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Although the research activities pertaining to the synthesis of fluorescent noble metal nanoclusters (NCs)
and their applications in biological optics have been growing, only limited information is available in the
near IR (NIR) region. However, fluorescence spectroscopy and microscopy in the NIR region offer
significant advantages over UV and visible wavelengths. In this manuscript, we demonstrate bio-
mineralized synthesis of stable Au—Ag bimetallic NCs with tunable NIR fluorescence using bovine serum
albumin (BSA) as a protein template. We also demonstrate its application in the detection of toxic heavy
metal ions Pb?* in vitro and inside cells. The tunability of the fluorescence emission between 680 nm
and 815 nm is achieved by systematically varying the ratio of Au and Ag in the composite NCs. The

bimetallic NCs when interacting with Pb%* offered a large increase in fluorescence intensity, which

iiiggtz(ézzgg&‘]‘]ﬂﬁxzz%llz enabled sensitive detection of Pb?". We determined a limit of detection (LOD) of 96 nM for the
detection of Pb" under in vitro conditions, which is significantly less than the safe level in drinking

DOI: 10.1039/c9n200459a water. Its applicability has also been demonstrated successfully in real water samples collected from
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Introduction

Developing analytical approaches for the determination and
sensing of heavy metal ions has been an exciting field of
research, in which the most convenient ones are fluorescence
based measurements." This is because of the high sensitivity,
quick analysis capability and generally non-invasive nature of
fluorescence detection.>* The primary interest lies in the
synthesis of composite fluorescent materials, including metal
based nanoclusters (NCs), which offer excellent biological
compatibility, low toxicity, and photostability.>® Interestingly,
somewhat limited applications are available in current
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literature in the NIR wavelength region, although NIR fluores-
cence is advantageous for biological microscopy. The benefits of
NIR come from its low background auto-fluorescence, less
photo-damage and channel crosstalk.”’® Some of the recent
developments of gold nanoclusters (Au NCs) in the NIR region
include the preparation of trypsin stabilized NIR emissive Au
NCs by Liu and co-workers' and thiolate protected Au NCs by
Pramanik et al.'> However, according to the ‘energy gap law’, it
is challenging to prepare Au NCs with emission wavelength in
the NIR region with high quantum yield (QY) through consec-
utive optimization of non-radiative pathways, which decrease
emission energy.'

One promising strategy to increase QYs would involve
doping of the Au core with precise numbers of silver (Ag)
atoms.'” Very recently, Wang et al. synthesized and structurally
resolved X-ray diffraction of two mixed products of Ag/Au NCs.
Pang et al. reported that lysozyme stabilized Au-Ag nanoclusters
emit at 665 nm*® whereas Mohanty et al. reported NIR emission
at 707 nm by BSA stabilized Au-Ag nanoclusters.” Ag is
a convenient metal for optical studies due to the advantageous
position of d-electrons as compared to Au. Visible fluorescence
from small bare clusters of Au and Ag atoms offer strong size
dependence that has been successfully modelled using the
electronic states in the metal cluster core. Interestingly, NIR
fluorescence from ligated molecular metal nanoparticles does
not exhibit strong size dependence and has not been modelled
successfully.**

This journal is © The Royal Society of Chemistry 2019
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Different factors modulate the optical and biological prop-
erties of nanoscale materials."*™® For example, using site-
directed mutagenesis and optical spectroscopy, our laboratory
has shown recently that the position of a cysteine residue in the
primary sequence of a protein plays profound roles in the
fluorescence properties of Au NCs."> We have also shown that
the alteration of the global conformation (folded globular vs.
aggregated amyloid form)' and a switch in the secondary
structure (alpha helix vs. beta sheet) of a protein can modulate
protein—-nanomaterial interactions.” In the present study, we
have systematically studied the effect of change in the extent of
Au and Ag in an Au-Ag bimetallic NC system on the fluores-
cence properties. We chose the protein BSA as the scaffold. This
protein is a convenient and widely studied matrix to reduce as
well as stabilize metal clusters. The first objective of the present
study is to develop, using steady state and time resolved fluo-
rescence spectroscopy, an Au to Ag concentration ratio, which
would provide optimum emission intensity (acceptably high
quantum yield) in the NIR region. The second objective of this
study is to investigate the application of NIR emission of the
above ratio optimized Au-Ag bimetallic nanoclusters (Au-
Ag@BSA NCs) as a non-invasive fluorescence detection method
for Pb>* heavy metal. We are interested in the detection of Pb>*
because poisoning induced by this metal in food and water has
been considered as a major public health risk in developing
countries.’®* Exposure of Pb®>" has adverse effects on the
hematopoietic, renal, reproductive and central nervous systems
followed by oxidative stress generation.

