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Blue, green, orange-red, red and NIR emitting gold quantum clusters have been prepared in aqueous
media by using a bioactive peptide glutathione (reduced) at physiological pH. Matrix-assisted laser de-
sorption ionization-time-of-flight mass spectrometry (MALDI-TOF MS) analyses show that the core struc-
ture sizes of the five different gold clusters are Au; (blue), Ausg (green), Aug (orange-red), Auy, (red) and
Auy; (NIR). The photo-stability and pH-stability of these quantum clusters have been measured, and these
are photo-stable against continuous UV irradiation for a few hours. They also exhibit moderate to good
pH-stability within the pH range of 5-12.5. A computational study reveals the organisation of gold atoms
in the thiolate-protected blue quantum cluster and its several structural parameters, including the mode
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of interaction of ligand molecules with Au atoms in the Auy cluster. Interestingly, it has been found that
NIR emitting gold quantum cluster can easily be internalized into the adenocarcinomic human alveolar
basal epithelial cell line (A549 cell line). Moreover, a MTT assay indicates that our NIR emitting gold
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Introduction

The design and synthesis of new nanomaterials with interest-
ing functional properties has remained at the cutting-edge of
scientific research for several decades. Among these nano-
materials, noble metal quantum clusters'>* with fascinating
fluorescence properties are important. Ultra-small noble metal
quantum clusters'®>> with less number of metal atoms
possess a missing link between single metal atoms and rela-
tively large-sized nanocrystals. These quantum clusters have
very small particle sizes (<2 nm), and exhibit discrete and size-
tunable electronic transitions. They show unique molecule-like
properties, such as quantized charging and luminescence.' ™
Interestingly, these quantum clusters exhibit notable lumines-
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quantum cluster show very low cytotoxicy to A549 cancer cells.

cence properties with better photo-stability and lower toxicity
than those of organic fluorophores and semiconducting
nanocrystals.'®?> The small size of these noble metal
quantum clusters with very low toxicity and the lack of blink-
ing properties compared with semiconducting nanocrystals
makes them attractive candidates for biological imaging,*°
chemical sensing®”*® and other purposes.>® Gold quantum
clusters are commonly composed of a gold core surrounded by
some stabilizing ligands.

Several synthetic routes have been applied for the synthesis
of fluorescent gold quantum clusters including (a) template-
assisted synthesis inside the matrix of folded proteins,*® den-
drimers® and cyclodextrins,® (b) core-etching of metallic
nanoparticles or some other large core size noble metal
quantum clusters to few-atom quantum clusters,** (c) chemical
reduction of Au™ ions using different reducing agents in the
presence of definite stabilizing/capping agents®*™® and (d)
conversion of an as-synthesized quantum cluster into a larger
size quantum cluster by ligand exchange with thiol-terminated
ligands.®” For designing and synthesis of quantum clusters, the
colloidal synthetic route has remained unique and successful
to date. However, the traditional mechanistic approach for
the preparation of gold quantum clusters using solution
phase methodology is much more demanding as the size of the
quantum clusters can only be tuned by using this procedure.

This journal is © The Royal Society of Chemistry 2015
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For the synthesis of gold quantum clusters, the bottom-up
approach has been applied by using the complexation of a
gold salt precursor with a suitable capping ligand followed by
chemical, sonochemical or microwave reduction.*®**° For the
synthesis of gold quantum clusters, commonly-used ligands
include DNA,*"*? proteins,*** peptides,** dendrimers,** thiol-
containing molecules”*® and polymers.*” The suitable choice
of ligands, reducing agents and reaction conditions are impor-
tant factors for the synthesis of gold quantum clusters. To the
best of our knowledge, there are no reports on the synthesis of
tuneable fluorescence emissive bioactive peptide-stabilized
gold quantum clusters in water at physiological pH (7.46).
Keeping this in mind, a peptide with free amino, carboxylic
acid and thiol groups are the best candidates for the prepa-
ration of gold quantum clusters in an aqueous medium.
Though there are numerous studies on gold quantum cluster
formation, only a few studies have been aimed at tuning the
fluorescence emission of gold quantum clusters.”> Hence,
there is a prime need to develop different colour emitting gold
quantum clusters of varying sizes in water. It is also interesting
to look for a simple procedure to make different gold quantum
clusters that which emit from blue to NIR. However, the direct
synthesis of tuneable emission gold quantum clusters from
blue to NIR in an aqueous medium by using a bioactive
peptide is yet to be explored.

