IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Sodium Cholate-Templated Blue Light-Emitting Ag Subnanoclusters:
In Vivo Toxicity and Imaging in Zebrafish Embryos

Shanmugam Chandlrasekar, Chandramouli Chandrasekaran,* Thangavel Muthukumarasamyvel,”
Ganapasam Sudhandlran, and Nagappan Ra]enduran*';r

"Department of Polymer Science, University of Madras, Guindy Campus, Chennai 600025, Tamil Nadu, India

J:Department of Biochemistry, Cell Biology Laboratory, University of Madras, Guindy Campus, Chennai 600025, Tamil Nadu, India

© Supporting Information

ABSTRACT: We report a novel green chemical approach for
the synthesis of blue light-emitting and water-soluble Ag
subnanoclusters, using sodium cholate (NaC) as a template at
a concentration higher than the critical micelle concentration
(CMC) at room temperature. However, under photochemical
irradiation, small anisotropic and spherically shaped Ag
nanoparticles (3—11 nm) were obtained upon changing the
concentration of NaC from below to above the CMC. The
matrix-assisted laser desorption ionization time-of-flight and
electrospray ionization mass spectra showed that the cluster
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sample was composed of Ag, and Ags. The optical properties of the clusters were studied by UV—visible and luminescence
spectroscopy. The lifetime of the synthesized fluorescent Ag nanoclusters (AgNCs) was measured using a time-correlated single-
photon counting technique. High-resolution transmission electron microscopy was used to assess the size of clusters and
nanoparticles. A protocol for transferring nanoclusters to organic solvents is also described. Toxicity and bioimaging studies of
NaC templated AgNCs were conducted using developmental stage zebrafish embryos. From the survival and hatching
experiment, no significant toxic effect was observed at AGNC concentrations of up to 200 yL/mL, and the NC-stained embryos
exhibited blue fluorescence with high intensity for a long period of time, which shows that AgNCs are more stable in living

system.
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B INTRODUCTION

Subnanometer metal clusters consist of a few to tens of atoms
with size <1 nm, which is comparable to the de Broglie
wavelength of an electron at the Fermi level (~0.5 nm for Ag
and Au)."” In this size regime, the spatial confinement of free
electrons results in discrete energy levels, thus leading to
interesting molecular-like properties such as a steplike feature in
the absorption profile,® and
strong size-dependent fluorescence over a wide range from the
ultraviolet to near-infrared (NIR) region.5 Therefore, these
clusters could be used for chemical sensing, bioimaging,
catalysis, and single-molecule studies.®""" Though considerable
progress in producing Au clusters with well-defined composi-
tions such as Aug, Au,;, Au,;, Aus, Aug Auys, Auyg, Ausg and
Ausg®'" has been made in the past few years, there are only
limited reports available for the production of atomically
precise Ag clusters, because of their ultrasmall size, which
creates many more challenges in synthesis and purification
because its surface is more susceptible to oxidation and
aggregation, especially in aqueous medium.® In the past few
years, extensive studies have been conducted on the synthesis
of the luminescent Ag subnanoclusters usmg various templates
and ligands such as DNA,">™'® proteins,'”'® polymers,'*~>*
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dendrimers,?® thiols,>’>* and peptides.3’5’36 Dickson et al. have