While developing this bimetallic detection system, we have
noted that the interaction of the target molecule often quenches
NC fluorescence.” Metal induced quenching is expected to limit
the sensitivity as well as the applicability in imaging applica-
tions requiring the use of higher excitation power thereby
inducing photo-damage. The bimetallic NCs developed and
optimized in the present study do not suffer from this limita-
tion. This is because the gradual increase of Pb** concentration
causes an almost ten times increase of the fluorescence inten-
sity of the optimized Au-Ag@BSA NCs. Similar fluorescence
increment is also observed during the detection of Pb®>" within
cell cytosol media. Prior to live cell experiments, the MTT assay
has been performed to ascertain cell viability. We have then
extended the application of this as-prepared nanocluster to
study samples collected from different local water sources.

Experimental
Materials

AR grade salt tetrachloroauric acid (HAuCl,) and silver nitrate
(AgNO3, =99%) were purchased from Spectrochem (Mumbai,
India). Sodium hydroxide (NaOH) beads were obtained from
Merck (Darmstadt, Germany). Protein Bovine Serum Albumin
(=99%) was bought from Sigma Aldrich (St. Louis, USA). High
purity water (=18.2 MU) was used for the entire study. Various
metal salts such as perchlorates of Na*, K*, Fe**, Fe**, Co*,
Ccd**, Hg®", Ni** and Zn”" were purchased from Sigma-Aldrich
(St. Louis, USA) and used as received. Other metal salts like
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LiNOj3, Al(NO3);, Pb(NO3),, CrClz, MnCl, and Cu(ClO,), were of
the highest purity grade.

One pot synthesis of Au-Ag@BSA NCs

Synthesis of protein stabilized monometallic fluorescent NCs
was reported by various groups.®” In a typical synthesis process,
red emissive Au-Ag@BSA NCs were prepared by mixing 2.5 mL
of 10 mM Au salt solution and 8.6 mM Ag solution with 2.5 mL
of BSA (20 mg mL ") under vigorous stirring at 37 °C for 20
hours. The molar concentration ratios of Au and Ag salts were
varied keeping the total volume unchanged. Table S1 presents
the corresponding volume ratio, molar ratio and expected
atomic ratio of Au and Ag in the as-prepared product, assuming
that all the Ag and Au ions were reduced to their zero valent
states. The optimized molar ratio was found to be 2.3:2.0
which yielded bimetallic nanoclusters with the maximum
fluorescence emission wavelength of 718 nm. The effective pH
was 11 for the synthesis of the desired NCs. A very prominent
color change was observed with varying molar ratios of Au and
Ag. Accordingly, visual color changes of the final solutions were
also very distinctive. Final purification of the as-prepared
samples was carried out via centrifugation, which was followed
by dialysis. The final solutions were stored at 4 °C for further
experiments.

Characterization of Au-Ag@BSA NCs

Formation of the Au-Ag@BSA NCs was initially characterized by
absorption (200-700 nm) and fluorescence studies using
a Lambda 35 scan UV-visible spectrophotometer (PerkinElmer,
Waltham, USA) and PTI fluorimeter (Photon Technology Inter-
national, USA), respectively. The fluorescence emission spectra
were recorded using an excitation wavelength of 490 nm.
Fluorescence lifetimes were determined from time-resolved
intensity decay by the method of time correlated single-photon
counting using a nanosecond diode LED at 490 nm (IBH,
nanoLED-07) as the light source. The data stored in a multi-
channel analyzer were routinely transferred to IBH DAS-6 decay
analysis software. For all lifetime measurements, the fluores-
cence decay curves were analyzed using the bi-exponential
iterative fitting program provided by IBH as in eqn (1)*

A=Y p(_i) W

where q; is the pre-exponential factor representing the fractional

contribution to the time resolved decay of the component with

lifetime ;. Average lifetimes (t) for bi-exponential decays of

fluorescence were calculated from the decay times and pre-
exponential factors using eqn (2),%

o7+ Ty

()= ——"—

o) + o

(2)

All fluorescence spectra were corrected with respect to
instrumental response. All measurements were done repeatedly
and reproducible results were obtained. The quantum yield

Nanoscale Adv., 2019, 1, 3660-3669 | 3661
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(QY) of the Au-Ag@BSA NCs was obtained by comparison with
reference dye rhodamine B (in water), using eqn (3):*
Fy x 4, x 9y x QY,

F. x 4s xn,

QY, = 3)
where, Fg and F; are the integrated fluorescence emission of the
sample and the reference. A; and 4, are the absorbance at the
excitation wavelength of the sample and the reference. QY and
QY,; are the quantum yields of the sample and the reference,
respectively. Rhodamine B was used as a reference dye (QY, =
31% in water) to obtain the QY; of Au-Ag@BSA NCs. The
refractive indexes (1, and 7;) of the solvent are 1.33 for both the
reference and sample because water is used for both cases. All
the experimental analyses were carried out at room
temperature.

Matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF MS) (Applied Biosystems 4800
MALDI TOF/TOF) measurements of Au-Ag@BSA NCs were
performed using sinapinic acid as a matrix. XPS measurements
were done using an Omicron Nanotechnology (Omicron, Ger-
many) instrument. The elemental composition was further
confirmed by EDAX analysis using a HITACHI S-4800. A JEOL
JEM-2100F transmission electron microscope (JEOL Ltd. Tokyo
196-8558, Japan) was used for obtaining TEM images. The
sample was placed on a carbon-coated Cu grid, dried and
analyzed for size evaluation. The zeta potential and hydrody-
namic diameter were measured by using a Zetasizer Nano-ZS
(Malvern Instruments, UK) at 25 °C.

Selective detections of Pb>* ions

Selective detections of Pb*>" ion were performed by using fluo-
rescence spectroscopy. To an aliquot of Au-Ag@BSA NCs
various metal ion (e.g., Na*, K*, Li*, AI**, Mn**, Fe**, Fe*", Cr’*",
Co**, cd**, Hg™", Pb**, Ni**, As®>", Cu®* and Zn>") solutions were
added gradually and the corresponding change in fluorescence
spectra was measured. With increased addition of lead ions,
a significant increase of the fluorescence intensity of the
nanocluster was observed which was insignificant or absent for
other metal ions. 1 mM stock concentration of the metal salts
was used for fluorescence titrations.

Cell culture and cell imaging

Cervical cancer cell line HeLa was used for live cell experiments.
The cells were grown and maintained in Dulbecco’'s Modified
Eagle's Medium (DMEM) supplemented with 10% heat-inacti-
vated fetal bovine serum, 110 mg L™ sodium pyruvate, 4 mM
glutamine, 100 pg mL ! penicillin, and 100 ug mL ! strepto-
mycin. Incubation was performed in humidified air containing
5% CO, at 37 °C. Cells were seeded in a 35 mm poly-p-lysine
coated plate (MatTek Corporation, Ashland, MA) and grown up
to ~75% confluency. To detect exogenous Pb>" ions in the cell
cytosol, cells were treated with 1 mM of Pb*>" ions. After an
incubation period of 15 min, cells were subjected to thorough
but gentle washing with PBS buffer in order to remove the
unbound ions present in the media. Fresh media were added
and again subsequently the cells were treated with Au-Ag@BSA
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NC solution (stock concentration 1 mM), which was incubated
for 20 min in humidified air containing 5% CO, at 37 °C. Live
cell confocal imaging was performed using an excitation wave-
length of 488 nm using a Leica TCS-SP8 confocal microscope.

With an objective to gain a quantitative insight into the Au-
Ag@BSA NC permeation within the cell cytoplasm and its
complexation with Pb>* ions within the cell cytosol, Java based
image analysis bundle of Image] was applied. Spots showing
fluorescence were randomly selected for obtaining preliminary
insight into Au-Ag@BSA NC permeation. The pixel densities of
these spots were compared with respect to the control set where
no treatment was performed and hence no fluorescence was
observed. Furthermore, a surface plot analysis output was ob-
tained resorting to the surface plot plugin of Image]. The height
of the plot presents the luminance of each pixel which consti-
tutes the image. The 3D visualization was obtained resorting to
the Image]J 3D plugin. The final rendition offers a quantitatively
precise post uptake residence rate of the Au-Ag@BSA NCs-Pb>*
complex.

MTT assay

The cellular cytotoxicity of the as-prepared Au-Ag@BSA NCs was
studied using HeLa cells. The number of viable cells was
determined using the MTT assay with 3-(4,5-dimethylthiazole-2-
yl)-2,5-phenyltetrazolium bromide. The assay measures the
proliferation rate of the cells. Only the viable cells reduce MTT
to formazan crystals making use of the mitochondrial dehy-
drogenase enzyme. HeLa cells were seeded in 96-well plates
keeping an optimal count of around 10° viable cells per well.
The cells were incubated for 1 day. The viability assay was per-
formed by incubating the cells with a series of Au-Ag@BSA NC
concentrations, ranging from 500 nM to 1600 pM. After 20 min
of treatment of cells with Au-Ag@BSA NCs, the media was
replaced with the MTT containing media (1 mg mL ™). The cells
were thereafter incubated for a time frame of 4 h at an ambient
temperature of 37 °C. The medium was finally removed and the
cells were diluted in 100 pL of 0.04 N isopropyl alcohol. The
relative formazan formation in each well was monitored by
determination of absorbance at 540 nm using a microplate
reader (MultiSkan, Thermo Scientific, USA). The resulting
absorbance values were converted to percentage viability with
respect to the untreated control cells.