Apart from the synthesis of different sized gold quantum
clusters, determination of the spatial orientation of gold
atoms within the cluster continues to be a fascinating topic to
explore, and this has been reviewed in the literature.*™°
Several groups have investigated the structure of thiolate-pro-
tected gold quantum clusters through single crystal X-ray
crystallography®’* and computational studies.>*> Structural
details on phosphine-stabilized gold clusters have also been
reported previously.’®*” Although there are reports of thiolate-
protected Ause, Au,s and Auys clusters, there are no earlier
examples regarding the structural investigation of thiolate-pro-
tected very small-sized clusters such as Au; clusters. Therefore,
it will be interesting to decipher the organisation of gold
atoms with interacting ligands inside the blue emitting Au,
cluster.

In this study, we have demonstrated a new synthetic pro-
cedure for the development of a series of different fluorescent
blue to NIR emissive gold quantum clusters stabilized by a bio-
active glutathione tripeptide (reduced) in a phosphate buffer
of physiological pH (7.46) using different reducing agents and
reaction conditions. We have distinguished five different
colour emissive gold quantum clusters, including blue, green,
orange-red, red and NIR, with moderate quantum yields,
remarkable colloidal stability and long excited state life times.
These gold quantum clusters are quite stable towards pH and
UV light irradiation for a few hours. These tuneable, emissive
gold clusters have been characterized as Auy, Au,e, AU9, AUy,
and Au,, using MALDI-TOF MS. A structural organisation of
the Au atoms and ligands in the blue emitting Au, cluster has
been performed by using computational (density functional
theory) and Raman spectroscopic studies. Moreover, the NIR

This journal is © The Royal Society of Chemistry 2015
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emitting gold quantum cluster has been successfully utilized
for live cancer cell imaging.

Experimental section

Detailed experimental procedures for the synthesis of the
quantum clusters are given in the ESL{

Results and discussion
UV-visible spectroscopic studies

According to the spherical Jellium model, smaller and larger
AuQCs emit at shorter and longer wavelengths respectively."
Images of these as-synthesized gold quantum clusters in glass
vials under UV light are shown in Fig. 1.

The UV-Vis characteristics of the gold quantum clusters
and their formation kinetics over time are illustrated in
Fig. S1.f During the synthesis of the gold quantum clusters
(QC1) there was initially an absorption band at 470 nm
(Fig. S1at). However, this band disappeared within a few hours
with the observation of two peaks at 354 nm and 370 nm
(Fig. S1at). This suggests that the size of the gold cluster is
very small."* Fig. S2a-ef show cluster formation and corres-
ponding changes in colour (under visible light and UV light
separately) with respect to time. No absorption band was
observed in the visible region due to the formation of small-
sized quantum clusters with the progress of the reaction
(Fig. S1af). Fig. S1bf shows the time-dependent formation of
QC2. QC2 was prepared by using tri-sodium citrate as a redu-
cing agent in aqueous medium at a temperature of 140 °C.
Initially, no absorption peak was observed in the UV-Vis
region. However, with the progress of time a new peak at
335 nm started to appear. This indicates that it is a gold-con-
taining cluster a few atoms in size, and so the cluster size is
small. The time-dependent colour change during the for-
mation of QC2 under both visible and UV light is shown in the
Fig. S2b.T It takes about 16 hours to complete the reduction
and the concomitant formation of the gold cluster, as tri-
sodium citrate is a mild reducing agent. The formation of QC3
and their time-dependent colour changes under visible light
and UV light are shown in Fig. Sic and S2ct respectively. The

Fig.1 Camera images of the gold quantum clusters under UV light
irradiation in 365 nm wavelength.

