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Abstract: The synthesis of a lumines-
cent quantum cluster (QC) of gold
with a quantum yield of ~4 % is report-
ed. It was synthesized in gram quanti-
ties by the core etching of mercapto-
succinic acid protected gold nanoparti-
cles by bovine serum albumin (BSA),
abbreviated as Aug@BSA. The cluster
was characterized and a core of Ausg
was assigned tentatively from mass
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of the QC is exploited as a “turn-off”
sensor for Cu?* ions and a “turn-on”
sensor for glutathione detection.
Metal-enhanced luminescence (MEL)
of this QC in the presence of silver
nanoparticles is demonstrated and a
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ninefold maximum enhancement is
seen. This is the first report of the ob-
servation of MEL from QCs. Folic acid
conjugated Auy@BSA was found to
be internalized to a significant extent
by oral carcinoma KB cells through
folic acid mediated endocytosis. The in-
herent luminescence of the internalized
Auo@BSA was used in cell imaging.

spectrometric analysis. Luminescence

Introduction

Among the various nanostructures synthesized in the recent
past, quantum clusters (QCs) or sub-nanoclusters are at-
tracting enormous attention due to their novel optical and
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electronic properties. They are composed of very few atoms,
with a core size in the sub-nanometer regime, which is the
reason for the name sub-nanocluster.'**) Owing to the sub-
nanometer core size, they cannot possess continuous density
of states but have discrete electronic energy levels. Conse-
quently they show “molecule-like” optical transitions in ab-
sorption and emission and can be termed also as molecular
clusters. Because these QCs behave entirely differently from
the metallic nanoparticles of the same element, their scope
in different areas of science and technology is very large.
One of the most promising properties of QCs is their photo-
luminescence with decent quantum yield (QY).F'? QCs
with a QY as high as 70% have been reported.™ It is also
possible to tune their emission wavelength from the ultra-
violet (UV) to the near-infrared (NIR) range by changing
the number of core atoms. Dickson et al. reported the syn-
thesis of dendrimer-encapsulated gold QCs with cores rang-
ing from Aus to Aus, and with luminescence ranging from
blue to the NIR region./**! There have been several detailed
investigations of the photoluminescence of QCs. Because
QCs are highly luminescent and biocompatible due to their
lower metallic content, they hold great promise as ultra-
bright, biocompatible biolabels and light-emitting sources in
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the nanoscale, and hence can be used in imaging, detection,
and so on."* Unlike organic dyes, they are photostable,® a
quality that widens their potential applications. These QCs
can be readily conjugated with several biological molecules,
which further enhance their application potential. A recent
report based on cell viability and reactive oxygen toxicity
studies showed that the gold QCs are nontoxic up to rela-
tively high concentrations of 500 uygmL~.["" Two-photon
emission, a process in which transition between energy
levels occurs through the simultaneous emission of two pho-
tons, is observed in Au,; QCs and hence they can be made
useful for two-photon imaging with IR excitation.”) Forster
resonance energy transfer (FRET) between the metal core
and the ligand in Au,sSGys (SG: glutathione thiolate) has
been demonstrated by using dansyl chromophores attached
to the QC core through glutathione linkers.'” Photon anti-
bunching, a quantum phenomenon that occurs during lumi-
nescence, in which the emission of one photon reduces the
probability that another photon will be emitted immediately
afterwards, was observed in Au,; QCs synthesized inside the
dendrimer cavities.’) QCs also exhibit electroluminescence
at room temperature and hence provide facile routes to pro-
duce strong single-photon emitters.7-1*!

There are several methods reported for the synthesis of
both water-soluble®® ! and organic-soluble®>* QCs of gold.
All the various methods developed so far for the synthesis
of QCs can be broadly classified into four categories. The
first method is the direct synthesis of QCs by the reduction
of gold ions in the presence of suitably selected ligands or
templates. A series of glutathione-capped gold QCs has
been synthesized by reducing gold ions in the presence of
glutathione, followed by their separation using polyacryl-
amide gel electrophoresis (PAGE)." Several organic-solu-
ble QCs, such as Au,s,”! Au,,,””! and Ausg,” have been syn-
thesized by this method. The second method involves the
usage of biomolecules such as dendrimers®™! and proteins®”!
as scaffolds for the synthesis of QCs. The third method is
the conversion of an already existing QC into another one.
Tsukuda et al. showed that among the various glutathione-
protected QCs, Au,s is the most thermodynamically stable
and larger analogues can be converted to Au,s by adding
excess glutathione.'!! The same group also synthesized Au,s
QCs from phosphine-capped Au;; QCs in the presence of
glutathione.'”) We have recently reported the synthesis of
Au,,, Auy, and Auyg; QCs from Auys by following single-
phase and interfacial techniques.® The last method is the
synthesis of QCs by the core etching of metallic nanoparti-
cles of the same element. In this method, a nanoparticle is
treated with excess amounts of molecules such as thiols,'>"!
dendrimers,* and Au**® ions, which can etch the core of
the metallic nanoparticle leading to the formation of QCs.
Duan and Nie synthesized a blue-emitting Aug QC by the
core etching of dodecylamine-capped gold nanoparticles
(AuNPs) by polyethylenimine (PEI).! Two different QCs
with Au,s and Aug cores have been synthesized from mer-
captosuccinic acid (MSA) capped AuNPs by etching with
glutathione at two different pH values.”” A red-emitting
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gold QC was synthesized recently by etching organic-soluble
didodecyldimethylammonium bromide capped AuNPs with
gold ions and subsequently transferring it to the aqueous
phase by dihydrolipoic acid.!”! A facile conversion of poly-
disperse AuNPs into well-defined monodisperse 25-atom
nanorods and nanospheres has been reported.”*”)

