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fAbstract: Different sized copper nanoclusters (CuNCs) have
been synthesized in water from the same metal precursor
and stabilizing agent, only by altering the reducing agent,
temperature and pH of the medium. As-synthesized clusters
were thoroughly characterized by fluorescent spectroscopy,
matrix-assisted laser desorption ionization (MALDI) mass
spectrometry, X-ray photoelectron spectroscopy (XPS), Fouri-
er transform infra-red spectroscopy (FT-IR) and transmission
electron microscopy (TEM). Interestingly, the emissive color
of nanoclusters has been successfully tuned from blue to

\_

orange-red in aqueous media and four different color emit-
ting clusters have been found, namely, blue, cyan, green and
orange-red. Orange-red emitting CuNC is associated with a
large Stokes shift of 283 nm and it is non-cytotoxic in
nature. Fluorophores with such high Stokes shift are highly
advantageous for modern microscopic techniques; in this
study, the as-synthesized orange-red emitting clusters have
been employed for imaging of cancer cells to check their
ability for cell imaging for future biomedical applications.

/

Introduction

Fluorescent noble metal nanoclusters (NCs) are an emerging
field of research due to their excellent fluorescent properties
and applications in biology and material science.” Au- and Ag-
derived metal NCs are relatively widely studied nanomaterials
compared to Cu nanoclusters (CuNCs) due to their higher sta-
bility. Therefore, stabilization of CuNC continues to be an
enigma to scientists.”” The lower redox stability of Cu® with its
lower standard reduction potential (E(,.. c,(s)= +0.377 V)
compared to other members of Group 11 noble metals, like Ag
and Au (EﬂgVAg(s): +0.799 and EiuH/Au(s): +1.5V),” makes
such tiny sized particles very reactive towards environmental
conditions.”” However, high costs of Ag and Au noble metal
precursors limit their large scale production, therefore synthe-
sis of CuNCs is not only a challenging but also interesting re-
search field for both scientific and industrial researchers.”
Nanoclusters are important also for their fascinating biological
applications, hence they should have fair stability in aqueous
media to serve this purpose." In this context, synthesis and
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stabilization of CuNCs in an environmentally safe solvent like
water is important not only to find a green synthesis route,
but also for their applications in biosensing and bioimaging.”!
Biomolecules have been attractive stabilizing agents for the
synthesis of water soluble CuNCs, Wang and co-workers have
recently synthesized DNA-hosted CuNCs in aqueous medium
for identification of their polymorphism.”” Chattopadhyay and
co-workers have synthesized blue fluorescent CuNCs in aque-
ous medium for fluorescent imaging of Hela cells.”

