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ABSTRACT: Highly fluorescent copper nanoclusters (Cu
NCs) have been synthesized using single-step reduction of
copper sulfate by hydrazine in the presence of lysozyme. The
fluorescence quantum yield was measured to be as high as
18%. The emission was also found to be dependent on the
excitation wavelength. Mass spectrometric analyses indicated
the presence of species corresponding to Cu2 to Cu9.
Transmission electron microscopic analyses indicated the
formation of agglomerated particles of average diameter of
2.3 nm, which were constituted of smaller particles of average
diameter of 0.96 nm. They were found to be stable between
pH 4 and 10 and in addition having excellent chemical and
photostability. The noncytotoxic NCs were used to success-
fully label cervical cancer HeLa cells.
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■ INTRODUCTION

Stabilizing nanoclusters (NCs) of noble metal remains the
primary challenge in their syntheses and applications. It has
been proposed that these highly luminescent and photostable
NCs could substitute toxic quantum dots in bioimaging and
biolabeling.1,2 In this regard, owing to their redox properties,
NCs of gold (Au), and to some extent those of silver (Ag), have
been stabilized with considerable success in comparison to
those of copper (Cu). For example, recently, syntheses of
luminescent Au and Ag NCs have been reported using
dendrimers,3 poly(acrylic acid) polymer,4,5 DNA,6,7 and
protein8 as stabilizers. Among the proteins, bovine serum
albumin,8−10 lacto transferrin,11 lysozyme,12,13 insulin,14 horse-
radish peroxidase,15 and pepsin16 have been preferred as
stabilizers. It is important to mention here that the proposed
use of these clusters in a biological environment demands their
stability in an aqueous medium. This has remained a challenge
for the synthesis of NCs of Cu. The ease of oxidation of Cu (E0,
0.34 V), in comparison to that of Ag (E0, 0.80 V) and Au (E0,
1.50 V), has limited progress in the development of synthetic
methods, especially in an aqueous medium. A recent report
indicates that Cu NCs of less than 3 nm, synthesized using a
polyol method under a N2 atmosphere, were stable following
their redispersion in an aqueous medium.17 On the other hand,
the possibility of the synthesis of small Cu NCs in an aqueous
medium electrochemically has also been demonstrated.18

Interestingly, DNA-hosted Cu NCs, synthesized in the
presence of ascorbic acid, have been used for the identification

of single nucleotide polymorphism.19 However, there is a need
for the development of aqueous-based synthetic methods for
versatile use, especially in biological applications. Cu is an
important trace element, being present in the human body as
an essential catalytic cofactor in redox-active enzymes such as
cytochrome c oxidase and lysyl oxidase. The permissible intake
of Cu for an adult is 0.6−1.6 mg/day.20 The ease of
sequestration of Cu by a natural bodily mechanism and the
availability of commercial chelating agents also make its use
relatively friendly in human subjects over those of Au and Ag,
especially at low concentrations.21,22

Herein we report the synthesis of highly fluorescent, blue-
emitting Cu NCs by chemical reduction of CuSO4 in an
aqueous medium, in the presence of lysozyme. Lysozyme, a
14.3 kDa protein, has 129 amino acid residues including 8
cysteine residues. The antimicrobial protein is biocompatible
and has been a favorite as a stabilizer of Au NCs.13 The so-
synthesized protein-stabilized Cu NCs, with wavelength-
tunable emission, were stable in an aqueous medium under
ambient conditions; they could easily be isolated and used for
labeling cervical cancer HeLa cells. Cell viability studies
indicated their noncytotoxic nature, making the NCs ideal for
biological applications. The essential steps of the synthesis are
depicted in Scheme 1.
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■ EXPERIMENTAL SECTION
Materials. Copper sulfate (CuSO4), sodium hydroxide (NaOH),

and hydrazine hydride (80%) were purchased from Merck Specialities
Private Ltd., India. Lysozyme was purchased from Sisco Research
Laboratories Pvt. Ltd. (SRL). 2,3-Bis(2-methoxy-4-nitro-5-sulfophen-
yl)-2H-tetrazolium 5-carboxanilide (XTT) and sinapinic acid for
matrix-assisted laser desorption ionization (MALDI) analysis were
purchased from Sigma-Aldrich USA. Milli-Q-grade water (18.2 MΩ·
cm) was used for all of the experiments.
Synthesis of Cu NCs. CuSO4 and lysozyme were mixed in water

in a weight ratio of 2:1. The solution was stirred for 10 min at 45 °C,
and then 0.04 mL of 1.0 M NaOH was added to adjust the pH to
∼10−11 when the color changed from blue to purple. To this was
added 0.01 mM 80% N2H4, and the resulting solution was stirred for
6−12 h. The final color change of the solution was from purple to pale
yellow. The same process for the synthesis was followed for different
ratios of metal-to-protein concentration such as 2:1, 4:1, 6:1, and 8:1.
For cell labeling and viability assay, Cu NCs were synthesized in a
phosphate buffer at pH 7.4.
Characterization. Transmission electron microscopy (TEM)