Herein, we report the synthesis of a luminescent QC of
gold with a QY of ~4 % starting from AuNPs, by employing
the core etching method. We and several other groups have
employed the method of core etching to synthesize QCs
from nanoparticles.[*'*?! However, the QY of the QCs pro-
duced was not appreciable for its application in diverse
fields. Apart from the conventional chemicals that are
widely used for reduction and stabilization of nanoparticles,
biomolecules are also known for their role in nanoparticle
synthesis for reduction and/or stabilization.”**" Several
molecules, such as dendrimers,*™! proteins,® and DNA
act as templates for QC synthesis. Even though the com-
plete synthetic mechanism is unknown, the use of these bio-
molecules is a step towards developing green chemistry pro-
tocols for QC synthesis. Here, we use bovine serum albumin
(BSA) as the etching agent. BSA has long been used as a
capping agent for preformed nanoparticles. Recently, Ying
et al.”! synthesized highly luminescent gold QCs using the
reduction capacity of BSA at pH 12. BSA is a large globular
protein (66000 Da) with 583 amino acid residues. It is also
known as “Fraction V” and is a serum albumin protein that
has numerous biochemical applications. BSA is used widely
in scientific research because of its stability, its lack of effect
in many biochemical reactions, and its low cost. The QC
synthesized is characterized thoroughly and the lumines-
cence of the QC is exploited as a “turn-off” sensor for the
detection of the Cu®* ion and a “turn-on” sensor for gluta-
thione detection. We also showed metal-enhanced lumines-
cence (MEL) of this QC in the presence of silver nanoparti-
cles (AgNPs). This is the first report of the observation of
MEL from QCs. We also exploited the inherent lumines-
cence of this cluster for the imaging of oral carcinoma KB
cells by folic acid (FA) mediated endocytosis.

Results and Discussion

MSA-capped AuNPs (Auy,@MSA) are taken as the precur-
sor for the synthesis of QCs. The nanoparticles were synthe-
sized by the reduction of gold ions in the presence of MSA.
This method produced small nanoparticles of core diameter
2-3 nm. The nanoparticle showed an almost featureless ex-
ponential-type optical absorption spectrum (Supporting In-
formation, Figure S1). It is known that AuNPs with core di-
ameter <2nm will not possess surface plasmon reso-
nance.””! For the QC synthesis, Auy,@MSA in water was
mixed with BSA, 1:10 by weight, in air under constant stir-
ring. The pH of the solution was adjusted to 12 after 5 min
and stirring was continued at 37°C. Formation of QCs was
monitored by checking the luminescence spectra of the solu-
tion at regular intervals of time. The starting material,
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Auyp@MSA, showed negligible luminescence. As the reac-
tion progressed, a gradual increase in the luminescence from
the solution was observed. This increase of luminescence
was also monitored visually by irradiating the solution with
a UV lamp of 350 nm excitation wavelength at various
stages of reaction. After around 6-8 h of reaction, there was
no further enhancement in the luminescence and the reac-
tion was terminated. The color of the solution changed from
dark brown to reddish brown. The solution was centrifuged
to remove the unreacted nanoparticles. The QCs were fur-
ther purified by dialysis for 24 h with a water change after
every 8 h. The solution obtained after dialysis was subjected
to freeze-drying to obtain QCs in the powder form, which
was redispersed in water for further characterization. The
QC synthesized by this route is termed Augc@BSA from
now on.