For metal NCs, a perfect and interesting route of emission
color tuning would be to synthesize different fluorescent spe-
cies with a variety of applications from the same sources."? For
Au- and Ag-derived nanoclusters much work has been done
on the tuning of fluorescence emission. However, the synthesis
of different color emissive CuNCs is a still less-addressed prob-
lem. Chen and co-workers have synthesized dual emissive
CuNCs in nonpolar medium based on the modified Brust-—
Schiffrin method.®! So, there is a real need not only to find a
good synthetic procedure for CuNCs in aqueous medium but
also to tune the emissive color from blue to red and to apply
these fluorescent materials for sensing or bioimaging. Gluta-
thione (reduced), [y-(L)-glutamyl-(L)-cysteinyl-glycine (GSH)] is a
bioactive peptide and is found inside the cellular compart-
ments like mitochondria, cytosol etc® Glutathione is also
useful for stabilizing metal nanoclusters. Wang and co-workers
have recently reported a synthetic route for glutathione stabi-
lized CuNCs by core etching method."* Chen and co-workers
have synthesized red emitting CuNC with 6 Cu atoms using
glutathione as a stabilizing agent. Moreover, they have proved
the presence of Cu-S bond by using spectroscopic meth-
0ds."! Glutathione has been chosen by different groups as
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stabilizing agent for metal nanoclusters, due to the following
reasons: (a) —SH group is a good functional group for stabiliz-
ing metal ions due to the presence of two lone electron pairs
and therefore, it is widely used as a stabilizing agent in metal
nanomaterial synthesis"” and (b) being a bioactive peptide,
glutathione plays an important role in storage, metabolism
and transport of metal ions across the cell membrane, increas-
ing the possibility of GSH capped clusters to enter inside the
cells.™ Moreover it has free —NH, and —COOH groups in its
structure to impart sufficient solubility in the nanocluster.
Many systematic studies have been performed regarding the
synthesis and applications of the CuNCs. However, very few re-
ports are available in literature that describe the tuning of
emission color of the CuNCs obtained from same precursor
and same stabilizing agent. Most of these studies include emis-
sion color tuning in a very narrow range.“’ Moreover, it is
worth to mention that most of the CuNCs have been synthe-
sized at very high pH range and by using various organic sol-
vents and this is not desirable for biological applications of
these nanomaterials.*"'? Therefore, it is important to prepare
multiple color emissive CuNCs in water with neutral or physio-
logical pH. In this study, few atom CuNCs has been synthesized
from same metal precursor, copper acetate monohydrate
[Cu(OAC),, H,0] and stabilizing agent, glutathione (GSH); only
reaction temperature, pH and reducing agent were varied
throughout the process. Thus, four different clusters have been
found namely, blue, cyan, green and orange-red. These new
fluorescent materials have been thoroughly characterized by
different techniques to get an insight about their structures
and applications. The Stokes’ shifts associated with the CuNCs
are very high. For blue, cyan and green nanoclusters the
values of Stokes’ shifts are 77, 11 and 127 nm, respectively. It
was found that the orange-red emitting CuNC shows a Stokes
shift of 283 nm, which is highest in the series. Fluorophores
with such a high Stokes shift are particularly useful for fluores-
cent microscopy like stimulated emission depletion (STED) mi-
croscopy, where selective excitation of the fluorophore is re-
quired at the expense of other fluorophores already present
inside the cell."” Chattopadhyay and co-workers have also re-
ported bioimaging applications of red emitting copper nano-
clusters with a comparable high Stokes shift of 285 nm.” The
orange-red CuNCs show almost no cytotoxicity to the OAW42
cell line over 0-100 pgmL~". Fluorescence microscopy con-
firmed the uptake of nanoclusters by cells, and a bright red
fluorescence was observed under the microscope. Quantum
yields of blue, cyan and green emitting CuNCs have been
found to be 1.24, 1.27 and 0.438%. It has been shown previ-
ously that nanoclusters stabilized with small ligands in aque-
ous medium generally show lower quantum yield®""'¥ values
compared to the nanoclusters stabilized with macromolecules,
for example, proteins”? and synthetic polymers.*' This proba-
bly happens due to dissipation of fluorescence excited state
energy by non-radiative pathways.”" Therefore, our results are
comparable with the other previously reported studies in
which small molecules have been used as stabilizing agents.
From MALDI-TOF analysis, it has been found that the blue
CuNC has a molecular formula of Cus(GS), the cyan one is com-
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posed of two species: Cus(GS)s and Cuy(GS)s, whereas the
green and orange red nanoclusters are composed of Cu,,(GS),
and Cu,5(GS),5, respectively. The number of Cu atoms for all
these CuNCs never exceeds 13. This observation is consistent
with the previously reported work by Rivas and co-workers,
which describes that only copper nanoclusters in which the
number of copper atoms within the nanocluster is <13 show
fluorescence.™ Many other groups have reported fluorescent
metal clusters with Cu,¥ Cu,,“ Cu,™" Cu,," and Cuy”" metal-
lic frameworks. XPS and FT-IR studies for the orange-red
CuNCs suggest the presence of chemisorbed S atom and the
absence of S—H of glutathione indicating the presence of the
Cu—S bond in the cluster.