Flow cytometry assay to monitor the extent of cellular
permeation

The extent of cell cytosolic permeation of Au-Ag@BSA NCs was
studied by using flow cytometry (FACS). This was considered
important as the FACS output gives an authentic quantitative
idea about the efficiency of cellular permeation in light of the
fluorescence signal obtained from the uptaken probe.

A density of 107 cells was maintained for FACS measure-
ments. As the MTT assay showed significantly higher viability of
cells at probe concentrations spanning from 500 nM to 100 pM,
we used FACS measurements on these concentrations of Au-
Ag@BSA NCs. Cells were treated for 20 min and the incubation
was carried out at 37 °C. FACS experiments were conducted on

This journal is © The Royal Society of Chemistry 2019
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BD FACSDiva. For all FACS-based permeation measurements,
a 490 nm line was used for excitation using a 15 mW argon ion
laser.

Results and discussion

Developing Au-Ag@BSA NCs with optimized NIR fluorescence
intensity

Bimetallic fluorescent Au-Ag@BSA NCs were synthesized using
BSA as the template. Each BSA monomer consists of 21 tyrosine
and 35 cysteine residues, which can behave both as reducing
and stabilizing agents.”* It has been shown that at pH 12,
tyrosine residues reduce metal ions to their respective zero
valent states, while cysteine residues simultaneously stabilize
and reduce the metal cluster through Au-S bond formation.>
The synthesized Au-Ag@BSA NCs were first characterized using
UV-visible absorption spectroscopy, which did not show any
prominent peaks at 520 nm and 450 nm. The absorption peaks
at 520 nm and 450 nm are characteristic of the presence of Au
and Ag nanoparticles, respectively (with core diameter = 2 nm)
(Fig. S1at).>® However, a broad shoulder in the range 520-580
nm was found by UV-visible measurements (Fig. Slaf inset).
The synthesized species also showed significant fluorescence
intensity (as discussed later). The absence of prominent
absorption peaks at 450 nm/520 nm and the presence of bright
fluorescence emission indicated the formation of nanoclusters
(and not nanoparticles). This inference is supported by previous
reports.>*”
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The first objective of this study was to develop a composite,
which can provide optimum fluorescence emission wavelengths
in the NIR region. In order to achieve this, we synthesized
a number of Au-Ag@BSA NCs of varying Au : Ag molar ratios
(4.5:0,3.6:0.8,2.7:1.6,2.3:2.0,1.8 : 2.4 and 0.9 : 3.1). In the
case of BSA@Au NCs (in which there was no Ag), we found that
they emitted with the maximum at 680 nm (A, = 490 nm).
However, with the increase in the extent of Ag, we observed
a prominent shift of A.,, towards red to the NIR region (Fig. 1).
Interestingly, Ag doping did not alter the excitation maximum
of the composites and it remained at 490 nm (Fig. S27 inset). A
maximum shift of A.,, to 815 nm was found when the ratio was
0.9: 3.1 (Au : Ag) (Fig. 1, S2t). However, in this ratio the fluo-
rescence intensity was found to be very low.

Subsequently, we carried out two series of experiments. In
the first series, with increasing concentration of Ag (0.2 mM, 0.9
mM, 1.1 mM, 1.6 mM and 2.0 mM) at a fixed Au concentration
of 2.3 mM, Aems Was found at 608 nm, 655 nm, 658 nm, 660 nm
and 718 nm, respectively (Fig. 2a). However, the red shift of the
emission maxima was associated a with quenching of fluores-
cence intensity, particularly at a high concentration of Ag. In the
second series, for a fixed Ag concentration of 2.0 mM, gradual
increases of Au concentration (from 0.7 mM to 2.3 mM) resulted
in a steady blue shift from 812 nm to 718 nm (Fig. 2b).

We then used time resolved fluorescence spectroscopy which
suggested a bi-exponential decay for the monometallic Au NCs.
The lifetime components of 1.74 ns (19.26%) and 261 ns
(80.74%) were observed in this system, which resulted in an
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Fig.1 Normalised fluorescence intensity vs. wavelength plot of Au—Ag@BSA NCs with different molar ratios of Au and Ag. This figure suggested
a gradual red shift of emission spectra with increasing concentration of Ag. The red arrow indicates the composition of our interest as it showed

significant intensity in the NIR region (Au : Ag = 2.3 : 2.0).
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Fig. 2