The UV/Vis absorption spectrum of Augc@BSA is shown
in Figure 1. The spectrum is almost featureless but has a dif-
ferent slope around 375 nm. The optical absorption spec-
trum showed a gradual rise at 800 nm with a continuous in-
crease in absorbance afterwards. The spectrum was different
from that of the parent Auy,@MSA. Prior studies showed
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Figure 1. Optical absorption spectrum of Au,-@BSA (trace a) compared
with that of free BSA (trace b). The absorbance shows a gradual rise at
800 nm.
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show well-defined characteristic absorption features, unlike
the thiolated QCs, and their QY is comparatively high. They
are encapsulated by biomolecules such as dendrimers or
proteins. So it can be said that ligands play a crucial role in
determining the photophysical properties of gold QCs. The
QC produced here is presumed to be encapsulated by BSA
(as confirmed by the mass spectrum), and therefore well-de-
fined absorption features are not observed in the optical ab-
sorption spectrum, following the general trend. It is known
that ligands such as thiols® and dendrimers®™ can perform
core etching of nanoparticles with ligand exchange. When
they are added in limited quantity, only ligand exchange
happens. However, when they are added in excess, core
etching with complete ligand exchange occurs. For example,
when MSA-protected nanoparticles are etched with gluta-
thione, the MSA protection is completely removed.!]
Therefore, in the present case we also expect that the MSA
molecules are removed completely, even though we do not
have solid evidence for their complete absence. The mecha-
nism of cluster formation is unclear at this moment. There
are two possibilities. The first is that BSA can etch the sur-
face atoms of nanoparticles, thus leading to core-size reduc-
tion and producing clusters. The second is that gold atoms
removed from nanoparticles by core etching may undergo
aurophilic interactions to form the cluster, as there is a ten-
dency for gold(I) compounds to form oligomers, chains, or
layers by means of gold(I)-gold(I) interactions due to hy-
bridization of the empty 6s/6p and filled 5d orbitals. The
second possibility is less likely in view of the dominant Au’
characteristic of the cluster in X-ray photoelectron spectros-
copy (XPS).

Figure 2 compares the photoluminescence profiles of pure
BSA (tracesi and ii) with those of Augc@BSA (traces iii
and iv). Although excitation of Auy@BSA had two peaks,
one at 370 nm and the other at 510 nm, the emission maxi-
mum was 660 nm. Pure BSA shows excitation and emission
at 290 and 345 nm, respectively. The QC showed observable
red emission when the aqueous solution was irradiated by a
UV lamp at room temperature (Figure 2B). It also showed
luminescence in the solid powder form (Figure 2E). The lu-
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Figure 2. Left: Photoluminescence profiles of BSA (tracesi and ii) and Aug@BSA (tracesiii and iv). Right:
photographs of Au,-@BSA solution under white light (A) and UV light (B), confocal luminescence image of
the QC (C), and photographs of QC powder under irradiation by white light (D) and UV light (E).
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minescence from solid Auo@BSA was imaged by confocal
fluorescence microscopy (Figure 2C). Auo@BSA dissolved
in ultrapure water was drop-cast on a glass slide, dried, cov-
ered with a coverslip, and illuminated at 405 nm. A strong
luminescence was seen from the various islands formed by
Aus@BSA. QCs were imaged at different wavelengths
from 540 to 630 nm (maximum range possible in the instru-
ment) and showed maximum luminescence at a wavelength
of 630 nm (Supporting Information, Figure S2). The lumi-
nescence from the QCs may be due to the interband transi-
tions between the filled 5d'° band and 6(sp)’ conduction
band.” The QY of the QC is ~4%. The luminescence
decay of the QC in water was measured by a picosecond-re-
solved time-correlated single-photon counting (TCSPC)
technique (Supporting Information, Figure S3). The numeri-
cal fitting of the luminescence collected at 660 nm revealed
time constants of 0.10 (59.6%), 0.86 (21.9%), 4.5 (8.6%),
and 174.7 ns (9.9 %).

Unlike metallic nanoparticles, which are addressed in
terms of their core diameter, QCs are represented in terms
of their chemical composition. To find the number of gold
atoms in the core of the QC, mass spectrometric analysis
was carried out by matrix-assisted laser desorption/ioniza-
tion (MALDI) mass spectrometry (MS). On the other hand,
electrospray ionization mass spectrometry (ESIMS) in the
orthogonal geometry, as in our QTrap 3200 instrument, does
not give features due to intact QCs as reported previously.'
Sinapinic acid was used as the matrix for MALDI. Tetra-
fluoroacetic acid (TFA) was added to enhance the ioniza-
tion. In the absence of TFA, no peaks were observed. The
spectrum was collected in the negative mode and averaged
for 100 shots. MALDI-MS of pure BSA showed a singly
charged peak at m/z 66.7kDa (Figure 3). On the other
hand, for Auy,c@BSA a peak at reduced intensity was ob-

Intensity (a.u.)

Figure 3. MALDI-MS of Au,c@BSA (trace a) and BSA (trace b). The
spectrum of Auo-@BSA is weaker and has been enlarged to show the
features.
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served at ~74.1 kDa in addition to the peak at 66.7 kDa,
which is assigned to the QC-BSA complex. The difference
between the QC-BSA complex and BSA corresponds to 38
gold atoms and hence we can tentatively assign a core of
Augyg to the QC formed here. A precise estimation of the nu-
clearity needs better mass spectral data. As we did not ob-
serve any peak with m/z higher than 74.1 kDa, we assume
that all the clusters have this core. Detailed studies on mass
spectra are required to establish the correct chemical com-
position, particularly in view of the reduced intensity. Com-
paring the mass spectra of BSA and Au,@BSA, certain im-
portant differences may be noted. The spectral intensity is
reduced in the case of QCs with a substantial broadening of
the features. These changes can be attributed to the modifi-
cation of the protein structure during QC synthesis, which
retarded ion formation.