Results and Discussion
Synthetic protocol

In all cases the metal precursor was copper acetate monohy-
drate [Cu(OAc),, H,0] and for stabilizing the nanoclusters re-
duced glutathione (GSH) was used (see Table S1 of Supporting
Information). Many other groups have successfully used gluta-
thione as a stabilizing agent; they have maintained a basic pH
to synthesize the desired nanoclusters.*""'®" However, in this
study we have maintained almost neutral or physiological pH
(7.46) to maximize the use of CuNCs as biomaterials in future.
Blue, cyan and green clusters were synthesized in neutral
aqueous medium and orange-red cluster was synthesized at
pH 7.46. To the best of our knowledge this is the first report of
tuning fluorescent emission of copper nanoclusters using glu-
tathione as a stabilizing agent. Throughout the synthetic pro-
cedure, the amount of reactants, temperature and pH were
varied in a trial and error manner. In this way, we found
changes in ligand to metal ratio, temperature and pH lead to
the formation of different color emissive nanoclusters. Synthet-
ic details of the CuNCs are given in the Experimental Section
and in tabulated form in the Supporting Information. Synthesis
of blue CuNC needs a ligand-to-metal ratio of 2:1, a fixed tem-
perature of 140°C for 8 hours under nitrogen atmosphere and
a strong reducing agent NaBH,. For making of cyan CuNC the
ligand to metal ratio was 1:1 and a milder reducing agent, tri-
sodium citrate (to control the reduction kinetics) had been
used keeping the reaction at 140°C for 20 hours under nitro-
genous environment. For the synthesis of green CuNC, the
ligand-to-metal ratio was kept at 0.8:1 and a weak reducing
agent, ascorbic acid (to control the reduction kinetics) was
used keeping the reaction mixture at 120°C for 7 hours at ni-
trogenous atmosphere. All above-stated reactions were carried
out at elevated temperature and in Milli-Q water. However, all
tricks for making red emitting clusters failed at higher temper-
ature and at neutral condition. Formation of red CuNC re-
quired a ligand-to-metal ratio of 1:1 and a strong reducing
agent NaBH,, keeping the reaction mixture at 5°C in an ice-
water bath for one hour under nitrogen atmosphere. All the
above-stated experiments were repeated 5 times to check the
reproducibility of these nanoclusters.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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UV/Visible spectroscopic studies

UV/Vis absorption studies for all four CuNCs show almost fea-
tureless absorption tails (Figure S1 of Supporting Information).
In all cases the absorption curve rises after a certain point.
However, for all the four clusters this break point does not
appear at the same wavelength, for blue cluster a stiff rise of
absorption intensity appears after 322 nm, whereas cyan nano-
cluster shows two such break points in the corresponding
spectrum, one at 320 nm and another at 406 nm. For green
and red CuNCs similar rise in absorption spectrum appear after
413 and 434 nm, respectively. From these observations it can
be stated that, upon shifting of fluorescence emission from
blue to red end of the spectrum, the absorption band also
shifts to the higher wavelength, this may be due to the de-
creasing band gap of the CuNCs from blue to orange-red.
Apart from that, it can be said that the cyan emitting CuNC
may be a mixture of two species with distinct absorption
nature, as we found two breaks in the absorption tail.

Fluorescent emission studies

Fascinating fluorescence properties are the central attraction
of metal nanoclusters. Distinct blue, cyan, green and orange-
red fluorescence were observed when as-synthesized CuNCs
were illuminated with an UV torch of 365 nm emission
(Figure 1). The emission and excitation spectra for blue, green
and orange-red CuNCs are given in Figure 2. The blue fluores-
cent cluster shows excitation maxima at 373 nm for the emis-
sion maxima at 450 nm with 77 nm of Stokes shift, and the
corresponding quantum yield is 1.24% (with respect to quinine
sulfate). The cyan emitting CuNC shows different features com-
pared to the other cluster species; in its fluorescence emission
spectrum two peaks were observed, an excitation-dependent
emission peak appears at 426 to 457 nm range with respect to