Nanoscale, 2015, 7, 1912-1920 | 1913
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red emitting QC4 was synthesized by using sodium boro-
hydride as a reducing agent at low temperature (0 °C). During
the progress of the reaction, the UV-Vis changes and colour
changes under visible light and under UV light were moni-
tored (Fig. S1d and S2dt). Initially, just after the addition of
sodium borohydride, there was no absorption peak in the
UV-Vis region. However, after the progress of the reaction, a
small new peak at 550 nm was observed. The cluster size is
relatively large due to the presence of a small peak in the
visible region.*” The time-dependent UV-Vis changes of QC5
are shown in Fig. Sle,7 and Fig. S2ef illustrates the gradual
colour change during the formation of QC5. Initially, there was
no peak in the UV-Vis region. However, during the progress of
the reaction two small peaks at 463 nm and 644 nm were
observed. After the completion of the reaction a small peak at
462 nm was observed, indicating the formation of relatively
large-sized gold quantum clusters.*

Fluorescence studies

Fluorescence emission from the blue to NIR region obtained
from Au or Ag clusters is dependent on the number of atoms
present within the ligand-capped cluster’s core."> The prepa-
ration of different sized gold quantum clusters with different
colour (fluorescence) emission (blue to NIR) at physiological
pH in aqueous media has received tremendous research inter-
est in recent years due to the various applications of these clus-
ters. In this study, we have made five different colour emissive
gold quantum clusters with tuneable emission. The formation
kinetics of these gold quantum clusters is shown in the Fig. 2.
Initially, for all gold quantum clusters, just after the addition
of a reducing agent into the corresponding reaction mixture
there is no fluorescence emission. After completion of the
reaction, all gold quantum clusters showed bright fluorescence
emission under UV light irradiation at 365 nm, as shown in
Fig. 1. The QC1 gold quantum cluster shows fluorescence
emission (FL) and fluorescence excitation (FLE) maxima at
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Fig. 2 Time-dependent fluorescence spectra showing the formation
kinetics of the different quantum clusters (a) QC1, (b) QC2, (c) QC3,
(d) QC4 and (e) QC5 measured at fluorescence excitations of 355 nm,
358 nm, 448 nm, 576 nm and 590 nm respectively.
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Fig. 3 Fluorescence emission (FL) and excitation (FLE) spectra of
(a) QC1, (b) QC2, (c) QC3, (d) QC4 and (e) QCS5 with fluorescence emissions
of 426 nm (blue), 507 nm (green), 628 nm (orange-red), 705 nm (red)
and 805 nm (NIR) respectively.

426 nm and 355 nm respectively. The FL and FLE spectra of
this blue emitting gold quantum cluster are shown in Fig. 3a.
This quantum cluster shows blue light emission under UV
light irradiation (Fig. S2a (ii)T).

The as-synthesized gold quantum cluster QC2 shows a fluo-
rescence excitation maximum at 378 nm, with a small peak at
338 nm and an emission maximum at 507 nm (Fig. 3b). This
QC2 gold quantum cluster shows green fluorescence emission
under UV light irradiation (Fig. S2b (ii)}). However, the
QC3 gold quantum cluster shows a fluorescence excitation
(FLE) peak at 448 nm and a fluorescence emission (FL) peak at
628 nm (Fig. 3c). This QC3 gold quantum cluster possesses
another minor peak at 503 nm (with a much lower intensity
than the major peak) upon excitation at 448 nm, with a major
peak centered at 628 nm (Fig. S3). This QC3 gold cluster exhi-
bits a very intense orange-red colour under the exposure of UV
light (365 nm) (Fig. S2c (ii)f). A fluorescence emission peak at
705 nm and excitation peaks at 540 nm and 576 nm have been
observed for the QC4 gold quantum cluster (Fig. 3d). This gold
quantum cluster shows a bright red emission under UV light
irradiation at 365 nm (Fig. S2d (ii)f). It is interesting to note
that the successfully synthesized NIR emitting gold cluster
(QC5) has an emission maximum of 805 nm and fluorescence
excitation at 590 nm (Fig. 3e). This QC5 gold quantum cluster
exhibits a red emission under UV light irradiation (Fig. S2e (ii)}).
There is a previous report regarding the synthesis of
protein-stabilized blue (emission at 402 nm with a shoulder at
480 nm), green (510 nm) and red (670 nm) gold quantum clus-
ters by using a pH variance.'® However, in this study we have
developed a new procedure for making five different gold
quantum clusters, namely blue (426 nm), green (507 nm),
orange-red (628 nm), red (705 nm) and NIR (805 nm), at
physiological pH (7.46).