To assign the core size, Auo@BSA was analyzed by high-
resolution transmission electron microscopy (HRTEM).
QCs with an average size of 1 nm are seen in the TEM
image (Figure 4 A) and no particles of larger size were ob-
served. The QCs were very sensitive towards the electron
beam and they aggregated to form bigger nanoparticles
upon longer electron-beam irradiation of the sample, due to
core fusion as is typical of QCs in this size range.*! Fig-
ure 4B shows the 4f core-level photoemission spectrum of
Auyc@BSA. Binding energies (BEs) of the cluster were
84.5 eV for 4f;, and 88.2 eV for 4f;,. Tsukuda et al. report-
ed that the BE of 4f;, of the gold QCs comes in between 84
and 86 eV, that is, between the BE values of gold film and
gold thiolate.!'
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Figure 4. A) HRTEM image and B)Au (4f) XPS spectrum of
Augc@BSA. The gold core is visible in the TEM image on closer exami-
nation.
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To check the presence of gold and other elements,
energy-dispersive X-ray (EDX) analysis was carried out
(Supporting Information, Figure S4) by drop-casting an
aqueous solution of the QC on indium tin oxide (ITO) glass
plates. The elements present in the QCs were mapped and
the images are presented in the Supporting Information,
Figure S4.

The nature of ligand protection of the QCs can be studied
by using their FTIR spectra, which give features resulting
from the ligands. The FTIR spectrum of the QC is com-
pared with that of pure BSA in the Supporting Information,
Figure S5A. The black trace depicts the spectrum of pure
BSA and the red trace is the spectrum of Aug@BSA. Our
interest here is to check what structural changes the capping
BSA molecules undergo on the QC surface. The bending
and stretching vibrations that characterize the secondary
structure of the peptide backbone were monitored. There
are two regions (1700-1600 and 1550-1500 cm™) in the
spectrum, unique to the protein secondary structure, called
amide I and amide IL¥* In pure BSA, the amide I and
amide II vibrations were found to occur at 1655 and
1539 cm ™' (black trace, Figure S5B), respectively. Their posi-
tion in Aun-@BSA does not undergo any change (red trace,
Figure S5B). To check whether any conformational changes
occur in BSA, circular dichroism (CD) spectroscopy was
performed. CD is very useful to study three-dimensional
structures of proteins. Each of the three basic secondary
structures of a polypeptide chain (helix, sheet, and coil)
shows a characteristic CD spectrum, and from it we can
derive the percentage of a-helical, B-sheet, or random-coil
structures.***!! For the o-helical structure of protein, two
negative minima at 208 and 222 nm are present in pure BSA
(black trace, Figure S5C). For the Aug@BSA, these peaks
were observed at 206 and 219 nm (red trace, Figure S5C).
This indicates that a slight conformational change has hap-
pened when BSA is on the QC surface. The percentage of
various conformations has been determined for both pure
BSA and Augc@BSA (Supporting Information, Table S1).
From the analysis, it can be inferred that the percentage of
a-helical structure is changed upon QC formation. The sur-
face electrical properties of proteins have an important in-
fluence on the performance of most of the separation pro-
cesses. The surface charge of proteins arises from ionization
of the acidic and basic side chains of the amino acids consti-
tuting the protein. These ionization reactions are acid-base
equilibria and thus depend on the pH of the solution. The
zeta potentials of BSA and Augc@BSA were measured at
pH 3, 7, and 12 (Supporting Information, Figure S5D). BSA
is reported to have an isoelectric point at pH 4.7. So BSA
will be positively charged below pH4.7 and negatively
charged above pH 4.7. Zeta potential measurements of both
BSA and Auyc@BSA showed similar values at various pH
levels. This finding indicates that no modification of the sur-
face electric property of BSA has occurred due to QC for-
mation. This is important for biological applications.