(a)
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Figure 1. (a) Broad synthetic scheme of CuNCs from precursors; (b) blue,
(c) cyan, (d) green and (e) orange-red emitting CuNC solutions in their re-
spective vials.
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Figure 2. Fluorescence emission and excitation spectra of (a) blue, (b) green
and (c) orange-red CuNCs. Orange-red clusters show a high Stokes shift of
283 nm marked by the double-headed arrow.

a change of excitation wavelength from 340 to 390 nm, and
another peak at 488 nm appears for an excitation at 377 nm
wavelength (with 111 nm Stokes shift) (Figure S2 of Supporting
Information). This kind of excitation-dependent emission may
have been originated from the structural heterogeneity of the
particular fluorophore."® Two peaks at the fluorescence emis-
sion spectra may appear due to presence of two distinct spe-
cies present in the nanocluster solution. Fluorescence quantum
yield for the cyan CuNC was found to be 1.27% (with respect
to quinine sulfate). The green cluster shows strong emission
maxima at 510 nm with a shoulder at 454 nm and a sharp exci-
tation peak at 383 nm with a Stokes shift of 127 nm. The corre-
sponding fluorescent quantum yield is 0.438% (measured with
respect to atto-520 dye). The orange-red fluorescent cluster
shows the most interesting behavior in the series. The flores-
cence spectra of this CUNC show excitation peak at 330 nm for
an emission peak at 613 nm, with a huge Stokes shift of
283 nm (Figure 2¢c). Such a large shift is not very common for
CuNCs. Generally, fluorophores with large Stokes shift are im-
portant in cell imaging"” particularly in stimulated emission
depletion (STED) microscopy,'? because selective excitation of
the fluorophore is required at the expense of other fluoro-
phores already present inside the cell. This comes from the
fact that most of the fluorophores present inside the cell
excite at a much higher wavelength than the clusters reported
in this study. Thus, this CUNC can be utilized as a potential flu-
orescent agent in fluorescence microscopy.

TCSPC study

Dynamic behavior and corresponding average lifetimes of
these nanoclusters at their respective fluorescent excited
states were revealed from the time correlated single photon
correlation (TCSPC) study. The decay profiles and correspond-
ing time component analysis are given in Figure S3 of Support-
ing Information and Table 1 of main text. Both blue and green
fluorescent CuNCs show three-component relaxations. For blue

810 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Details of TCSPC data for blue, cyan and green emitting CuNCs.

Type of cluster 7, (% of 7,(% of 75 (% of Average
contribution) contribution) contribution) lifetime

Blue 2.7 ns 5.4 ns 65.7 ps 2.62 ns
(51.9%) (22 %) (25.9%)

Cyan excitation 1.9 ns 3.8ns 7.6 ns 511 ns

at 340 nm (36.3%) (11.4%) (52.2%)

Cyan excitation 1.1 ns 4.2 ns - 2.89ns

at 375 nm (43.4%) (56.59%)

Green 2ns 8.4 ns 287 ps 2.04 ns
(25.3%) (16.1%) (58.4%)

fluorescent CuNCs the time components are 2.7 ns (51.9%),
54 ns (22%) and 65.7 ps (25.9%) with an average lifetime of
2.62 ns, whereas for green clusters the relaxation components
are 2.0 ns (25.3%), 8.428 ns (16.1%) and 287 ps (58.4%) with
average lifetime of 2.04 ns. Interestingly, cyan emitting CuNC
shows not only different relaxation times but also it shows dif-
ferent decay behavior, when it is excited at two different exci-
tation wavelengths. Excitation at 340 nm leads to a three com-
ponent decay profile with lifetimes 1.9 ns (36.3%), 3.81ns
(11.4%) and 7.63 ns (52.2%), with an average lifetime of
5.11 ns, whereas excitation at 375 nm leads to a two compo-
nent decay process with lifetimes 1.13 ns (43.4%)
and 4.24 ns (56.5%) with average life time of 2.89 ns.
This result may appear due to presence of two differ-