successfully developed DNA and PAMAM dendrimers
templated, photostable, highly fluorescent, and water-soluble
Ag nanoclusters (AgNCs) with size-dependent tunable
emissions from blue to near-IR regions.”®'>*® Many kinds of
polymers, including polyelectrolytes,zLB polymer microgels,19
and polymer hydrogels,”® have been proven to be effective
templates for stabilizing the AgNCs in aqueous medium. The
absorption and emission properties of polymer-templated
AgNCs after a change in solvent polarity have also been
reported.””**** Atomically monodispersed luminescent thio-
lated AgNCs with a well-defined size can be prepared by either
direct reduction approaches or chemical etching routes.>**~>!
Most of the monolayer-protected and template-assisted AgNCs
emit light at wavelengths ranging from the red to near-infrared
region.'”~>” However, very few demonstrations of the synthesis
of green and blue light-emitting AgNCs are available because of
their ultrasmall size in comparison to that of the red light-
emitting AgNCs.>'”'%20?%%%3% Though substantial progress
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has been achieved in the preparation of AgNCs, several
synthetic issues remain in the reported methods, such as larger
templates, expensive chemicals, toxic reducing agents, and
organic solvents, which may limit the biological applications.
Therefore, it would be of great interest to develop a facile and
convenient procedure for synthesizing stable, highly lumines-
cent, and biocompatible AgNCs.

Herein, we report a novel green chemical approach for the
synthesis of blue light-emitting Ag subnanoclusters using
sodium cholate (NaC) as the capping and reducing agent.
NaC is a naturally occurring steroidal detergent in mammals
that aids in the digestion of fat and lipids.** The most
prominent features of NaC are its amphiphatic nature,
chemically different functional groups, enantiomeric purity,
structural rigidity, easy availability, and low cost, making them
ideal templates for the preparation of AgNCs. The prepared Ag
clusters had an ultrasmall size of <1 nm, consisting of four and
six Ag atoms core protected by NaC, were highly luminescent,
were stable for a high-salt environment, and had excellent
photostability. Recently, noble metal NCs, especially AgNCs
and AuNCs, were extensively used as potential fluorescent
probes for bioimaging applications; their ultrafine size, high
stability under physiological conditions, bright fluorescence,
biocompatibility, excellent photostability, and low toxicity make
them more promising substituents for organic dyes and
semiconductor quantum dots.® So far, there have been many
reports of in vitro toxicity studies and bioimaging using these
NCs.>® However, there are only a limited number of reports of
in vivo studies available. Wu et al. demonstrated ultrasmall NIR-
emitting AuNCs for in vivo tumor fluorescence imaging using
MDA-MB-45 and HeLa tumor xenograft models.* Wang and
co-workers recently demonstrated in vivo self-bioimaging of
tumors through in situ biosynthesized fluorescent AgNCs and
AuNCs.** Wang et al. reported in vitro and in vivo tracking of
endothelial cells using fluorescent AuNCs as a biocompatiable
probe.** Zhang et al. reported tumor-targeted imaging in vitro
and in vivo using protein-stabilized Au,; NCs as fluorescent
probes.*® In recent years, the zebrafish (Danio rerio) was chosen
as an emerging important vertebrate model system for the in
vivo study of the toxicity of metal nanoparticles (MNPs),
therapeutic effects of drug molecules, and environmental effects
of toxic chemicals because of the close homology between the
zebrafish genome and the human gc=.n0me.46_4 Furthermore,
huge amounts of zebrafish embryos can be generated and
developed quite rapidly and synchronously with well-defined
developmental stages; transparent embryonic and larval stages
facilitate the direct optical observation of the toxic effects of
nanoparticles in vivo, and the inexpensive maintenance and
small size of the larvae allow conservation of space, time, and
resources.*® Zebrafish embryos possess two distinct mem-
branes, i.e., the outer chorion and the inner vitelline membrane,
and a viscous fluid present between the two membranes. The
chorion possesses pores (0.5—0.7 ym in diameter) that allow
the MNPs to pass through the embryo via passive diffusion.*
There are many reports available for toxicity studies of carbon
nanotubes, a graphene-based nanosystem, nickel nanoparticles,
copper nanoparticles, silica nanoparticles, A%NPS, and AuNPs
using zebrafish embryos as an in vivo model. 0=57 Also, several
reports of bioimaging studies of zebrafish embryos using
different fluorescent probes are available.”®*® However, to the
best of our knowledge, for the first time here we report in vivo
toxicity and bioimaging studies of sodium cholate-templated
AgNCs using zebrafish embryos.