(a) Change in the wavelength of Au-Ag@BSA NCs as observed from fluorescence emission spectra with varying Ag concentration keeping

the Au concentration fixed at 2.3 mM; (b) change in wavelength of Au—Ag@BSA NCs as observed from fluorescence emission spectra with
varying Au concentration keeping the Ag concentration fixed at 2.0 mM; (c) fluorescence lifetime spectra of (Au—Ag@BSA),,: NCs where the
Au : Ag molar ratio was 2.3 : 2.0; (d) changes in fluorescence lifetime with respect to the concentration of Au and Ag.

average life time of 211 ns (Fig. 2¢). The nanosecond lifetime
values exhibited by monometallic Au NCs are due to different
electronic transitions of the Au core, such as sp — sp and sp —
d.”® In contrast, several Au NCs are known in the literature,
which show longer lifetime components (>100 ns). This long
lifetime implies probable existence of ligand to metal charge
transfer. We found that increasing the concentration of Ag
caused gradual decrease in the long lifetime component with
a decrease in the average lifetime (Table S2,1 Fig. 2d). This
happens presumably because of a compromised ligand to metal
charge transfer in the bimetallic NCs. An optimized Au :Ag
ratio of 2.3 : 2.0 was found to produce NIR emission at 718 nm
with an acceptably high fluorescence QY of 42%. It exhibited an
average lifetime of 14.2 ns. NCs synthesized under this opti-
mized condition (referred to be (Au-Ag@BSA)yp: NCs now
onwards) were used for further studies unless stated otherwise.

Characterization of (Au-Ag@BSA),,: NCs

Detailed characterization of (Au-Ag@BSA),,. NCs was carried
out using different methods. A strong red fluorescence with the
emission maximum at 718 nm (A, = 490 nm) was obtained
from our synthesized (Au-Ag@BSA)opc NCs (Au : Ag = 2.3 : 2.0)
(blue curve in Fig. 1). High resolution transmission electron
microscopy (HR-TEM) showed an average diameter of 2.4 nm
(#0.45) for (Au-Ag@BSA)ope NCs (Fig. S3af). This measurement
typically show a slightly larger average size as a result of high-
energy electron beam-induced melting of the metal core.*®***°
This result was also complemented by the DLS size distribution

3664 | Nanoscale Adv., 2019, 1, 3660-3669

of (Au-Ag@BSA)opc NCs (Fig. S3bt). EDAX analysis of (Au-
Ag@BSA),p: NCs showed the presence of expected elements of
Au, Ag and S (Fig. S3c,T inset table). The zeta potential value of
the (Au-Ag@BSA),,: NCs was found to be —27 mV (Fig. S1bt).

The composition of the as-prepared (Au-Ag@BSA)op: NCs
was estimated by measuring the mass difference between (Au-
Ag@BSA),,; NCs and the free BSA protein (Fig. S4t). MALDI
revealed the presence of a peak at an m/z value of 73.6 kDa for
(Au-Ag@BSA),pc NCs. A second peak at an m/z value of 66.5 kDa
was observed because of free BSA under the reaction condition
(pH 11). The mass difference of 7100 Da (mass of Au x 32 =197
% 32 = 6304, mass of Ag x 7 =108 x 7 =756, and total = 7060~
7100 Da) between (Au-Ag@BSA),,c NCs and BSA matched well
with the atomic composition of Auj,Ag;@BSA NCs as also
observed from the EDAX data (Fig. S3dt). It is known that
clusters with certain special numbers of atoms (magic
numbers) are more abundant than others. Auzy has been re-
ported to be a magic number in glutathione capped NCs.***
Since Auj,Ag, contains a magic number of atoms in its cluster
core, this bimetallic nanocluster is expected to be stable.

X-ray photoelectron spectroscopy (XPS) was used to illustrate
the oxidation states of the Au and Ag in (Au-Ag@BSA),pc NCs.
Au atoms in the NCs were found to be predominantly in the
reduced state (Au’) owing to the considerably low binding
energy of Au 4f;, of ~83.5 eV and for Au 4f;, of 87.1 eV
(Fig. S5af). It has been reported that binding energy values of
the Au 4f;,,, and Au 4f;), levels for BSA-Au NCs are typically near
84.01 and 87.81 eV, respectively.* In the presence of a Au and Ag
molar concentration ratio of 2.3:2.0, the Ag 3d spectrum