(a)

ent species in the cyan emitting CuNCs. B
El
LR
MALDI mass analysis z
§
Matrix-assisted laser desorption ionization-time of Eeone

flight (MALDI-TOF) mass spectrometry is an efficient
technique to determine molecular weight of metal

nanoclusters."® Thus, it was employed to gain (©
knowledge about the number of metal atoms in the

core as well as number of ligands in the outer shell. -
Metal NCs are molecule-like species and from 2
MALDI-TOF we got the molecular formula of the E“'""

nanoclusters from which previous fluorescence and
absorbance data can be correlated. For all types of
CuNCs, positive ion mode was used and sinapinic
acid was used as matrix. The optimized cluster-to-
matrix ratio was 1:5 for best reproducible results in
all cases (Figure 3). Blue CuNC shows peaks at m/z
522.7, 536.1, 537.1 and 538.1 corresponding to
[Cus(GS)+Na-+4H]", [Cus(GS)+K+2H]", [Cus(GS)+
K+3H]* and [Cus(GS)+K-+4H]" respectively, (GS stands for
deprotonated glutathione molecule). For cyan CuNC, two spe-
cies were found from MALDI-TOF analysis. Peaks at m/z 1538.1,
1558.7, 15749 and 1598.1 correspond to [Cus(GS)s+H]™,
[Cus(GS)s+Nal®, [Cus(GS)s+Kl*, and [Cus(GS)s+Na+K]*,
whereas peaks at m/z 2139.2 and 2162.2 correspond to
[Cuy(GS)s+KI" and [Cuy(GS)s+Na-+K]". Green emitting CuNC
shows peaks at m/z 3346.8 and 3491.8 corresponding to
[Cuio(GS)s+Na+Kl"  and  [Cu;o(GS)y+3Na+Kl*  species,
whereas orange-red emitting CuNC shows one sharp peak for

CuNGs.
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m/z at 4823.33 corresponding to [Cu;5(GS);;+Na+3H]* spe-
cies. Correlating UV/Vis absorption, fluorescence data including
TCSPC and MALDI-TOF analysis it can be stated that with an in-
crease in emission wavelength, the size of the respective clus-
ters are also increasing. With an increase in size more energy
levels are added to the ground and excited states and the
emission gap decreases gradually leading to red shifted fluo-
rescent peaks.

Field emission gun-transmission electron microscopy (FEG-
TEM) study

FEG-TEM of CuNCs were done to get an idea about dimensions
of these tiny NCs. FEG-TEM studies of blue CuNCs (Figure 4)
demonstrate that most of the blue CuNCs have a size of
1.7 nm (Figure 4). This value is comparable with the size of
CuNCs reported previously by other research groups.t"7*1% 15
It has also been shown from theoretical study that copper
nanoclusters show drastic variation in band gap within the size
limit 2-6 nm (typical behavior of quantum dots) and above
12 nm they behave like bulk copper.® The relatively larger
particles are also present, and this is can be due to the aggre-
gation of small particles protected with organic stabilizing
agent."" It has been documented from previous literature that

(b)

M= Cuy(GS)[495.16] 557 4 ss34 M= Cus(GS); [1536.9]
536.1 M+K+3H]" 4 e M'=Cuy(GS), [2100.1]
[MeKo2H]* [ I HI 010 [MeH]
s22.7 538.1 ;_‘ "
[M+Na+4H]* !M'K'Ml'g ks

1568.7 [M+Na]" 2430 2 (M+K]*
/‘574.’ [M+K]* t 2162.2

*// 18381 [MeNask]®  [IM'sNavK]'
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Figure 3. MALDI-TOF mass spectra of (a) blue, (b) cyan, (c) green and (d) orange-red

(c)

Number of Particles

o N » & w 3 8

Particle 2Size (nm)

Figure 4. (a) FEG-TEM image of blue copper nanoclusters. (b) Zoom in view
of the same CuNC. (c) Particle size distribution of the cluster showing the
sizes from 1.1 nm to 2.7 nm with majority of the clusters centered around a
size of ~ 1.7 nm.
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upon the irradiation of electron beam during TEM experiments
of metal nanoclusters, there is a high chance of coagulation of
nanoclusters to form bigger particles.”>"” Sometimes strong
electron beam causes destruction of organic stabilizing agents
around nanoclusters and this results in coagulation of naked
particles to relatively larger sized nanoparticles visible through
TEM images.?"