1423

B EXPERIMENTAL SECTION

Materials. Silver nitrate (99.99%), sodium cholate (~98%),
potassium bromide (99.9%), DCTB {trans-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenyldidene Jmalononitrile} (99.9%), and phenyletha-
nethiol (99.99%) were obtained from Sigma-Aldrich. Sodium chloride
(99.99%), potassium chloride (99.9%), calcium chloride (99.9%),
magnesium sulfate (99%), and toluene (99%) were obtained from
Loba-Chemie Ltd. All glassware was thoroughly cleaned with aqua
regia (3:1 HCI:HNO; ratio), rinsed with doubly distilled water, and
dried in an oven prior to being used.

Synthesis of AgNCs. Stock solutions of 4 mM AgNO;, 0.1 M
NaCl, and 0.1 M NaC were prepared using deionized doubly distilled
water, and the subsequent dilutions were made from this stock
solution. For all the experiments, the reaction mixture was maintained
at neutral pH. Approximately 0.75 mL of the AgNO; stock solution
was mixed with an aqueous solution of 0.05 M NaC [in a second
critical micelle concentration (CMC)] in 25 mL while it was being
stirred constantly for 10 min, and the reaction mixture was stored at
room temperature in the dark. After 4 weeks, the resulting solution
emits intense blue fluorescence under UV light at 365 nm, indicating
the formation of Ag subnanoclusters. The unreacted Ag* ions present
in the cluster solution were removed by filtration in the form of AgCl
that was precipitated upon addition of 25 uL of NaCl.

Synthesis of AgNPs. To optimize the reaction conditions, 0.1 mL
of the AgNO; stock solution was added to different concentrations of
NaC from below (0.0015 M) to above (0.05 M) the CMC, and the
final volume was adjusted to 3 mL using deionized doubly distilled
water. The reaction was conducted under UV light irradiation at 365
nm with constant stirring for 7 h. The formation of AgNPs was
observed by the gradual change in the color of the solution from
colorless to yellow.

Ligand Exchange Reaction. The synthesized AgNCs (S mL)
were mixed with 0.015 M phenylethanethiol in 5 mL of toluene and
stirred for 1 h at room temperature. The exchanged clusters from the
water to toluene layer were confirmed by the color change observed
under UV light at 365 nm. The toluene layer was evaporated and
washed with water to remove the excess thiol, and the residue was
redissolved in toluene.

Characterization. UV—visible absorption spectra were recorded
using a Shimadzu UV-1601 spectrophotometer over the range of 200—
1100 nm. The Fourier transform infrared (FT-IR) spectral measure-
ments were taken using a PerkinElmer FT-IR spectrometer. The
pressed pellet was prepared by grinding lyophilized NaC-capped
AgNP powder with KBr in a 1:100 ratio and analyzed in the spectral
range of 4000—400 cm™'. Steady state fluorescence measurements
were taken by using a fluorescence spectrophotometer (Fluoromax 4P,
Horiba Jobin Yvon). Time-resolved fluorescence decays were obtained
by the time-correlated single-photon counting (TCSPC) technique
(IBH, model 5000U). The second harmonic output (375 nm) was
generated by a flexible harmonic generator (Spectra Physics, GWU
23PS). A vertically polarized 375 nm laser was used to excite the
samples. High-resolution transmission electron microscopy (HR-
TEM) images were obtained using a FEI-TECHNAI, G2MODEL
instrument (T-30 S-TWIN) at an acceleration voltage of 250 kV. The
samples were drop cast onto a carbon-coated copper grid and allowed
to dry at room temperature before being analyzed. XPS measurements
were performed with an Omicron Nanotechnology, GmBH, XM1000
monochromator with Al Ko radiation of 1483 eV operated at 300 W
(20 mA emission current, 15 kV) and a base pressure of 5 X 107°
mbar. The survey scan was performed with a step size of 0.5 eV along
with 50 eV as the pass energy. The high-resolution scan was conducted
with 0.03 eV as the step size and 20 eV as the pass energy with three
sweep segments. The mass spectrometric studies were conducted
using a Voyager DE PRO Biospectrometry Workstation (Applied
Biosystems) matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF MS) instrument. A 337 nm pulsed
nitrogen laser was used (maximal firing rate of 20 Hz, maximal pulse
energy of 300 mJ) for desorption ionization, and TOF was operated in
the delayed extraction mode. For the MALDI MS study, the DCTB
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Scheme 1. Mechanisms of Formation of NaC-Capped AgNCs and AgNPs and TEM Images of (a) AgNCs and AgNPs (b) above

