Serial Silver Clusters Biomineralized by

One Peptide

Yanyan Cui,® Yaling Wang,® Ru Liu, Zhipeng Sun, Yueteng Wei, Yuliang Zhao, and Xueyun Gao™*

Lab for Biomedical Effects of Nanomaterials and Nanosafety, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, People's Republic of

China SThese authors contributed equally to this work.

oble metal clusters are collections

of two to tens of atoms of gold or

silver with radii less than the Fermi
wavelength of the electron (0.5 nm for Au
or Ag).! They were small enough to preclude
the continuous density of states of the bulk.
The clusters have a discrete electronic state
and exhibit strong size-dependent fluores-
cence over the region from ultraviolet to near
infared.? These excellent fluorescence proper-
ties of clusters were suitable for chemical
sensing, bioimaging, and single-molecule
studies>™"" Au clusters have been studied
for decades, and many Au clusters with well-
defined composition such as Aug,'? Augs,"
Auys,'*" and Ausg'® have been reported.
Some small molecular Ag clusters exhibit
size-dependent wavelength emission within
rare gas matrixes,'” on silver oxide surfaces, '®
and in aqueous solution. Some soft landing
such as arylthiolates,'® oligonucleotides,®®%*
dendrimers,>?>? and peptides*’® enable us
to synthesis Ag clusters in water solution. Many
reported Au clusters were monosized and with
distinct molecular composition, while for the
Ag cluster, only a few (Ag;, Ags) monodis-
persed products were obtained, because such
size control in aqueous solutions is greatly
complicated by aggregation and reactivity.
Clusters from these approaches have generally
been produced from Ag* and strong reducing
agents such as NaBH,, with the organic mole-
cule capping the final cluster. Strong reducing
agents can potentially have side effects when
the organic molecule—cluster hybrids are used
in biologic applications.?® Many biomimetic
methods have recently been developed to
prepare nanomaterials®**~3* through the
use of green reducing agents and biomi-
metic ligands.>* However, there are no re-
ported biomimetic approaches for precisely
producing metal clusters using peptides.

In the current study, we have designed an
artificial peptide with the amino acid sequence
CCYRGRKKRRQRRR to biomineralize Ag clus-
ters. Serial Ag clusters were biomineralized and
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The artificial peptide with amino acid sequence CCYRGRKKRRQRRR was used to biomineralize

serial Ag clusters. Under different alkaline conditions, clusters with red and blue emission were

biomineralized by the peptide, respectively. The matrix-assisted laser desorption/ionization

time-of-flight mass spectra implied that the red-emitting cluster sample was composed of

Agyg, while the blue-emitting cluster sample was composed of Ags, Ags, and Ag;. The

UV—uvisible absorption and infrared spectra revealed that the peptide phenol moiety reduced

Ag™ ions and that formed Ag clusters were captured by peptide thiol moieties. The phenol

reduction potential was controlled by the alkalinity and played an important role in

determining the Ag cluster size. Circular dichroism observations suggested that the alkalinity

tuned the peptide secondary structure, which may also affect the Ag cluster size.
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anchored via this peptide in situ under differ-
ent pH conditions, and no adventitious redu-
cing agents were used. In addition to the
biomineralization function, this peptide pos-
sesses cell-targeting ability owing to its nucleus
localization signal sequence derived from
the protein HIV-1 TAT>**® This approach
opens new pathways for preparing versatile
fluorescent peptide—clusters with potential
applications in cellular staining, bioimaging,
and single-molecule studies.

RESULTS AND DISCUSSION

The peptide H,N-CCYRGRKKRRQRRR-COOH
(abbreviated as CCYTAT), containing two
domains, was designed. Domains 1 and 2
are CCY and RGRKKRRQRRR, respectively.
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Domain 1 can reduce Ag™ into Ag clusters via the
phenolic group of tyrosine (Y) under alkaline condi-
tions and capture the clusters via the SH group of
cysteine (C). Domain 2 is a nucleus localization signal
sequence derived from the protein HIV-1 TAT and
possesses nucleus-targeting ability.3* 3% The CCYTAT
peptide can biomineralize Ag™ in situ and form blue or
red fluorescent Ag clusters by adjustment of the pH
(Scheme 1).