X-Ray photoelectron spectroscopy (XPS) studies

To get information about valence state and bonding character-
istics of metal nanoclusters X-ray photoelectron spectroscopy
(XPS) is very precise and sophisticated tool of investigation.
XPS data of the orange-red CuNC (Figure 5) demonstrates the

5 2
z - g axtn 5 2pyy
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Cu2p,, Elbllﬂ‘
—~ 5.6x10° R
=
. 162 165
3 Binding energy (eV)
3‘ Culp,
‘®
5 5.4x10°
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£
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930 940 950 960
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Figure 5. X-ray photoelectron spectra of orange-red CuNC showing 2p;,,
and 2p,, states for Cu® and 2p;,, for chemisorbed S (inset).

presence of two peaks at 952.3 eV and 932.6 eV, which are
characteristic peaks for Cu 2p,,, and 2p,, states of Cu® and Cu'
metal. No peak was found at 942 eV, confirming the absence
of Cu?* ions in the corresponding nanocluster. On the other
hand in the binding energy range 160-166 eV range a broad
peak appears at 163 eV which is the characteristic peak of
sulfur (S) 2p,, state (inset of Figure 5inset), indicates the pres-
ence of chemisorbed sulfur on Cu® surface.”

FT-IR study

Fourier transform infrared (FT-IR) spectroscopic study of the
dried orange-red CuNC and free glutathione was also done,
which confirmed the absence of the characteristic—SH peak at
2530 cm™' for the orange red CuNC, which is prominent for
the corresponding free glutathione (Figure S4 of Supporting
Information). This observation clearly suggests the participa-
tion of sulfur of glutathione in stabilization of nanoclusters. So
it can be confirmed from the above XPS and FT-IR study that
the sulfur atom of the glutathione has a direct linkage with
copper atoms within the nanocluster molecules which protects
the NCs from further coagulation leading to larger Cu
nanoparticles.

ChemNanoMat 2017, 3, 808 -814 www.chemnanomat.org
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Cytotoxicity and cell imaging studies

So far we have characterized different CuNCs to investigate
their size, shape and photophysical features thoroughly. Apart
from structural aspects, nanoclusters are important bioimaging
tools for future applications due to their less toxicity and high
photostability. It should be noted that orange-red CuNC shows
a large Stokes shift of 283 nm which is very important for fluo-
rescent microscopy (already discussed previously). These obser-
vations prompted us to explore the possibility of using the
orange-red emitting nanocluster for imaging a cell line. The cy-
totoxicity of the nanocluster was first checked by 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
on ovarian cancerous cell line OAW42 by treating with orange-
red emitting CuNC, at different concentrations. Figure 6a

O
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Figure 6. (a) Cytotoxicity study of the orange-red emitting CuNCs by MTT
assay (OAWA42 cell line), (b) confocal microscopic images of the cells treated
with orange-red emitting CuNCs at a concentration 20 pgmL™~" and (c) con-
trol experiment without CuNCs.

shows almost 100% cell viability over a range of 0-
100 ugmL™" concentration of CuNC, that is, they are almost
noncytotoxic for the OAW42 cell line over an extended range
of concentrations and they can be safely used as a bio-imaging
substance for the corresponding cell line. Prior to treatment,
the cells were serum starved and CuNC with a concentration
of 20 pgmL™" was added and the cells were incubated for 24 h
in a 5% CO, incubator at 37°C. At the end of the incubation
period, the medium was removed and the cells were washed
in phosphate buffer saline (PBS) before fixation with 4% para-
formaldehyde. The coverslips containing the cells were then
mounted on a slide and sealed and imaged in a confocal mi-
croscope. Fluorescence confocal microscopy shows successful
internalization of the NCs inside the cells (Figure 6 b) compared
to untreated cells (Figure 6c). The CuNC was synthesized in a
phosphate buffer media of physiological pH (7.46) and it is
quite stable inside the cell for a week as checked by fluores-
cence microscopy.