and (c) below the CMC.
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matrix in 50% ethanol (S mg/mL) and 0.1% trifluoroacetic acid (TFA)
was mixed with the silver cluster in water in a 2:1 ratio, sonicated for 1
h, and directly spotted on the target plate. Typical delay times
employed were on the order of 75—150 ns. The mass spectra were
recorded in positive ion linear mode and averaged for 100 shots. The
ESI MS measurements of AgNCs were taken in positive mode using a
WATERS-Q-TOF Premier HAB213 instrument in a water/methanol
(50:50) solution.

Measurement of the Quantum Yield of AgNCs. The quantum
yield of AgNCs was calculated using quinine sulfate (literature
quantum yield of 54%) as a reference in 0.1 M H,SO,. The emission
spectra for the samples were recorded at an excitation wavelength of
366 nm. The quantum yield of AgNCs was determined using eq 1.

2
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where Q, and Q, are the quantum yields of AgNCs and a reference
(quinine sulfate), respectively, I, and I, are the integrated fluorescence
intensities of AgNCs and a reference, respectively, OD, and OD, are
the optical densities of AgNCs and a reference, respectively, at the
excitation wavelength, and n, and n, are the refractive indices of
AgNCs and a reference solution, respectively.

Toxicity Studies in Zebrafish Embryos. Adult male and female
zebrafish (roughly 2:1 male:female sex ratio) were placed in an
aquarium that was maintained with controlled light and temperature
conditions: 26 °C with a 14 h/10 h light/dark cycle. Spawning was
triggered in the morning once the light was turned on. The embryos at
4—S hpf (hours postfertilization) were collected and washed three
times with E3 medium [S mM NaCl, 0.17 mM KCl, 0.33 mM CaCl,,
and 033 mM MgSO, (pH 7.2—7.3)] to remove the surrounding
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debris prior to imaging. Viable embryos were placed in 24-well culture
plates (20 embryos in 2 mL of E3 medium/well). Each group had five
replicate wells. The embryos were treated with a dilution series of
AgNCs (28, 50, 100, and 200 xL/mL) for 4—96 hpf. The developing
embryos in each well were assessed at 4—96 hpf using a bright-field
inverted microscope (Motic AE31) attached to a CCD camera, and
the numbers of surviving and hatching embryos were recorded at these
time points. Fluorescence images of the developing embryos were
recorded at late gastrula stage (10 hpf), pharyngula stage (24 hpf),
hatching stage (48 hpf), and larval stage (96 hpf) using a dark-field
microscope (Olympus IXS1) attached to a CCD camera (DP71).

Statistical Analysis. All the statistical analysis was evaluated with
SPSS/15 software. Data were analyzed by one-way analysis of variance
(ANOVA), and a p < 0.05 statistical significance was assumed. The
values were expressed as means =+ the standard deviation from five
independent experiments.