This journal is © The Royal Society of Chemistry 2019
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(Fig. S5b¥f) was resolved into two spin-orbit components at
366.6 eV and 372.5 eV, which was consistent with the previous
result obtained for Ag NCs.** We assigned these peaks to the Ag
3ds,, and Ag 3dj;),, respectively. It was noted that there was not
much difference in BE between Ag(0) and Ag(1) states due to the
close proximity of their binding energies. In this context, it is to
be mentioned that the BE of Au 4f,, (83.3 eV) is lower than the
BE of the Au(0) film (84.0 eV),*® which implies that Au atoms are
negatively charged in the (Au-Ag@BSA),p NCs. Again, the BE of
Ag 3ds/, (366.6 eV) was lower than that of the Ag(0) film (367.7
eV) indicating the positive charge of the Ag atoms. These results
suggested that some charge transfer occurred in (Au-
Ag@BSA),,c NCs from Ag with an electronegativity of 1.93 to Au,
which has an electronegativity of 2.54.>**¢ In addition, BE peaks
for sulphur 2p;/, appeared at 161.7 and 167.2 eV (Fig. S67),
which can be attributed to the oxidized states of S. The peak at
161.7 eV corresponded to the covalent interaction of Au NCs
with the SH groups of the Cys residue of the protein.

The stability of (Au-Ag@BSA),pc NCs was investigated under
different experimental conditions. First, the addition of excess
EDTA to the (Au-Ag@BSA),p: NC solution did not result in any
change in the fluorescence intensity (Fig. S7at), indicating the
absence of free Ag" in bimetallic NCs. Second, the emission
intensity of (Au-Ag@BSA),,c NCs remained stable even in
solutions with high ionic strength (e.g,, 500 mM NaCl,
Fig. S7at). This observation is similar to that reported by the Xie
group.” In addition, there was no change in fluorescence for
(Au-Ag@BSA),,c NCs detected in the pH values ranging from 5.0
to 9.0 (Fig. S7b¥). Furthermore, no change in fluorescence was
detected by storing (Au-Ag@BSA).pc NCs in darkness for ten
months (Fig. S7ct).

Doping of foreign metals can cause alloy nanoclusters to
possess different geometrical and electronic structures
compared to their mono-metal counterparts.’” However, it is
difficult to resolve the exact crystalline structure of these (Au-
Ag@BSA),p NCs since nanocluster growth occur in situ within
the BSA template. While it is difficult to determine the exact
factors which are responsible for the observed fluorescence
behaviour, both the metal core and the ligands are expected to
contribute. It has been reported that Ag atom doping in
Au,5(SG)s nanoclusters blue shifts the absorption onset.***®
Doping of Ag heteroatoms increase the LUMO energy while
leaving the HOMO energy unaffected, and this perturbation
shifts characteristic absorption to higher energy.***® Moreover,
heteroatom-induced splitting of discrete energy levels also
introduces new features in the (Au-Ag@BSA),p: NCs spectrum
profile. In any case, a defined understanding of the modulation
of HOMO-LUMO absorption would not be simple to under-
stand. The modulation of the emission properties due to Ag
heteroatom doping is expected to be directionless and size
dependent.”® In our study, the fluorescence red shift may be due
to either MLCT within the metal and surrounding protein
residues or MMCT within Au and Ag atoms. The metal-metal
interactions are possibly formed by weaker van der Waals forces
and the charge transfer component that dominated the excited
state in the former is reduced.?

This journal is © The Royal Society of Chemistry 2019
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In our recent study, we reported that BSA fibril templated Au
NCs showed a significant red shift of the emission maxima (~25
nm) when compared to the fluorescence properties of native
BSA protected Au NCs.*® In the present work, we showed that
doping of Ag atoms into the Au matrix resulted in even more red
shifts to the NIR region compared to pure Au nanoclusters
prepared either in BSA or fibrillated BSA templates.

Detection of Pb>" ions using (Au-Ag@BSA)ep NCs

The second objective of this study was to explore applications of
the optimized (Au-Ag@BSA),pc NC system in detecting low
concentrations of Pb** in both in vitro and in cell samples. As
mentioned before, we aimed to obtain a NC system which would
provide a metal induced increase (and not a decrease) facili-
tating image acquisitions for in cell studies. Interestingly, upon
gradual addition of Pb*" onto (Au-Ag@BSA),, NCs, we
observed a large increase in fluorescence intensity (Fig. 3a) at
718 nm, while non-optimized Au-Ag systems (in which the
Au : Ag ratio was different from 2.3 : 2.0) showed either no
change or quenching (Fig. S8a-dt). Fig. S8t clearly emphasizes
the importance of ratio optimization to develop a bimetallic
system depending on the intended applications. No significant
change in shape of the nanocluster fluorescence spectrum or
shift in the emission maxima was observed for (Au-Ag@BSA),p¢
NCs due to Pb*" binding (Fig. 3a). The average lifetime of the
(Au-Ag@BSA),p: NCs as determined by the time resolved fluo-
rescence measurements increased to 111.3 ns in the presence of
added Pb*" (Fig. 3b, Table 1). Decay patterns of (Au-Ag@BSA)op
NCs were found to be bi-exponential both in the absence and
presence of Pb>",