The luminescence of the as-prepared QC can be used as a
highly sensitive and selective luminescence “turn-off” sensor

Chem. Eur. J. 2010, 16, 10103-10112
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for the Cu?** ion. No further modification of the QC was re-
quired for this application. Here, the effect of the lumines-
cence of the QC in the presence of various metal ions was
studied. The ions selected were Au’*, Ag*, Cu**, Ni*t,
Ca’t, Mg?*, Nat, Pb’*, Hg’*, Zn**, Sm**, Fe’*, Co**, and
Cd?* as their nitrates or chlorides. Metal ions were added to
aqueous solutions of the QC (1 mgmL™") such that the final
concentration was 1 pum and the emission of the QC was
measured immediately after the addition of ions. Even
though there was a slight quenching of luminescence in the
presence of Co’*, the emission was quenched almost com-
pletely only in the presence of Cu?* and remained unaltered
in the presence of the other metal ions. Figure SA is the
plot of QC emission intensity against the metal ions added.
Photographs of the aqueous solutions of QCs under irradia-
tion by UV light after the addition of various metal ions are
also given (Figure 5B). The specific reactivity towards Cu®*
can be used as a tool to detect its presence. The emission of
the QC quenched as a function of Cu** concentration is
shown in Figure 5C. The minimum concentration of Cu®*
that could be detected was 15 nm and the emission intensity
decreased systematically with the increase in Cu®** ion con-
centration.

50

E

40

30

20

PL Intensity

SRR OP PR RS P
lons added

50

Q

40

30

PL Intensity

20

(=]

15 50 100 250 500 750 1000
[Cu?] (nm)

Figure 5. A) Plot of photoluminescence (PL) intensity of Au,-@BSA in
the presence of various metal ions. B) Photographs of aqueous solutions
of the QC in the presence of the corresponding ions under irradiation by
UV light. C) Plot of PL intensity of the QC as a function of [Cu’*] (y=
—4.803x+43.51 and R*=0.995).

The luminescence quenching in the presence of Cu?* can
be attributed to the QC aggregation induced by the com-
plexation between BSA and the Cu*" ion. Human serum al-
bumin (HSA) and BSA contain a high-affinity site for Cu";
the binding involves both histidyl and carboxyl groups.**’)
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The quenching of luminescence occurs due to the interac-
tion between the BSA shell of the cluster and Cu** ions.
There is no direct reaction between the cluster and ions.
When Cu?* ions are added to the aqueous solution of QCs,
they mediate the protein—protein interaction and lead to
spherical aggregation of Augc@BSA. When the clusters are
aggregated in the presence of copper ions, the luminescence
of the cluster quenches. This effect is called aggregation-in-
duced luminescence quenching. The Cu** ion has more af-
finity towards BSA than any other ions. The binding con-
stant for the copper ion is 3.6 x 10°, which is high compared
with that of other ions.’’! To check whether any aggregation
occurred during the interaction with Cu?*, the sample was
analyzed by HRTEM. TEM images of the sample obtained
are shown in Figure 6. Scanning of the sample at low mag-

Figure 6. Lower magnification (A) and higher magnification (B) TEM
images showing the aggregation of Aug@BSA upon the addition of
Cu’* jons.

nification (Figure 6A) shows several spheres of varying
sizes. The formation of spheres may be due to the aggrega-
tion of QCs by Cu’" ions. The size of the spheres is much
higher than that of the individual QCs before treatment
with the Cu** ions. This confirms that the Cu®* ion induced
aggregation of the QCs. To see individual QCs, a spherical
aggregate was selected and examined thoroughly at higher
magnification (Figure 6B). Very faint dots of QCs are seen
immediately after electron-beam exposure. Because the QC
is nonmetallic in nature and prone to electron-beam-induced
coalescence, nanoparticles started to be formed during
electron-beam irradiation for longer periods (Supporting In-
formation, Figure S6). Formation of spherical aggregates
was also proven by SEM. The EDX analysis of the aggre-
gate (Supporting Information, Figure S7) shows the pres-
ence of Cu uniformly throughout the sphere, in addition to
gold.

To confirm whether the complex formation between BSA
and Cu®* resulted in the aggregation and subsequent lumi-
nescence quenching of QCs, a control experiment was car-
ried out with ethylenediaminetetraacetate (EDTA). EDTA
can chelate or complex with metal ions in a 1:1 ratio and
Cu’** has more affinity towards EDTA than BSA. When
EDTA was added to the Auo@BSA+Cu?* mixture, an
EDTA-Cu’* complex was formed resulting in the deaggre-
gation of Augc@BSA clusters. This resulted in the recur-
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rence of luminescence of the QC. The luminescence was re-
covered as a function of EDTA concentration (Supporting
Information, Figure S8A) and recovery was complete when
an equal amount of EDTA (to that of Cu’") was added to
the mixture. The TEM images after the addition showed no
spherical aggregates (Supporting Information, Figure S8B).
To further confirm the results, the QC was first treated with
EDTA and Cu?* ions were added subsequently. In this case
no quenching was observed and no aggregates were formed.