B RESULTS AND DISCUSSION

In aqueous solution, NaC exhibits two types of aggregation, i.e.,
primary (hydrophobic interaction between the NaC molecules)
and secondary aggregation (hydrophilic interaction through
hydrogen bonding between primary micelles), where the
interior of the NaC micelles is more rigid and complex than
that of the micelles formed by conventional aliphatic
surfactants.*”®" Upon addition of AgNO; to the NaC solution
(above the CMC), most of the Ag* ions bound with COO~
groups were present on the surface of the micelle and a few of
them were trapped in the interior of the micelles. At room
temperature and neutral pH under dark conditions, the Ag"
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ions present in the interior of the micelles are slowly reduced
by -OH groups to form Ag subnanoclusters. Ag" ions present
on the micellar surface remain unreacted because of the strong
electrostatic attraction between COO™ and Ag* ions and were
removed by filtration in the form of AgCl that was precipitated
upon addition of NaCl. However, at basic pH, the Ag" ions
present in both the interior and on the surface of the micelles
are reduced within 24 h, which leads to the formation of larger
nanoparticles. However, at acidic pH, the solution exhibited
precipitation. The NaC-templated Ag clusters were also stable
in the presence of high NaCl concentrations without
aggregation, and this could be due to the fact that the clusters
are well-protected in the interior of the micelle (Schemel). The
UV-—visible spectrum of synthesized Ag subnanoclusters
showed characteristic absorption features at 350 nm (3.54
eV) and 375 nm (3.31 V), without surface plasmon resonance
(SPR) in the region between 400 and 450 nm confirming the
absence of NPs (Figure 1). To study the effect of temperature
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Figure 1. UV—visible (green), fluorescence excitation (red), and
emission (blue) spectra of NaC-templated AgNCs. The inset shows
photographs of the AgNC solution under visible (left) and UV (right)
light.

on the formation AgNCs, the reaction was conducted at 4S5 °C;
the reaction was completed within 35 h, and the obtained
products were nanoparticles instead of nanoclusters as
evidenced by UV—visible and transmission electron microscopy
(TEM) analysis (Figure S1 of the Supporting Information).
This shows that the slower reaction is the key requirement for
the formation of nanoclusters. Furthermore, with the increase
in temperature, the dielectric constant of the medium is
significantly lowered, because the repulsive forces between the
ionic heads of the molecules increase and the tendency of NaC
to associate in the form micelles is weaker,%> which may lead to
destabilization of clusters. Under photoirradiation below and
above the CMC, the formed particles were anisotropic
(hexagonal/triangular) and spherical in shape, respectively, as
evidenced by the HR-TEM images. For spherically shaped
particles, the characteristic SPR peak was observed at 408 nm,
and for anisotropic particles, a small red shift was observed in
the SPR band (Figure S2 of the Supporting Information).
The cluster solution displayed fluorescence with two strong
emission maxima and a shoulder at 406, 430, and 456 nm,
respectively, with an excitation maximum at 367 nm (Figure 1).
The multiple peaks in the emission spectra may be due to the
possibility of the existence of small clusters with different
association numbers. Similar observations were reported in
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earlier studies.">'”?° To check the fluorescent properties of

NaC, we have conducted fluorescence measurements for
sodium cholate and compared them with those of NaC-
templated AgNCs (Figure S3 of the Supporting Information),
which shows that the luminescence is due to only AgNCs and
not from the capping agent. In solutions below the CMC, no
characteristic emission peak was observed. However, with an
increase in the concentration of NaC to a value above CMC,
the luminescence intensity of AgNCs significantly increased
without any change in the wavelength of emission maxima
(Figure 2a). These observations suggest that the formation of
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Figure 2. (a) Steady state fluorescence spectra and (b) time-resolved
fluorescence lifetime analysis of AgNCs with an increasing NaC
concentration.

micelles facilitated more cluster formation without any change
in cluster size. A time-dependent steady state fluorescence
measurement was performed to evaluate the kinetics of the
formation of fluorescent AgNCs in which AgNC samples
showed weak fluorescence at the initial stages of the reaction.
However, the fluorescence intensity gradually increased with
time and eventually reached the saturation level within 4 weeks
at room temperature, after which no appreciable change in
fluorescence intensity was observed, which in turn confirms the
completion of the reaction (Figure S4 of the Supporting
Information). The fluorescence quantum yield of the NaC-
templated AgNCs was measured to be approximately 20.12%
(Aex = 366 nm) with reference to quinine sulfate (54%) as the
standard. To check the stability of AgNCs, changes in the
fluorescence intensity were monitored in the absence and
presence of UV irradiation. Under dark conditions, no
significant change in the fluorescence intensity was noted up
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Table 1. Fluorescence Lifetime Data of AgNCs at Various NaC Concentrations at 25 °C (4, = 375 nm; 4, = 430 nm)