The probable mechanism for Pb*" sensing by (Au-
Ag@BSA),,; NCs would involve metallophilic interaction
between Pb>* (5d'%) and Au*(5d'°)-Ag" (4d*°).***! To understand
the selectivity and specificity of (Au-Ag@BSA),p: NCs, series of
fluorescence titrations were carried out using different transi-
tion metal ions. Interestingly, no significant change in fluo-
rescence intensity was observed for other metal ions (K', Na",
Li*, As*", Hg®", AI*", €d*", Co*", Cr**, Cu®", Fe**, Fe**, Mn®", Ni**
and Zn**) which is in contrast with Pb**, where the fluorescence
intensity of the nanocluster increased significantly (Fig. 3c).

The limit of detection (LOD) was calculated from the slope of
the plot of intensity vs. concentration of Pb** (Fig. 3d). The LOD
value was estimated using the assumption of LOD equal to 30/b,
where ¢ is the standard deviation of intensity residuals and b is
the slope of the calibration curve. Our observed detection limit
was 96 nM. Table S31 compares a list of available reports of NC
based sensors towards Pb>" detection. While the LOD of the
present method is competitive in comparison to those of the
previous reports, ours is the only NC based material with fluo-
rescence enhancement in the NIR region to the best of our
knowledge.

In cell detection of Pb*>" ions

To assess the suitability of (Au-Ag@BSA),pc NCs in detecting
Pb>" within the confines of the cell cytosol an essential step is to
comprehend the effect of extraneous (Au-Ag@BSA),pc NCs on

Nanoscale Adv., 2019, 1, 3660-3669 | 3665
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Fig. 3 (a) Fluorescence intensity enhancement with increasing concentration of Pb2*; (b) increase in fluorescence lifetime with increasing
concentration of Pb?*; (c) bar plots presenting the extent of fluorescence enhancement of (Au—Ag@BSA).,: NCs in the presence of different
metal ions; (d) plot of fluorescence intensity against the concentration of Pb?* showing the limit of detection (LOD).

Table 1 Changes in 7y and 1, values of (Au—Ag@BSA),,: NCs with
gradual addition of Pb?*

cell health. Furthermore, an effective idea about the dosage and
its concomitant effect on cell viability stands extremely impor-
tant. Hence, the MTT assay was performed under the treatment
conditions spanning over a wide range of (Au-Ag@BSA),,c NC
concentrations (500 nM to 1600 uM) for a time frame of 24 h.
The HeLa cell line was chosen as the model cell system for all
our subsequent cell-based experiments. The MTT assay sug-
gested that over 98% of the cells were viable when treated with
500 nM concentration NCs whereas ~90% or more viable cells
were present over the concentration range 1-10 pM. Again,
a little decrease in viable cell population was observed for the

[Pb*']

(1M) 71 (ns) 7, (ns) Tay (NS) X’

0 1.04 98.6 14.2 1.25
48 1.18 92.2 9.66 1.30
95 13.4 53.9 17.1 1.24
180 0.80 105.0 17.4 1.14
260 0.85 118.7 33.6 1.04
330 1.00 143.3 111.3 1.06

(a)
100

~
]
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Fig. 4 (a) MTT assay showing the percentage of viable cell populations in the presence of different concentrations of (Au—Ag@BSA),,: NCs; (b)
bar plot presenting the extent of permeation of (Au—Ag@BSA)..: NCs at different concentrations as obtained from FACS.
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concentration range 25-350 uM (cell viability from 85 to 75%)
(Fig. 4a). Further, a relatively sharp decrease of cell viability was
found when there is a (Au-Ag@BSA),, NC concentration hike
from 500 to 1600 uM (cell viability 65-50%). Data reflected the
minimum effect of NCs on the cell viability for a broad range of
concentrations ranging below 50 pM. Based on the above
observation, we further explored the effectiveness of this
bimetallic nanocluster towards the detection of Pb*" in cellular
environments. Permeation assay guided by flow cytometry was
carried out to have a quantitative understanding of the
concentration of (Au-Ag@BSA)p,: NCs which effectively
permeates from the medium to the cell cytosol and can be
further considered as the effective probe concentration. For all

Fluorescence

Merged

~
&
~—

‘Without Pb2*

(

=
-~

With Pb2+

Fig.5 Confocalimaging of Hela cells: fluorescence, DIC and merged
images of HeLa cells (a) without and (b) with treatment of Pb?* ions (50
M (Au-Ag@BSA)op: NCs for 20 min incubation); 3D surface plot of
(Au—Ag@BSA),,: NC permeation, that is, the heat map in (c) absence
and (d) presence of Pb2*.
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these assays we preferred to select concentrations below 50 uM
(as concentrations <50 uM showed a cell viability of more than
around 80 percent). Our FACS data reveal 50 puM (Au-
Ag@BSA),p: NCs show the highest uptake (Fig. 4b), as evident
from the fluorescent signals obtained from the sorted cells.
Thus, for the subsequent imaging studies we went ahead with
50 uM (Au-Ag@BSA),,c NC concentration as it was the perfect
choice for efficient permeation and high cell viability.