We have estimated the quantum yields of these gold
quantum clusters with respect to some reference dyes. The
quantum yield of QC1, QC2, QC3, QC4 and QC5 are 0.38%
with respect to quinine sulphate, 0.12% with respect to atto

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Fluorescence excited state decay profiles of the QC1, QC2 and
QC3 gold quantum clusters with respect to their emissions at 433 nm,
507 nm and 628 nm respectively. The estimated average fluorescence
decay times are 1.06 ns, 1.32 ns and 245.10 ns for QC1, QC2 and QC3
respectively.

465, 1.2% with respect to atto 520, 0.14% with respect to
rhodamine B and 0.045% with respect to rhodamine B respect-
ively. The maximum quantum yield among these gold
quantum clusters is obtained for orange-red emitting QC3 and
the minimum quantum yield for NIR emitting QC5.

The fluorescence excited state life times of some of these
gold quantum clusters have also been estimated, and the
decay profile of these quantum clusters are shown in the
Fig. 4. Average fluorescence decay times of these quantum
clusters QC1, QC2 and QC3 have been estimated to be 1.06 ns
with respect to its emission maximum (433 nm), 1.32 ns with
respect to its emission maximum (507 nm) and 245.10 ns with
respect to the 628 nm emission peak respectively.

We also checked the fluorescence emission of these gold
quantum clusters at different fluorescence excitation wave-
lengths to check the reality of these emission peaks. The re-
emission profiles at different excitation wavelengths are shown
in Fig. S4.f This indicates that the fluorescence emissions of
these quantum clusters are real in nature, and different emis-
sion profiles shown by those fluorescent gold quantum clus-
ters are due to inter-band transitions from the d orbital of
gold to the sp orbital of gold for lower wavelength emissive
gold clusters and intra-band transitions in sp orbitals of gold
for higher wavelength emissive gold quantum clusters.®

pH and photo-stability

The pH stability and photo-stability of these gold quantum
clusters were also examined by using fluorescence spec-
troscopy, and is shown in Fig. S5.f The QC1 and QC2 clusters
are very much stable towards pH values ranging from 5 to 12.5
(Fig. S5a and S5bf). However, at lower pH the stability of the
QC1 and QC2 gold clusters is slightly less than at moderate to
high pH. The pH stability of QC3, QC4 and QCS5 is very good
within the range of pH 5 to 10. However, at lower and higher

This journal is © The Royal Society of Chemistry 2015
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pH the stability (Fig. S5c-et) of QC3, QC4 and QC5 is not so
good. It is clear from the pH stability profiles of these gold
quantum clusters that the lower size clusters are very stable at
moderate to high pH. However, the larger size clusters are only
stable at moderate pH and not in higher or lower pH. The
photo-stability of these gold quantum clusters has been
checked under 3 hours of UV light irradiation, and is shown in
Fig. S6.7 The stability of all of these quantum clusters towards
UV light is diminished after 3 hours irradiation except for the
QC5 cluster. Thus, the photo-stability of the QC5 gold
quantum cluster is much higher as it shows very good stability
even after 3 hours of UV-light irradiation. This may be due to
the fact that the amount of energy supplied by the 365 nm UV
light is not enough to break this cluster.

MALDI-TOF MS analysis

The exact sizes of these gold quantum clusters or, in other
words, the exact number of atoms present in the core of these
clusters, have been determined by positive mode MALDI-TOF
MS analysis by using 2,5-dihydroxybenzoic acid as a matrix.
The MALDI-TOF MS analysis profiles of these gold quantum
clusters are provided in Fig. 5. We have performed this exper-
iment several times for the determination of the number of
atoms present in the core of these different size gold quantum
clusters, and these clusters are MALDI-TOF silent beyond m/z
2000 at lower matrix to cluster ratios. However, at higher
matrix to cluster ratios, the stability of these clusters is much
improved. At a 1:20 cluster to matrix ratio we have achieved
the stability and flying factor to optimize the conditions, and
under these conditions a good distribution and reproducible

275

IQC5 5083 (Au, L, + Na+ 3H)__ 5914 (Au, L +2Na)’