[NaC] (M) 7y (ns) a, (%) 7, (ns)
0.002 0.16 67.85 147
0.006 021 48.63 131
0.010 0.24 27.08 1.33
0.016 131
0.050 135

a, (%) 73 (ns) a; (%) (7) Ve
15.28 6.50 16.87 143 1.10
27.46 5.76 2391 1.84 1.09
55.80 5.77 17.12 1.79 1.12
91.04 3.97 08.96 1.55 1.08
97.71 4.54 02.29 142 1.14

to 40 days, which confirms that the synthesized AgNCs were
stable (Figure SS of the Supporting Information). However,
under continuous UV irradiation at 365 nm, the fluorescence
intensity started to decrease after 1.5 h and completely
disappeared in 6 h (Figure S6 of the Supporting Information).
This shows that the minimal time for the UV irradiation-
induced transformation of AgNCs into larger nanoparticles is
1.5 h. The fluorescence decays of AgNCs at different NaC
concentrations were studied by using a time-correlated single-
photon counting (TCSPC) technique (Figure 2b), and the data
are listed in Table 1. The vertically polarized 375 nm laser was
used to excite the sample. The fluorescence decay profile has
been fitted according to eq 2.

1(t) = 1(0) ) a; exp(—t/7)

i=1 2)
where I(t) is intensity at time ¢, n is the number of discrete
emissive species, and a; and 7; are the pre-exponential factor
and excited state fluorescence lifetime of the ith component,
respectively. In solutions, below and above the CMC, the
fluorescence decay of AgNCs was fit with tri- and biexponential
functions and the goodness of fit was checked with ” values,
which were between 1 and 1.15. At very low NaC
concentrations, AgNCs exhibit triexponential behavior (7, 7,,
and 7;). When the NaC concentration is increased, the relative
amplitude of the 7, component (a,) significantly increases
whereas the relative amplitudes of the 7, and 7; components
(a, and @, respectively) gradually decrease. When the
concentration of NaC reaches its first CMC, the lower lifetime
component 7; becomes negligible and the fluorescence decay of
AgNCs becomes biexponential. However, in the second CMC,
the relative amplitude of the 7, component (a,) increases to a
maximum whereas the relative amplitude of the 7; component
(a;) decreases to a minimum. The existence of biexponential
behavior with lifetimes of 1.35 ns (97.71%) and 4.54 ns
(2.29%) could be due to the presence of AgNCs with two
different compositions. However, there is no change in the
lifetime of the major component with an increase in the NaC
concentration, which shows that the size of AgNCs remains
unchanged. The existence of tri- and biexponential decays may
be due to the difference in polarity around the NaC-templated
AgNCs. Above the CMC, AgNCs are embedded in the more
hydrophobic region, whereas below the CMC, in addition to
the hydrophobic environment, the water molecules also interact
with AgNCs; as a result, biexponential becomes triexponential
with a low lifetime component (7).