Photostability study of orange-red CuNC

In our current work the orange-red CuNC has been employed
for cell imaging. Therefore, it is important to check the photo-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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stability of the CuNC. Orange-red CuNC has an excitation
maxima at 330 nm. Therefore, this nanocluster solution was ex-
posed to a UV-source with a broad wavelength range (maxima
around 360 nm). The fluorescence intensity of the nanoclusters
solutions was measured from time to time to examine the
effect of photoirradiation on nanocluster solution and also to
check its photostability towards UV-irradiation. It has been ob-
served that, orange-red nanoclusters do not show any signifi-
cant degradation even after UV light exposure (4,,,,=360 nm)
for 3 hours. It is evident that 98% of retention of fluorescence
intensity is found compared to that of initial intensity (before
irradiation) of the same nanocluster solutions. So, it can be
stated that this orange-red nanocluster is quite photostable.
Therefore, it is expected that, these nanoclusters do not have
any phototoxic effect during the timescale of cell imaging. Fig-
ure S5 in the Supporting Information illustrates the experimen-
tal results (Figure S5a to d) and photostability assay shown by
the bar diagram (Figure S5e).

Conclusions

Thus, in summary, this study convincingly demonstrates a nice
example of fluorescent color tuning of the CuNCs from blue to
orange-red in an environmentally friendly medium (water) in
presence of naturally occurring bioactive peptide. Different
color emitting CuNCs with various sizes have been synthesized
from the same copper precursor and stabilizing agent in aque-
ous medium by varying the reaction conditions and the reduc-
ing agents. Importantly, the orange-red emitting cluster has
been used for imaging human ovarian cancer cell line OAWA42.
Moreover, the very high Stokes shift and noncytotoxic behavior
of the orange-red cluster indicates its immense potential for
application in real systems.

Experimental Section

Synthesis of CuNCs: All CuNCs were synthesized in aqueous
medium at neutral pH or pH 7.46 (using phosphate buffer solu-
tion). Blue, cyan and green clusters were synthesized in neutral
aqueous medium and orange-red cluster was synthesized at
pH 7.46. In all cases metal precursor was copper acetate monohy-
drate [Cu(OAc),, H,0] and for stabilizing the nanoclusters reduced
glutathione (GSH) was used (see TableS1 of Supporting
Information).

Synthesis of blue CuNCs: 15 mg (0.04 mmol) of reduced gluta-
thione (GSH) and 4 mg (0.02 mmol) of copper acetate monohy-
drate were dissolved in 2 mL of Milli-Q water and mixed together
in a round bottom flask. Then the solution was stirred at room
temperature for 1h. The round bottomed flask was then fitted
with a bulb condenser and the reaction environment was made
inert with nitrogen. The total set up was immersed in an oil bath
with vigorous stirring at fixed bath temperature of 140°C. After
30 min, 2 mg NaBH, (0.05 mmol) dissolved in 1T mL water was in-
jected to the reaction mixture in a drop wise manner. After 8 h the
reaction mixture was removed from the oil bath to get an almost
colorless solution which shows blue light irradiation under UV-
lamp illuminating at 365 nm.

Synthesis of cyan CuNC: 4 mg (0.02 mmol) copper acetate mono-
hydrate, 15 mg (0.02 mmol) GSH and 4 mg (0.015 mmol) trisodium
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citrate were dissolved in 2 mL, 2 mL and 1 mL Milli-Q water, respec-
tively. Then they were mixed together in a round bottomed flask
fitted with bulb condenser under nitrogenous atmosphere and
stirred at 140°C for 20 hours to get a colorless solution. The solu-
tion shows a bluish green or cyan fluorescence on UV-light irradia-
tion of 365 nm wavelength.