X
2000 3000 4000 5000 6000
QC4/\6636 (Au, L, + K+ 4H)’

e ey |

6000 6100 6200 6300 6400 6500
QC3 5380 (Au, L, +2K +Na +H)’
5000 5500 6000 6500 7000 7500
QcC2 | 4303 (Au L+ K+H)' 8677 (Au L + K+ 4H)
4000 4500 5000 5500
QC1| 2078 (Au L #2Na+K)’
B R ————
2000 2500 3000 3500

Mass (m/z)

Fig. 5 MALDI-TOF MS analyses of various gold quantum clusters, using
2, 5-dihydroxybenzoic acid as a matrix.
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mj/z values for all gold quantum clusters (from Au; to Au,,)
were obtained.

Here, the peak at m/z value of 2078 for QC1 corresponds to
the (Au,L, + 2Na + K]+ ion, while ions that can be assigned for
QC2 are (AuysLy + K+ H)' and (AuyLs + K + 4H)", expressed as
m/z peaks at 4303 and 5677 respectively. Similarly, the corres-
ponding ion for QC3 at a m/z value of 5380 is (Au;oLs + 2 K +
Na + H)'. The peak at 6636 for QC4 comes from the (Au,;Lg +
K + 4H)' ion, while the two peaks at 5083 and 5914 for QC5
correspond to the (AuyL; + Na + 3H)" and (Au,,Ls + 2Na)"
ions respectively. In this study, peaks at higher m/z values are
considered as core peaks, and peaks with lower m/z values cor-
respond to fragmented species.”® Thus, the quantum clusters
QC1, QC2, QC3, QC4 and QC5 are composed of Au,, Auye,
Au,g, AUy, and Au,, core structures respectively.

FTIR study

To gain insight into the surface chemistry of the gold cluster,
FTIR experiments was carried out with the dried blue cluster
(QC1), and it was compared with the FTIR spectrum of the
glutathione (reduced) ligand. The characteristic peak for the
-SH (thiol) group at 2530 cm™' (Fig. S8f) in glutathione
was absent in the case of the blue emitting gold cluster. This
indicates the participation of the thiol group in stabilizing the
Au atoms within the gold cluster.

TEM study

Transmission electron microscopy (TEM) studies were carried
out with the NIR (Au,,) gold cluster (Fig. 6), and it was appar-
ent that most of these spherical shaped particles lie within the
range of 1.4-1.8 nm. However, there are also some nanoparti-

254 (e)

0.80-1.39 1.40-1.59 1.60-1.79 1.80-1.
Paticle size (nm)

T T T T
2 4 6 8
ull Scale 412 cts Cursor: 1.266 (24 cts)

Fig. 6 (a—d) Field-emission gun transmission electron microscopy
(FEG-TEM) images of the NIR gold cluster [scale bar: (@) 5 nm, (b)—(d)
10 nm], (e) particle size distribution obtained from the TEM images, and
(f) (b) energy dispersive X-ray (EDX) studies confirming the presence of
gold particles.
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cles with diameters of more than 2 nm. These can arise due to
the aggregation of smaller particles. This can commonly occur
in organic ligand-capped small particles when TEM imaging is
carried out under a strong electron beam operating at a high
acceleration voltage of 200 keV.®® TEM imaging of the smaller
clusters was not carried out. This is because it is very difficult
to confirm the size tuning in such a small range, as the differ-
ence in size between the blue and NIR clusters is in the order
of a few tenths of a nanometer.

XPS study

The valence of Au cores within the gold clusters can be deter-
mined from the X-ray photo electron spectroscopic (XPS)
studies of these clusters. XPS analysis of the NIR cluster
(Fig. S9t) show binding energy peaks at 87.46 eV and 83.78 eV
for 4f5,, and 4f,,, respectively. Deconvolution of the 4f;, peak
suggests peaks at 84.28 eV (orange line) and 83.64 eV (green
line) corresponding to Au(1) and Au(0) respectively.®!