The recovery of luminescence on addition of EDTA can
be used as a “turn-on” luminescence sensor for other mole-
cules. Moreover, because the QC is highly water soluble, it
can be used for the detection of biologically and environ-
mentally important molecules. We used this strategy for the
detection of a biologically relevant molecule, reduced gluta-
thione. Glutathione is a tripeptide consisting of the amino
acids L-cysteine, L-glutamic acid, and glycine. It is produced
in the cells to function as an antioxidant for the neutraliza-
tion of free radicals and reactive oxygen compounds. Gluta-
thione is a better chelating agent for Cu®* than BSA. It will
form a complex with Cu** ions in 2:1 (glutathione/Cu®*")
ratio. An aqueous solution of reduced glutathione was
added to the mixture containing QCs (0.1 mgmL™) and
Cu?* ions (1 um). The addition of glutathione resulted in the
formation of a complex between Cu’* ions and glutathione.
This resulted in the deaggregation of Augc@BSA clusters
with recurrence of luminescence. The luminescence recov-
ered as a function of glutathione concentration and com-
plete recovery took place by the addition of 2 um equivalent
of glutathione (see Figure 7).
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Figure 7. Recovery of the photoluminescence intensity of the
Aup@BSA 4+ Cu?t mixture after the addition of glutathione (GSH;
black =cluster, red=cluster+Cu**, and green=cluster+Cu*" +GSH).
Inset: the corresponding photographs.

We also demonstrated the metal-enhanced fluorescence
(MEF) of Augc@BSA in the presence of AgNPs and gold—
silver (1:1) alloy nanoparticles (AuAgNPs). The MEF of or-
ganic fluorophorest™>¥ as well as semiconductor quantum
dotsP>* has been demonstrated. However, there are no
studies on the MEF of QCs and this is the first report.
When a fluorophore is directly bound to metal nanoparti-
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cles, its fluorescence quenches. On the other hand, when
they are separated by a distance, the fluorescence enhan-
ces.’l This effect is known as MEF. Metallic nanoparticles
can have dramatic effects on the fluorescence of fluoro-
phores, such as increased QYs, decreased molecular excited-
state lifetimes, and increased photostability.’” The fluores-
cence enhancement is attributable to a combination of pro-
cesses including enhanced absorption by the molecule,
modification of the radiative decay rate of the molecule,
and enhanced coupling efficiency of the fluorescence emis-
sion to the far field. Recently, fluorescence enhancement of
the NIR fluorophore IR800 by Au nanoshells and Au nano-
rods has been demonstrated.”” HSA served as a spacer
layer between the nanoparticle and the fluorophore. This
study shows that proteins can act as a spacer for MEF. We
selected three systems for the MEF study: citrate-capped
AgNPs, AuNPs, and AuAgNPs. Auo@BSA (0.5 mgmL™)
was added to the as-synthesized nanoparticles (200 uL mL ™)
and the mixture was stirred for 5h. The BSA shell of the
QC acts as the spacer between the QC and the nanoparti-
cles. The optical absorption spectra of the nanoparticles
before and after the addition of Auo@BSA are given in the
Supporting Information, Figure S9. There is a slight redshift
in the surface plasmon resonance of the nanoparticles after
the addition of QCs, which may be due to the change in re-
fractive index of the solution. A plot of the luminescence in-
tensity of Augc@BSA in the presence and absence of nano-
particles is given in Figure 8 A. Approximately ninefold en-
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Figure 8. A) MEL of Au,@BSA in the presence of AgNPs, AuAgNPs,
and AuNPs. Inset: photograph of the corresponding aqueous solutions
under irradiation by UV light. B) Photoluminescence decay of pure

Auoc@BSA (green) and Augc@BSA in the presence of AgNPs (blue);
instrument response function (bottom graph).
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hancement of luminescence was observed for the QCs in the
presence of AgNPs. There was no enhancement of lumines-
cence for AuNPs and AuAgNPs. However, the nanoparticles
exhibit almost no luminescence in the absence of
Auoc@BSA. The reason for the nonenhancement of lumi-
nescence in the case of AuNPs and AuAgNPs can be attrib-
uted to the poor matching of the excitation wavelength and
the surface plasmon oscillations of the nanoparticles. The
lifetime of the QC before and after treatment with AgNPs
was measured to check whether there was any decrease in
the excited-state lifetime (see Table 1). The major intrinsic
lifetime component of the QC was 0.10ns (59.6%) and it
was reduced to 0.02 ns (84.6%) in the presence of AgNPs.
There was also a corresponding decrease in the other life-
time components. This enhancement in luminescence and
reduction in the excited-state lifetime confirms MEF. As the
nature of emission is unclear, we designate it as lumines-
cence and refer to the phenomenon as metal-enhanced lumi-
nescence (MEL).

Table 1. Lifetime data of pure Augc@BSA and Aug@BSA in the pres-
ence of AgNPs.