Live cell confocal imaging using a Leica TCS-SP8 confocal
microscope revealed a notable extent of (Au-Ag@BSA)ope NC
permeation upon treatment of HeLa cells with 50 pM nano-
clusters (Fig. 5). Pixel distribution and quantification from the
live cell image showed an average fluorescence intensity of
around 10 units (A.U) as confirmed from the 3D interactive
surface plots of the Image] ensemble (Fig. 5c). The post-
permeation residence of NCs inside the cells does not create cell
stress. (Au-Ag@BSA),pc NCs were observed in the cell cytosol
with insignificant alteration in cell shape. Next, an exogenous
source of Pb*>" was introduced to (Au-Ag@BSA),p NC treated
HeLa cells for semi-quantitative measurement of the intracel-
lular Pb** level. A significant rise of fluorescence intensity was
observed upon treating the cells with 20 uM Pb”" in the culture
media for 15 min at 37 °C. A 3D interactive surface plot also
confirmed the enhancement of signal up to an average intensity
of 18 A.U (Fig. 5d). Our observation revealed the specific inter-
actions between (Au-Ag@BSA),,. NCs and Pb>' resulting in the
fluorescence enhancement.

Real sample analysis

To test the applicability of the as-prepared NCs for Pb>" detec-
tion, we collected water samples from different local sources.
These include samples from a neighbourhood pond, tap water
supplied by the Kolkata Municipal Corporation, and the same
tap water samples, which were subjected to purification by the
reverse osmosis method. Table 2 shows the results, which
suggested that all three sources were safe at least in terms of
Pb>" content. Subsequently, we spiked all these three water
samples with Pb** of different concentrations, to determine if
other dissolved substances present in these samples (which
would be very different for these three sources) would interfere
with the fluorescence properties and LOD of our detection. The

Table 2 Detection of Pb?* in natural samples using the standard addition method. The term ‘Spiked’ denotes the addition of different
concentration of Pb?*. “Recovery” denotes the percentage of lead detection by (Au—Ag@BSA),p: NCs with respect to the added Pb2*.RSD is the

relative standard deviation

Detected Spiked
Sample (nM) (nM) Found (nM) Recovery RSD
Tap water (Kolkata Municipal ND 100 98.7 98.7 £ 0.2 0.38
Corporation) ND 200 195.1 97.5 £ 0.5 1.01
ND 300 305.0 101.6 £ 1.1 1.15
Neighborhood pond ND 100 96.0 96.0 + 0.1 1.07
ND 200 185.0 92.0 £ 1.6 1.28
ND 300 287.5 95.3 £ 0.8 0.83
Drinking water (reverse osmosis) ND 100 97.8 97.8 + 0.1 1.21
ND 200 198.0 99.0 + 0.6 1.36
ND 300 307.6 102.5 £ 0.7 0.69

This journal is © The Royal Society of Chemistry 2019
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pond and tap would contain higher concentrations of organic
and chlorine rich substances, respectively, while the reverse
osmosis purified water would contains minimum dissolved
substances. Fig. S9f suggests no significant differences in
fluorescence characteristics. The water samples were spiked
with standard solutions containing different concentrations of
Pb**. The results are summarized in Table 2, which indicate
that the as-prepared fluorescent nanoclusters can be used
practically to detect Pb>" in environmental samples.

Conclusions

In summary, the present work showed tuning of NIR fluores-
cence of Au-Ag bimetallic nanoclusters when synthesized using
a BSA protein scaffold. The emission wavelength within the NIR
region is highly desirable for diverse biological applications. We
showed further that by varying the Au : Ag molar ratio, emission
maxima can be shifted up to 815 nm. The probability of further
enhancement of fluorescence intensity of these nanoclusters at
these metal ratios by tuning metal-to-ligand or ligand-to-metal
charge transfer pathways can open up more advanced investi-
gation possibilities (Au-Ag@BSA),p,c NCs exhibit appreciable
stability at different solution pH and in the presence of
chelating agents (EDTA) and salt (NaCl). In addition, these
bimetallic NCs were found to be useful to detect toxic Pb>* ions
(LOD ~ 96 nM). As a concluding remark, we propose these NIR
fluorescent (Au-Ag@BSA),,c NCs to be used as a potential
sensor towards the detection of toxic Pb*>* in biological envi-
ronments as well as in real samples.
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