Detailed structural investigation of the Au; blue cluster using
Raman and computational studies

An attempt has been made to make a tentative model for the
blue emitting Au, structure on the basis of Raman spectral
analysis of this cluster and computational studies. Fig. S107
reveals that the sulphur atom of the peptide ligand (gluta-
thione) interacts with the gold atom, as evidenced by the pres-
ence of a Raman stretching frequency of the Au-S bond at
234 cm™.°*® In order to investigate the bonding nature
between ligands and gold atoms in the cluster, we have per-
formed a Raman spectroscopic experiment of the gold cluster
along with its deuterated analogue. This will explain whether
SH or S~ interacts with gold atoms. Interestingly, Raman
bands at 234 em™" for Au-S stretching and 679 cm™" for C-S
stretching vibrations in the ligand were observed for both the
native cluster and its deuterated analogue.®* Thus, no shift on
H/D exchange in Raman spectral analysis suggests interaction
of the thiolate (S7) group (not the thiol) with the gold atoms in
the Au cluster.

For understanding the molecular mechanism of the inter-
action of glutathionate molecules with the Au clusters, the
structure of the smallest cluster, Au,(glutathionate),, was
investigated via density functional theory (DFT). Considering
the formidable number of atoms in even the smallest of the
clusters in the series, we performed quantum mechanics and
molecular mechanics (QM/MM)-based hybrid calculations®®
on Auy(glutathionate),. The chemically relevant 7 Au atoms,
the anchoring S atoms and the —-CH,- groups connected to the
S atoms of the glutathionate molecules were included in the
QM region, and the other atoms of the glutathionate groups
were considered at the MM level. For the QM region, the
hybrid meta GGA functional, namely the M06-2X functional,
was utilized.®® A relativistic effective core potential (ECP),
LANL2TZ, was used for the Au atoms,®” while the Pople’s split
basis, 6-31 + G(d,p), was used for the anchoring S atoms,
C atoms and H atoms in the QM region. The universal force
field (UFF) was used for the MM calculations.®® All of these cal-
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Fig. 7 Structure of the optimized Au,(glutathionate), cluster at
MO06-2X/LANL2TZ:Au, 6-31 + G(d, p): S, C, H; UFF for other atoms of
glutathionate (colour notations for atoms: Au = gold, S = green, C = grey,
N = blue and O = red).

culations were performed using the Gaussian 09 suite of pro-
grams.®® The structure of the optimized Au,(glutathionate),
cluster is shown in Fig. 7. The structure of the Au, core
remains planar and resembles the structure of the naked Au,
cluster (with Cs symmetry), as computed previously by several
groups.”’® The Au-S bond lengths are 2.39 A and 2.38 A, which
are significantly lower than the sum of their van der Waals
radii (raq = 1.66 A; 5 = 1.80 A),”* suggesting a bonding inter-
action between the metal atoms and the thiolate anchors. An
analysis of the Mulliken charge density shows substantial
charge delocalization between the S~ atoms and the Au,
cluster, with the two anchoring sulphur atoms possessing
small localized charges ¢ = —0.19¢ and —0.16e, and the rest of
the negative charge density being smeared out across the
seven Au atoms of the cluster.

Time-dependent DFT calculations were performed for the
geometry-optimized structure of Au,(glutathionate), at the
same level of theory. The computed optical transition at
375.4 nm involving excitation from the HOMO to LUMO levels
(oscillator strength, f=0.16) is in excellent agreement with the
peak associated with the experimental fluorescence excitation
(Amax = 354 nm). Fig. 8 shows the experimental fluorescence
excitation spectrum along with the computed fluorescence
excitation spectrum.

In order to understand the nature of molecular vibrations
in the Au,(glutathionate), cluster, additional harmonic fre-
quency calculations were performed, which were used to esti-
mate the non-resonance Raman vibrations. The experimental
non-resonance Raman excitations were performed using a
676.4 nm red Kr' laser, and we critically analyzed the Raman
bands in this region. The experimentally observed intense
Raman band of 679 cm™" is assigned to the C-S stretching
mode based on our computations (¢(C-S)computea = 689 em™
Raman scattering activity = 3.96 A* amu™"), and the experi-
mental band at 234 cm™" is assigned to the Au-S stretching
mode based on our calculations (¢(Au-S)computea = 260 em™
Raman scattering activity = 3.10 A* amu™?). Fig. S101 shows
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— Computed Absorption Spectra
(M06-2X/LANL2TZ:Au, 6-31+
G (d, p): S,C,H; UFF for rest
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Fig. 8 Experimental fluorescence excitation spectrum and the com-
puted fluorescence excitation spectrum.