Obtaining discrete fluorescence of the Ag cluster
samples was an important goal. The fluorescence
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Scheme 1. lllustration of peptide—Ag cluster formation.
The peptide can biomineralize Ag™ in situ and produce Ag
clusters in aqueous solution. At pH values of ~9 and ~12,
Ag clusters with blue and red emission are formed, respec-
tively. Red- and blue-emitting clusters are denoted C-7 and
C-2, respectively.

spectra in Figure 1 show that the as-synthesized C-1
and C-2 Ag clusters exhibit red and blue emission,
respectively. C-T (Figure 1a) shows an emission peak at
661 nm when excited at 607 nm, and C-2 (Figure 1b)
shows an emission peak at 432 nm when excited at
347 nm. The digital photos were obtained upon
365 nm Xe arc lamp excitation (Figure 1, insets). The
quantum yields of C-1 and C-2 were about 0.8% and
1.5%, using sulforhodamine 101 and quinine hemisul-
fate monohydrate as reference agents, respectively.
Details of the fluorescence characterization and the
quantum yield measurement are available in Support-
ing Information section S1.

Accurately identifying the mass of the Ag clusters
may help to understand the correlation between size and
emission, and matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) is the
conventional method for achieving this3**' It can
accurately provide the number of Ag and peptide moi-
eties of single Ag cluster—peptide hybrids. MALDI-TOF
MS studies of C-7 and C-2 (Figure 2) were performed in
positive ion mode using o-cyano-4-hydroxycinnamic
acid (CHCA) as a matrix. Detailed methodology is avail-
able in Supporting Information section S2.

For C-1 (Figure 2a), the most abundant m/z peak at
3725 Da is assigned to Ag.gS,', confirmed by the
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Figure 1. Photoluminescence spectra and photographic images of C-7 and C-2. (a) Emission of C-7 at 661 nm (red) excited at
607 nm (black). (b) Emission of C-2 at 432 nm (blue) excited at 347 nm (black). The emission spectrum of C-2 was fitted by a
Gaussian method, and the three component peaks at 402, 434, and 478 nm (green) are shown. The insets in (a) and (b) are
emission images of C-7 and C-2, respectively, upon illumination with a Xe arc lamp at 365 nm excitation.
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Figure 2. MALDI-TOF mass spectra of C-1 and C-2. (a) The core mass is Ag,gP,,,S,, (Where P is CCYTAT, m=0—8,n=13-22),and

the highest signal is assigned to Ag,gS,,"

. The spacing between adjacent m/z peaks is consistent with a peptide of 1923 Da.
(b) The m/z peaks are consistent with Ag,S,Na, (x=5,6,7;y =

3—-6; z = 0—6). Data were acquired using the linear model.
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Figure 3. (a) Absorption spectra of C-1 (red) and CCYTAT solution at pH ~7 (black) and ~12 (cyan). The CCYTAT absorption
peaks at pH ~7 are at 223 and 275 nm. At pH ~12, the CCYTAT and C-1 solutions have similar absorptions at 242 and 290 nm.
(b) Absorption spectra of C-2 (blue) and CCYTAT at pH ~9 (green), which have similar absorptions at 223,242, 275, and 298 nm.

