined to be around
2.162 £ 0.67 nm by measuring the diameters of 116 samples
(Fig. 2b and c), which is consistent with previous reports of Ag
clusters possessing a small average size.”®* Further probing by
HRTEM showed the presence of crystalline particles with
a lattice spacing of 0.24 nm, corresponding to the (111) plane of
Ag(0). Due to the presence of basic groups, the uniform

RSC Adv., 2018, 8, 27805-27810 | 27807
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Fig.2 The photographs of morphology and composition of CSH—Ag NCs. (a) Comparison of one CSH peptide (red) and peptide—Ag NCs (blue)
by MALDI-TOF mass spectra, indicating the characteristic peaks are assigned to Agl, Ag2, Ag3 and Ag4, respectively. The spacing gap between
adjacent m/z peaks of CSH—Ag NCs (blue) is identified as ~108. (b) High resolution transmission electron microscopy (HRTEM) images showed
the mean size of Ag NCs with 10 nm bar. The image of (inset) gives a lattice spacing of 0.24 nm corresponding to the (111) plane of Ag(0) (c) size
distribution histogram of Ag NCs calculated from the TEM images by counting 116 number. (d) XPS spectrum confirms the CSH-Ag NCs with

zero valence form in the Ag 3d region.

morphology can be explained by the interaction of electrically
charged groups of the basic amino acid in the peptide, which
prevents further aggregation of the Ag clusters.*** Further-
more, the crystal form of the nanoparticles was examined,
which indicated the existence of Ag (Fig. S3 in the ESI}). EDAX
spectrum supported the presence of Ag and S of the CSH-Ag
NCs in the sample along with the quantification data. The
quantification data suggest that the Ag:S ratio is in good
agreement with the theoretical value (Fig. S4 in the ESIf). To
confirm the interaction between the peptide and Ag clusters, the
composition and the chemical oxidation state of the Ag NCs
were determined by X-ray photoelectron spectroscopy (XPS). As
shown in Fig. 2d, the two intense peaks at ~368.12 eV and
~374.12 eV in the Ag 3d region of the XPS spectrum were
assigned to the observed peaks of Ag 3d5/2 and Ag 3d3/2. This
indicates the existence of Ag clusters with a zero valence form in
the peptide-Ag cluster structure.

3.3. Cellular imaging applications

To demonstrate the potential biomedical application of CSH-Ag
NCs, the peptide-Ag NCs were used to verify their ability to stain
cells. After incubating with murine preosteoblast MC3T3-E1
cells for 2 h, the Ag NCs observed by laser confocal fluores-
cence imaging show significant fluorescence emission in the
live cells.**** As shown in Fig. 3, the subcellular localization of
the Ag clusters indicated that cell nuclei were primarily

27808 | RSC Adv., 2018, 8, 27805-27810

occupied by Ag NCs because of their distinct color in the merged
images. Notably, staining the organelles of cells is an important
issue in clinical diagnosis and molecular studies, particularly
for staining the nucleus in sub-cellular organelle imaging.'***
This result showed a novel approach for the easy fabrication
and fluorescent staining of cell nuclei based on a silk fibroin
derived peptide. Due the fact that the peptide-Ag NCs possess
ultra-small size and a more positive charge, the reason for
uptake and imaging of peptide-Ag NCs may be ascribed to
transport through entry by endocytosis. Furthermore, we spec-
ulated that the peptide could act like a new class of cell pene-
trating peptides (CPPs) because of the abundant positive
charges on the surface of the peptide.**** The biological role of
the peptide, however, should be investigated in future
experiments.

3.4. The test of cytotoxicity

To assess cellular toxicity of the CSH-Ag nanoclusters, their
cellular cytotoxicity to the MC3T3-E1 cells was investigated
using an MTT assay. As shown in Fig. S5 and S6,7 five different
concentrations of CSH-Ag NCs over five time intervals were
tested and the apparent cytotoxicity was observed by deter-
mining the cell viability of the treated versus untreated cells. The
results indicated that the CSH-Ag NCs caused a gradual
decrease in cell viability in a time and dose dependent manner.
Collectively, we speculate that Ag NCs functionalized by silk

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 The confocal microscope images of cellular staining of the CSH-Ag NCs in murine preosteoblast MC-3T3 cells with 405 nm excitation (a)
fluorescent image of CSH-Ag NCs (b) bright field (c) merged image (scale bar: 50 um).

fibroin derived peptide synergistically contribute to significant
cytotoxicity effects in the MC3T3 cells.?**%%”

Conclusion

Herein, we report the first instance of the use of silk fibroin
derived peptide from the Bombyx mori silkworm to synthesize
Ag NCs via a one-pot green method. The as-synthesized Ag NCs
with green emission showed a fluorescence peak at 550 nm in
aqueous solution. The well-defined composition of peptide-Ag
NCs was assigned as Ag1, Ag2, Ag3 and Ag4 using MALDI-TOF
MS. The CSH-Ag NCs maintain stable and bright fluorescence
in aqueous solution, which could be used for cellular imaging.
Overall, this study verified the viability of amino acid sequence
dependent peptides for the synthesis of Ag NCs and their
synergistic functionality between the peptide/protein and Ag
clusters in cell imaging. Because of the increasing interest of
peptides in pharmaceutical research and development and the
approximately 140 peptide therapeutics currently being evalu-
ated in clinical trials,* future efforts could be devoted to explore
to usage of functional peptides or proteins that originate from
natural organisms. Moreover, it is desirable to understand the
relationship of sequence specificity and growth mechanism of
the metal cores. Inspired by this study, we believe that current
research will intensively promote the rational exploration of silk
fibroin resources and the fabrication of protein/peptide func-
tionalized metal nanoclusters for biomedical applications
guided by imaging.
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