MALDI-TOF MS is a soft ionization technique that allows
the determination of cluster composition.” The mass spectrum
of the synthesized blue light-emitting AgNCs was obtained in
positive ion mode using DCTB as a matrix. The MALDI-TOF
spectrum showed two peaks at 879.7 and 1131.8 Da for Ag
clusters, which are consistent with molecular formulas of
[Ag,NaC-H,0]" and [AgiNaC-3H,0]", respectively (Figure
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3a). Beyond the m/z value of 1200 Da, no peaks were observed.
The cluster mass showed that water molecules were also
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Figure 3. (a) MALDI MS spectrum of NaC-templated AgNCs in
positive ion mode and experimental (blue) and simulated (red)
isotopic patterns of (b) [Ag,NaC-H,0]" and (c) [Ag¢NaC-3H,0]".

present in the NaC-templated AgNCs because sodium cholate
exists as a hydrate. Dickson et al. have also reported the
presence of water molecules in the PAMAM dendrimer-
templated Aug nanocluster using ESI MS.®® The experimentally
observed isotope distribution matched perfectly with the
simulated pattern (Figure 3b,c). The well-defined isotope
patterns with a separation of m/z 2 revealed that the overall
species was singly charged. On the basis of the MALDI-TOF
MS analysis, we can conclude that the clusters are mainly
composed of four and six Ag atoms. We also performed
electrospray ionization mass spectroscopy (ESI MS) measure-
ments for the synthesized AgNCs in positive ion mode (Figure
S7 of the Supporting Information), which is consistent with the
MALDI-TOF MS results.

HR-TEM was used to confirm the size of AgNCs and
AgNPs. The TEM images of the cluster (Figure 4a—f) showed
that the clusters were nearly monodisperse with an average size
of 04 + 0.2 nm and larger Ag particles were not detected,
showing that the method used in this study is very eflicient in
producing Ag subnanoclusters. Under photoirradiation above
the CMC, spherically shaped NPs were formed in S h with an
average size of 7 & 0.5 nm; after irradiation for 7 h, the size of
the particles was found to be 8 + 0.5 nm without any changes
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Figure 4. TEM images of NaC-templated AgNCs at different
magnifications.

in shape (Figure Sab). However, below the CMC after
irradiation for S h, small spherically shaped NPs (average size of
4 + 0.3 nm) were formed, and when the irradiation time was
increased to 7 h, the obtained particles were found to be
anisotropic in nature (hexagonal/triangular) with an average
size of 9 + 0.5 nm (Figure Sc,d) because, above the CMC, the
formed particles are effectively stabilized by the carboxylate
groups that are present on the surface of the micelles. However,
below the CMC, the initially formed small spherically shaped
particles do not effectively engage in capping the particles, so
that light-induced hexagonal and triangular particle formation
becomes possible.

The involvement of -OH groups for the reduction of Ag"
ions was further confirmed by FT-IR analysis (Figure S8 of the
Supporting Information). The shift toward a lower frequency
(1555 cm™) by the NaC-capped AgNPs in comparison to the
asymmetric stretching band observed at 1580 cm™ by the
COO~ group in pure NaC indicates the role of the COO~
group as a capping ligand for the stabilization of AgNPs.
Further, new bands appeared around 1713 and 1750 cm™!
(marked by the circle) and could be due to the presence of keto
carbonyl groups, which indicates the oxidation of OH groups
for the reduction of metal ions. The XPS survey spectrum
shows all the expected elements (Ag, C, and O). The high-
resolution spectrum of silver shows Ag in the Ag(0) state
(Figure S9 of the Supporting Information). The 3ds), core level
binding energy was observed at 368.35 eV for AgNCs. A small
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Figure 5. TEM images of as-synthesized AgNPs above the CMC of
NaC (0.05 M) under UV irradiation at 365 nm for (a) S h and (b) 7 h.
TEM images of as-synthesized AgNPs below the CMC of NaC (0.015
M) under UV irradiation at 365 nm for (c) S h and (d) 7 h.

shift toward a higher binding energy is due to the ultrasmall
cluster size.