excellent match to the theoretical isotopic pattern
(Figure S2a). There are also weaker serial peaks
(Ag23S19 T —Ag2sS21 ") below 3725 Da (Figure S2b),
which may be derived from the fragmentation of
Ad2sS,, " in the desorption/ionization process.*® In
the 5—20K m/z region (Figure 2a), a series of peaks
are present, e.g., Ag»sP S, where the spacing between
adjacent m/z peaks is close to the mass of one CCYTAT
(1923 Da). The S attached to the Ag cluster originates
from the peptide, as the C—S bond of the peptide is
easily broken during the MALDI-TOF desorption/ioni-
zation process (Figure 53).*? Theoretical modeling soft-
ware was also used to simulate each m/z peak in
Figure 2a, and the experimental data match favorably
with simulated data (summarized in Table S1). For C-2
(Figure 2b), m/z peaks are assigned to Ag,S,Na, (x =5,
6, 7, y = 3—6; z = 0—6). This result may help us to
understand the emission spectra of C-2. Previous stud-
ies reported the emission of Ags and Ag, at 480 and
440 nm, respectively.**** We deduced that the emis-
sion peak at 432 nm is attributed to the coupled effect
of Ags and Ag; and combine to create the blue
broadened fluorescence spectrum of sample C-2 in
Figure 1b. MALDI-TOF mass spectra showed that the
CCYTAT moiety could form different Ag clusters in
strong and weak alkaline solutions. The mass spectra
implied C-1 is predominantly monodisperse Agyg,
while C-2 includes Ags, Age, and Agy clusters.
Tyrosine is speculated to play an important role in
reducing Ag™ to Ag clusters. To verify this, the absorp-
tion of tyrosine and CCYTAT was studied. Absorption
spectra of C-7 and C-2 are shown in Figure 3, in which
the peptide transition is dominant in the 200—300 nm
region. Figure 3a shows that absorption peaks of
CCYTAT (black, pH ~7) occur at 223 and 275 nm. C-1
(red, pH ~12) has a strong absorption peak at 242 nm
and a weaker one at 290 nm, and CCYTAT (cyan, pH
~12) exhibits similar peaks to C-1. In Figure 3b, C-2
(blue, pH ~9) and CCYTAT (green, pH ~9) have similar
absorptions located at 223 and 242 nm and 275 and
298 nm, respectively. Upon comparing the absorption
of tyrosine solutions (Figure S4) at 223 and 274 nm
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Figure 4. CD spectra of C-1, C-2, and pure CCYTAT at pH ~7.
CCYTAT (black) has a strong negative peak at 197 nm and a
weak positive peak at 220 nm, which are characteristic of a
3,-helix. C-2 (blue) has features similar to those for CCYTAT.
C-1 (red) shows a negative peak at 197 nm and a weak
negative band at 220 nm.

(black, pH ~7) and at 240 and 294 nm (cyan, pH ~12),
the absorption of C-7 closely resembles that of oxidized
tyrosine at pH ~12 (Figure S4, cyan). This indicates that
phenolic peptide moieties are completely converted to
phenoxide.*> Only a fraction of the C-2 peptide phe-
nolic group is converted to phenoxide at pH ~9. A
previous report disclosed that tyrosine played an im-
portant role in reducing AgNOs, and tyrosine has
different reductive ability when it is dissolved in aqu-
eous solution at different pH values.3%** At pH ~12,
tyrosine could strongly reduce Ag ions to Ag atoms,
and more Ag atoms prefer to aggregate into a large Ag
cluster, while at pH ~9, the reductive ability of tyrosine
was weaker and small Ag clusters are preferred as
reduced Ag atoms are in lower quantity.

In addition to the tyrosine reduction potential, the
peptide structure may also have a role in forming
different species. Circular dichroism (CD) spectra of
C-1, C-2, and the free peptide are shown in Figure 4, with
experimental details available in Supporting Informa-
tion section S4. The spectrum of the CCYTAT solution
(black, pH ~7) has a strong negative band at 197 nm
and a weak positive band at 220 nm, which are char-
acteristic of peptides with a 3;-helical structure.3® The CD
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Figure 5. (a) IR spectra of the thiol group region for CCYTAT, C-1, and C-2 at pH ~7. (b) IR spectra of C-1 (red), C-2 (blue), and
CCYTAT (black, pH ~7) at 2000—1000 cm . The 1203 cm ' peak corresponds to vibration of the C—OH phenol group in

CCYTAT (black), which is absent for C-7 and weakened for C-2.

spectrum of C-7 (red) shows a negative band at 219 nm
accompanied by a stronger negative band at 200 nm;
these are characteristic of an unordered peptide.*® No
obvious change is observed for C-2 (blue), which sug-
gests the CCYTAT peptide sequence retains a 3;-helical
structure. Thus, the CD results suggest that a strongly
alkaline solution (pH ~12) converts the helical CCYTAT
sequence of C-7 into an unordered peptide.