the observed and the computed Raman spectra for the
Au,(glutathionate), cluster. Animations of the Raman active
C-S vibrational normal mode and the Au-S vibrational normal
mode are provided as ESI video 1 and 27 respectively. Deuter-
ium exchange in the complex leads to no change in the
observed Raman spectrum, thereby excluding the possibility of
existence of the protonated glutathione on the surface of the
Au clusters.

Cell imaging

After the synthesis and characterization of different new
fluorescent gold quantum clusters, we became interested in
whether these fluorescent gold quantum clusters can be used
as a fluorescent probe for delivering different bio-molecules
such as drugs, proteins efc. into cancer cells. For this we
checked the cell imaging properties of these new gold quantum
clusters using the adenocarcinomic human alveolar basal epi-
thelial cell line (A549 cell line). A549 cells were seeded onto a
cover glass bottom dish and imaged after treatment with these
new gold quantum clusters. For this experiment, the concen-
tration of the cells and QC5 were 5000 cells per confocal disk
and 2 mg mL™" respectively, and the incubation time was fixed
at 4 hours at 37 °C. Interestingly, it was found that the NIR emit-
ting gold quantum cluster can easily internalize into the cell,
as we observe strong red fluorescence signals inside the A549
cell line in the 561 nm channel (Fig. 9b). Fig. 9a shows the DIC
image of the A549 cell line and Fig. 9c is the merged image.
The fluorescence image of blank cells (without the treatment
of AuNCs) under the same imaging conditions (Fig. S117)
proves that the fluorescence output does not result from the
auto-fluorescence of cells. Moreover, we studied the cytotox-
icity of this NIR emitting gold quantum cluster by MTT
assay,””® and it was found that our NIR emitting gold
quantum cluster has very low cytotoxicy to the A549 cancer
cells, as the cells have around an 80% viability upon the treat-
ment of NIR emitting gold quantum cluster at 100 pg mL ™"
maximum concentration (Fig. 9d). From the above results, we
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Fig. 9 Cellular uptake of the NIR emitting gold quantum cluster in the
adenocarcinomic human alveolar basal epithelial cell line (A549 cell
line). (a) DIC image of the A549 cell line; (b) fluorescence image of the
A549 cell line in the 561 nm channel clearly shows the uptake of NIR
emitting gold quantum cluster; (c) merged image (scale bar 20 um);
(d) the cytotoxicity of the NIR emitting gold quantum cluster was assessed
by MTT assay in the A549 cell line for 24 hours.

can conclude that our near infrared (NIR) gold quantum clus-
ters can be used as fluorescent probes for cell imaging and
delivering biomolecules simultaneously.

Conclusion

A novel method has been developed for making five different
gold quantum clusters with varying sizes emitting from the
blue to NIR region by using a bioactive peptide glutathione at
physiological pH conditions. MALDI-TOF MS analyses clearly
indicate the formation of Au, (for blue emission), Au,, (for
green emission), Au,o (for orange-red emission), Au,; (for red
emission) and Au,, (for NIR emission) clusters. These gold
quantum clusters show good pH stability within the pH range
of 5.0 to 9.0 and photo-stability against continuous UV radi-
ation for a few hours. Raman spectral analysis and compu-
tational studies reveal a tentative model structure of the blue
emitting Au, cluster, showing the interacting gold atoms with
the corresponding ligands in the cluster. Interestingly, the NIR
emitting gold cluster has been easily internalized into the adeno-
carcinomic human alveolar basal epithelial cell line (A549
cell line), and the MTT assay shows that this NIR emitting gold
quantum cluster has very low cytotoxicity to the A549 cancer
cells as the cells have a viability of around 80% upon the treat-
ment of NIR emitting gold quantum clusters at a maximum con-
centration of 100 pug mL™'. The tuning of the fluorescence
emission from blue to NIR in water at physiological pH gives
future promise for synthesizing different colour tuneable gold
clusters for various biotechnological and biomedical applications.
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