Sample 7, [ns] % 7, [ns] % 7 [ns] % 7, [ns] %

Blank 0.10 59.6  0.86 219 45 08.6 1747  09.9
AgNPs  0.02 84.6 0.30 07.0 3.0 04.0 1665 044

Auo@BSA is luminescent in the pH window of 2-12
(data not shown) and hence can be used as a staining agent
for various imaging applications including cell imaging. The
advantage of using QCs for live-cell imaging is twofold,
when compared to organic fluorophores and semiconductor
quantum dots. Organic fluorophores are prone to photo-
bleaching whereas QCs are comparatively photostable. Sem-
iconductor quantum dots are made up of toxic elements
such as Cd and Pb, and they have to be functionalized with
biological molecules to decrease cytotoxicity. On the other
hand, QCs are made up of the relatively nontoxic element
gold and the metallic content is very low (number of core
atoms is very low). We used a process called receptor-medi-
ated endocytosis (RME) for the uptake of QCs by cells.
RME is a process by which cells internalize molecules (en-
docytosis) by the inward budding of plasma membrane vesi-
cles containing proteins with receptor sites specific to the
molecules being internalized. FA-mediated endocytosis is
one such process and has been used for cell uptake and sub-
sequent imaging studies. Certain cancerous cells, such as
ovarian, oral, and breast, are rich in FA receptors and they
can internalize molecules conjugated with FA. Here we
functionalized the QCs with FA following 1-ethyl-3-(3-dime-
thylaminopropyl)carbodiimide (EDC) coupling of FA and
BSA.F The FA-functionalized QC was characterized by op-
tical absorption and emission (Supporting Information, Fig-
ure S10). Oral carcinoma KB cells have increased folate re-
ceptor and were used for uptake studies. Mouse fibroblast
L1929 cells without any folate receptor were used as negative
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control. For folate-targeted imaging, folate receptors were
unregulated by maintaining the cells in FA-depleted RPMI
medium at 37°C with 5% CO, for 3 weeks. FA-conjugated
QCs were added at a concentration of 1 mgmL™ to both
KB and L1929 cells. The cells were incubated with the QCs
for 24 h. After that the cells were washed with phosphate-
buffered saline (PBS) of pH 7.4 to remove any nonspecific
attachment of QCs. The cells were fixed and imaged by fluo-
rescence microscopy. The QC luminescence was detected
using bandpass excitation and emission filters (480-550 nm
excitation, 590 nm emission, and 570 nm dichromatic mir-
rors). An intense luminescence was observed from the KB
cells (see Figure 9). This luminescence was from the QCs in-

Figure 9. Bright-field (A,C) and the corresponding fluorescence micros-
copy (B,D) images showing the interaction of FA-conjugated Auo-@BSA
with different types of cell lines. Upper panel: images of folate-receptor-
positive KB cells with FA-conjugated Auoc@BSA incubated for 24 h;
lower panel: images of folate-receptor-negative mouse fibroblast 1.929
cells with FA-conjugated Auo-@BSA incubated for 24 h.

ternalized by the cell. On the other hand, no significant lu-
minescence was observed for 1.929 cells, which contain very
few FA receptors. These two experiments confirm that the
internalization occurred by FA-mediated endocytosis. Can-
cerous cells contain a large number of folate receptors when
compared to normal cells, and therefore FA-conjugated
Aun@BSA can be used for the detection of cancer cells.

Conclusion

The synthesis of luminescent QCs of gold with a QY of 4%
is reported. The QCs were synthesized by the core etching
of AuNPs by BSA. BSA has long been used as a reducing as
well as capping agent for synthesizing nanoparticles. This is
the first report of the use of a biomolecule such as BSA as
the etching agent for the synthesis of QCs. The synthesized
QC is characterized thoroughly and found to have a core of
Auzg. Luminescence of the QC is exploited as a “turn-off”
sensor for the detection of the Cu** ion and a “turn-on”
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sensor for glutathione detection. The MEL of this QC in the
presence of AgNPs is demonstrated and is found to have a
maximum ninefold enhancement. This is also the first report
of the observation of MEL from QCs. The QCs are internal-
ized after conjugating with FA by oral carcinoma KB cells
by a process called FA-mediated endocytosis. The stability
of the clusters in a large pH range, and their continued lumi-
nescence, solvent stability, and limited change in secondary
structure make them very interesting for diverse applica-
tions.

Experimental Section

Materials: Tetrachloroauric acid trihydrate (HAuCl,-:3H,0) was pur-
chased from CDH, India. Mercaptosuccinic acid (MSA), sodium borohy-
dride (NaBH,), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC), folic acid (FA), and silver nitrate (AgNO;) were pur-
chased from Sigma—Aldrich. BSA was purchased from Fluka. Trisodium
citrate was purchased from Sisco Research Laboratories. All chemicals
were used without further purification. Triply distilled water was used
throughout the experiments. Solvents were of analytical grade.

Synthesis of MSA-capped AuNPs (Auy,@MSA): Auyp@MSA was syn-
thesized according to an earlier report with a slight modification.”’ MSA
(20 mm) was added to HAuCl3H,O in methanol (100 mL, 5 mm). The
mixture was then cooled to 0°C in an ice bath for 2 h. An aqueous solu-
tion of NaBH, (25 mL, 0.2m), cooled at 0°C, was injected rapidly into
this mixture under vigorous stirring. The mixture was allowed to react for
another hour. The resulting precipitate was collected and washed repeat-
edly with methanol/water through centrifugal precipitation and dried to
obtain the Auyp,@MSA as a dark brown powder.