The CCYTAT side chain has abundant lysine residues,
and the change in pH may influence the peptides'
secondary structure. The solution pH of ~12 is higher
than the pK, of the lysine side chain (~10.5), which
induces lysine deprotonation and neutralizes the side
chains. Electrostatic repulsion between peptide side
chains decreases, which may cause the helical struc-
ture to become unordered. At pH ~9, the C-2 peptide
retains its helical structure.

The infrared (IR) spectra of the peptide may give
information for understanding how the peptide anchors
to the Ag cluster via the thiol group (Supporting Informa-
tion section S5). Figure 5a shows the spectrum of CCYTAT
(black, pH ~7), and the band at 2530 cm ™" is character-
istic of the thiol stretching vibration. For C-7 and C-2 (red
and blue, respectively), the thiol stretching vibration
intensity weakens, which indicates that the thiol
groups of CCYTAT interact with Ag clusters.*'*

METHODS

Chemicals and Materials. Chemicals were obtained from Sig-
ma-Aldrich unless otherwise mentioned. Ultrapure Millipore
water (Milli-Q, 182 MQ) was used in all experiments. The
CCYTAT peptide was synthesized using a solid-phase method
(China Peptides Co. Ltd., purity 95%). All glassware was washed
with aqua regia (3:1 conc HCl/conc HNO3) and then rinsed with
ultrapure water and ethanol.

Peptide Biomineralized Ag Clusters. In a typical experiment,
aqueous AgNOs (25 mM, 16 ul) was slowly introduced into a
solution of CCYTAT (1.06 mM, 376 ul) in a 5 mL vial under
vigorous stirring. NaOH (0.5 M, 8 uL) was added within 30 s to
adjust the final pH to ~12. The sample was sealed and stored at
37 °Cin the dark for 8 h without disturbance. The as-synthesized
mixture was dialyzed for 12 h (dialysis tube MWCO 500) and
then concentrated using a dialysis tube (Merck, Midi D-tube,

CUI ET AL.

In Figure 5b, the peak at 1203 cm ™' corresponds to
the characteristic vibration of the C—OH phenol
group of Tyr (black). This peak is absent in the
spectrum of C-1 (red), which indicates that phenol
is converted to phenoxide. For C-2 (blue), the peak at
1203 cm™ ' weakens, indicating partial phenol con-
version to phenoxide after alkaline treatment. The
formation of phenoxide reflects the depletion of
phenolic residues.*® IR results are in agreement with
the UV—visible absorption results in Figure 3, where
the phenol and phenoxide groups of Tyr show
different transitions when the peptide is in alkaline
conditions.

CONCLUSIONS

Serial Ag clusters were synthesized using a single
peptide sequence from different alkaline solutions. The
peptide reduces Ag™ to Ag clusters and anchor clusters
via thiol groups. Serial Ag cluster formation is con-
trolled by the pH-dependent reduction potential of Tyr
and the pH-dependent peptide secondary structure.
The peptide contains the cell nucleus targeting se-
quence CCYTAT; thus the as-synthesized Ag clusters
have potential in cell imaging. The tunable emission of
the peptide—cluster can aid the simultaneous multi-
color staining of cells.

MWCO 3000, 50—800 ul) to remove any reagents and free
CCYTAT. Red-emitting Ag clusters were obtained.

To prepare blue-emitting Ag clusters, an analogous procedure
was used except NaOH (0.5 M, 1.6 uL) was added to give a final pH
of ~9, and the solution was stored at 37 °C for three days. The
sample was filtered (13 mm, 0.22 um/W) and then dialyzed as
above.
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