Synthesis of green CuNC: 4 mg (0.02 mmol) copper acetate mon-
ohydrate, 5 mg (0.016 mmol) of GSH and 5 mg of ascorbic acid
(0.028 mmol) were dissolved in 2 mL, 2 mL and 1 mL Milli-Q water,
respectively. Then they were taken in a round bottomed flask and
stirred for 5 minutes. The round bottomed flask was then fitted
with bulb condenser at nitrogen atmosphere and heated at 120°C
for 7 hours to get a pale yellow solution which shows green fluo-
rescence on UV lamp irradiation of 365 nm.

Synthesis of red CuNC: 4 mg (0.02 mg) copper acetate monohy-
drate and 15 mg (0.02 mmol) of GSH were dissolved in 2 mL Milli-
Q water, and 2 mL of 50 mm phosphate buffer solution of pH 7.46
respectively. Then both were mixed in a small round bottomed
flask fitted with nitrogen atmosphere and the solution was kept at
4°C temperature in ice bath. Then 2 mg of NaBH, (0.05 mmol) dis-
solved in 1T mL Milli-Q water was added to the reaction mixture in
a very slow manner for about 1 hour. Then the whole system was
kept in an ice bath for the next 1 hour. An orange-red fluorescence
shown on 365 nm irradiation confirms the end of the reaction.

UV/Vis spectroscopic analysis: Cary Varian 50 scan UV/Vis optical
spectrometer equipped with “Cary Win" UV software was used to
elucidate the optical properties of CuNCs.

Fluorescence spectroscopy: Fluorescence studies of CuNCs in a
sealed cuvette were carried out in a PerkinElmer LS55 Fluorescence
Spectrometer instrument. All the experiments were carried out
with the excitation slit width 5 nm and emission slit width 5 nm.

Time-correlated single photon counting (TCSPC) study: TCSPC
measurements were performed by means of Horiba Jobin Yvon
IBH having MCP PMT Hamamatsu R3809 detector instrument and
all data were fitted using Data Station v2.3. We have used NANO-
LED source for excitation of samples at 340 nm and LASER source
for excitation of samples at 440 nm.

MALDI-TOF MS study: The MALDI-TOF MS analyses were done
using Bruker Daltonics flex Analysis mass spectrometer.

FEG-TEM study: TEM study of the blue and green clusters were
carried out in a JEOL 2100 KeV Ultra High Resolution Field Emission
Gun (UHR FEG) TEM with voltage 200 KeV, using carbon coated
copper grids.

FT-IR study: The FT-IR spectra were taken by using Shimadzu
(Japan) model FT-IR spectrophotometer. In the solid state FT-IR
studies, dried powder of red CuNC was mixed with KBr for prepar-
ing thin films.

X-ray photoelectron spectroscopic (XPS) study: XPS analysis of
dried orange-red emitting CuNC was carried out by using an X-ray
photoelectron spectroscopic (XPS, Omicron, model: 1712-62-11)
method. Measurement was done by using an Aly, radiation source
under 15 kV voltages and 5 mA current.

Cytotoxicity and cell imaging studies: The cytotoxicity of the
orange-red nanocluster was first checked by 3-(4, 5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay on ovarian
cancerous cell line OAW42 by treating with orange-red emitting
CuNC, at different concentrations. The cells were seeded onto 96-
well plates at a density of 104 cellsmL™" of medium. After 24 h, the
cells were serum starved and treated with different concentrations
of CuNCs. 24 h post treatment, 10 pl of 3-(4, 5-dimethylthiazol-2-
yl)-2, 5-diphenyltetrazolium bromide (MTT) was added per well and
incubated for 3-4 h. Dimethyl sulphoxide (DMSO) was added to
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stop the reaction. The optical density was measured colorimetrical-
ly at 490 nm in an ELISA reader.

For cell imaging studies the same cell line was treated with the
orange-red emitting CuNC. Prior to treatment, the cells were
serum starved and the CuNC with a concentration of 20 pgmL™'
was added and the cells were incubated for 24 h in a 5% CO, incu-
bator at 37°C. At the end of the incubation period, the medium
was removed and the cells were washed in phosphate buffer
saline (PBS) before fixation with 4% paraformaldehyde. The cover-
slips containing the cells were then mounted on a slide and sealed
and imaged in a confocal microscope.
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