Synthesis of Auyc@BSA: As-synthesized Auy@MSA (10 mg) was dis-
solved in distilled water (5 mL). The pH of the solution was adjusted to
12 by adding NaOH. BSA (100 mg) was added to the solution and the
mixture was stirred well for 5 min. The pH of the resulting solution was
readjusted to 12 if necessary and the solution was stirred for 6-8 h at
37°C. The solution was centrifuged at 20000 rpm for 30 min to separate
the QCs, which were dialyzed extensively against doubly distilled water
for 24 h with a water change every 8 h. The solvent was evaporated by
freeze-drying and the product was stored as a powder. No additional
products were detected.

Synthesis of AgNPs:*! A stock solution of AgNO, in water (200 mL,
0.005m) was diluted to 1 L and heated until it began to boil. Sodium cit-
rate solution (40 mL, 1%) was added and heating continued until the
color was pale yellow.

Synthesis of AuAgNPs:*! For the synthesis of alloy nanoparticles, the
total concentration of metal ions (including HAuCl, and AgNO;) was
kept at 0.25 mm. In the first step, an appropriate volume of HAuCl, aque-
ous solution (30 mm) was added to water (50 mL), and the mixture was
heated to its boiling temperature. Aqueous AgNOj; solution (20 mm) of
appropriate volume was added to the hot solution. Sodium citrate solu-
tion (2.5 mL, 1% ) was added to the solution heated at reflux, and the so-
lution continued to be heated for another 30 min. The final solution was
then left to cool to room temperature.

Conjugation of FA with Auyc@BSA " QCs were conjugated with FA
with the zero-length cross-linker EDC. FA was activated to become
amine-reactive by linking with EDC. EDC (8.3 mg) was added to FA
(3.3 mg) in PBS (500 pL; 136.9 mm NaCl, 2.68 mm KCl, 8.1 mm Na,HPO,,
1.47 mm KH,PO,, pH 7.4) and the mixture was incubated for 15 min in
the dark at room temperature with probe sonication. The activated FA
was added to QCs (50 mg) dissolved in PBS (5 mL). The solution was
stirred overnight at room temperature; then the pH of the reaction mix-
ture was adjusted to 9 and the solution was promptly passed through a
desalting column (Zeba Desalt Spin Columns provided by Thermo Scien-
tific, India). Alkalization of the reaction mixture was necessary for the
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complete separation of free folate from the conjugate. Successful conju-
gation of FA to QC was confirmed by FTIR and UV/Vis absorption spec-
troscopy.

Instrumentation: UV/Vis spectra were measured in the range of 200-
1100 nm with a Perkin-Elmer Lambda 25 instrument. The FTIR spectra
were measured with a Perkin—Elmer Spectrum One instrument. KBr
crystals were used as the matrix for sample preparation. Fluorescence
measurements were carried out on a Jobin Yvon NanoLog instrument.
The bandpass for excitation and emission was set as 5 nm. XPS measure-
ments were conducted with an Omicron ESCA Probe spectrometer with
polychromatic Mgy, X-rays (hv=1253.6 eV). The samples were spotted
as drop-cast films on a sample stub. A constant analyzer energy of 20 eV
was used for the measurements. MALDI-MS studies were conducted
with a Voyager DE PRO Biospectrometry Workstation (Applied Biosys-
tems). A pulsed nitrogen laser operating at 337 nm was used for the stud-
ies. Mass spectra were collected in positive-ion mode and were averaged
for 50 shots. ESIMS data were collected with an Applied Biosystems
QTrap3200 MS/MS instrument. The samples in water/methanol (1:1)
were electrosprayed at 5 kV; TFA (10 uL, 1%) was also added. The spec-
tra were averaged for 100 scans. Fluorescence transients were measured
and fitted by using a commercially available spectrophotometer (Life-
Spec-ps) from Edinburgh Instruments, UK (80 ps instrument response
function). The QCs were excited at 409 nm and the emission decays were
collected at 660 nm. EDX analysis was carried out with an FEI
QUANTA-200 SEM instrument and the samples were prepared on con-
ducting ITO glass plates. A Leica TCS SP2-AOBS confocal microscope
was used for imaging the cells by exciting them with a 514 nm laser.
Emission between 600 and 800 nm was collected. The CD studies were
carried out in a JASCO 815 spectrometer with an attachment for the
temperature-dependent measurements (Peltier). CD studies were per-
formed in a 1.0 cm path length cell. The secondary structural data of the
CD spectra were analyzed with CDNN software.”®! Fluorescence images
of the cells were obtained with an Olympus BX-51 fluorescence micro-
scope equipped with a color CCD camera (Model DP71) with 60x oil
immersion objectives.
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