Further, to study stability in organic solvents, the synthesized
clusters were ligand exchanged using phenylethanethiol (PET)
and transferred to the toluene medium. The exchanged clusters
show absorption features at 350 and 375 nm that match the
absorption features of the NaC-templated AgNCs. Fluores-
cence spectra of ligand-exchanged clusters show two strong
emission maxima and a shoulder at 406, 430, and 456 nm,
respectively, with an excitation maximum at 367 nm that also
perfectly matches the emission spectra of NaC-capped AgNCs,
which proves that the cluster core remains unaffected even after
ligand exchange (Figure 6).
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Figure 6. UV—visible (green), fluorescence excitation (red), and
emission (blue) spectra of PET-exchanged AgNCs in toluene. The
inset shows photographs of the AgNC solution before and after ligand
exchange under visible and UV light (365 nm).
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Toxicity and Bioimaging Studies of AgNCs in Zebra-
fish Embryos. To evaluate the effect of AgNCs on the
embryonic development of zebrafish, we exposed the embryos
to different concentrations of AgNCs (25, 50, 100, and 200 uL/
mL) for 4—96 hpf and directly observed the toxicity at different
stages using an inverted microscope. In the survival experiment,
none of the embryos became deformed and a majority of the
embryos developed normally into zebrafish, which shows that
no significant adverse effect was observed up to 200 uL/mL
AgNCs (Figure 7a). In the hatching experiment, larvae began
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Figure 7. (a) Survival and (b) hatching experiments with zebrafish
embryos exposed to different concentrations of AgNCs over 96 hpf.
No statistically significant effects occurred between control and AgNC-
exposed embryos (N = 100 or 20 embryos; five replicates each).

to hatch between 48 and 72 hpf, which is the normal hatching
period of zebrafish embryos (Figure 7b). Furthermore, the
AgNC-stained embryos imaged at late gastrula stage (10 hpf),
pharyngula stage (24 hpf), hatching stage (48 hpf), and larval
stage (96 hpf) with a fluorescence microscope using a blue filter
show blue luminescence at the inner membrane of the embryos
(Figure 8), and the intensity of the fluorescence increases as the
AgNC concentration increases to 200 yL/mL. The observed
blue fluorescence at the inner membrane of embryos could be
due to the passive diffusion of ultrasmall AgNCs through
chorion canals of embryo and stays inside the embryos
throughout embryonic development (96 hpf). The intensity
of the fluorescence remains the same over the period from 4 to
96 hpf in zebrafish embryos, which shows that AgNCs are more
stable in living systems. These finding indicates that the AgNCs
are nontoxic, exhibit bright fluorescence, and are stable in
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Figure 8. Bright-field (left) and fluorescent images (right) of zebrafish
embryos at different stages exposed to 200 yL/mL AgNCs: (a) late
gastrula stage (10 hpf), (b) pharyngula stage (24 hpf), (c) hatching
stage (48 hpf), and (d) larval stage (96 hpf).

biological media, which could be used as an effective fluorescent
probe for in vivo bioimaging applications.

B CONCLUSION

In conclusion, water-soluble, highly stable, blue light-emitting
Ag subnanoclusters have been successfully synthesized by a
simple approach using NaC as the template above the CMC at
room temperature. In addition, under UV light irradiation
below and above the CMC, small anisotropic and spherically
shaped 3—11 nm NPs were prepared. The synthesized Ag
nanoclusters with an average size of 0.4 + 0.2 nm possess four-
and six-Ag atom cores with well-defined excitation and emission
spectra. The clusters were characterized by UV—visible, HR-
TEM, FT-IR, spectrofluorimeter, TCSPC, XPS, and MALDI-
TOF MS. These clusters were phase transferred from aqueous
to organic medium by ligand exchange using PET, and the
exchanged clusters retained all the distinct optical features.
Also, we conducted toxicity and bioimaging studies of NaC-
templated AgNCs using zebrafish embryos as an in vivo model,
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which shows that the synthesized AgNCs have very low toxic
and are highly fluorescent in zebrafish embryos. The protocol
developed in this study provides an efficient and “green”
approach for the production of ultrafine sized, highly
luminescent, and biocompatible AgNCs that could be used as
potential fluorescent probes for both in vitro and in vivo
bioimaging applications.
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