measurements were made using a JEOL JEM 2100 transmission
electron microscope operating at a maximum accelerating voltage of
200 kV. The Cu NC dispersion was drop-cast onto carbon-coated Cu
TEM grids and then kept for drying overnight at room temperature.
UV−visible and fluorescence spectra were recorded with a Hitachi U-
2900 or Perkin Elmer Lamda 25 and a Fluoromax-4 spectropho-
tometer instrument, respectively. Circular dichroism (CD) spectra
were recorded using a Jasco J-815 machine. The instrument was
calibrated with camphorsulfonic acid. All CD spectra were recorded at
25 °C, using a thermostatically controlled cell holder with a path
length of 10 mm. ζ-potential measurements for samples were carried
out using a Malvern zeta size Nano-ZS90 instrument at a temperature
of 25 °C and a sample viscosity of 0.8872 mPa·s. Fourier transform
infrared (FTIR) spectroscopic measurements were performed using a
Perkin-Elmer Spectrum One spectrophotometer in the range 400−
4000 cm−1. X-ray diffraction (XRD) measurements were made using a
Bruker AXS D8 Advance X-ray diffractometer fitted with a Cu Kα1
source. Cellular labeling studies were carried out using a
epifluorescence microscope (Nikon eclipse). For MALDI-time-of-
flight (TOF) mass spectrometry (MS) analysis, an Applied Bio
systems 4800 Plus MALDI TOF/TOF analyzer was used with
sinapinic acid as the matrix. X-ray photoelectron spectroscopy (XPS)
measurements for Cu NCs were performed by using a PHI 5000
VersaProbeII scanning XPS microprobe. Samples were prepared as
pellets and introduced into the XPS prechamber under ultrahigh-
vacuum conditions. Time-resolved fluorescence intensity decay of the

NCs was recorded using a Life Spec II spectrofluorimeter. The sample
was excited by a 375 nm laser light source. The decay curves were
analyzed by FAST software, provided by Edinburgh Instruments along
with the fluorimeter. The curves were fitted into the function

∑ α τ= −I t t( ) exp( / )i i (1)

where αi is the initial intensity of the decay component i, having a
lifetime of τi.

The average lifetime of Cu NCs was calculated using the equation
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Quantum Yield Measurement of Cu NCs. Quantum yield
measurement was carried out by dissolving quinine sulfate in 0.1 M
H2SO4 (used as the reference) according to the standard protocol.23

The Cu NC dispersion was used as such. The absorbance of the
respective sample was measured on a Perkin-Elmer LS 55 UV−visible
spectrophotometer. The quantum yield was calculated from the
equation
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where Q is the quantum yield of Cu NCs, QR is the quantum yield of
quinine sulfate, ms is the slope of the plot of integrated fluorescence
intensity versus absorbance of Cu NCs, mr is the slope of the plot of
integrated fluorescence intensity verses absorbance of reference
quinine sulfate, and ns and nr are the refractive indices of the sample
and reference, respectively, in distilled water, which are assumed to be
equal to that of water (1.33). The emission spectra for the samples
were recorded at the excitation wavelength of 360 nm, keeping the slit
width at 2 nm.

Sample Preparation for MALDI-TOF MS Measurement. For
MALDI-TOF MS analysis, an Applied Bio systems 4800 Plus
MALDI TOF/TOF analyzer was used with sinapinic acid as the
matrix. Spectra were collected in the linear positive mode with mid-
mass. The matrix was prepared by dissolving 10 mg of sinapinic acid in
a 1:3 mixture of acetonitrile and 0.1% trifluoroacetic acid, and water
was used to make up the volume to 1.0 mL (i.e., 0.2 mL of acetonitrile,
0.6 mL of 0.1% trifluoroacetic acid, and 0.2 mL of water). The samples
were prepared at 1:1, 1:2, and 1:3 ratios with samples and a matrix.
The cluster dispersion, without dilution, was mixed thoroughly with
the matrix mixture, and from it, 0.8 μL of the resulting mixture was
used for spotting.

Agarose Gel Electrophoresis. The electrophoretic stability of a
lysozyme and Cu NC mixture was pursued by an agarose gel
electrophoresis study. This was performed in 0.8% agarose at 5 v/cm
and was visualized under a UV transilluminator (with excitation at 305
nm).

Cell Culture. HeLa cells (human cervical carcinoma) were acquired
from the National Centre for Cell Sciences, Pune, India, and cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% (v/v) fetal bovine serum obtained from PAA Laboratories,
Austria, in a 5% CO2 humidified incubator at 37 °C.

Cell Viability Assay. Cell viability assays were carried out as per the
following. Cells (1 × 104 cells/well) were seeded in a 96-well
microplate and grown in DMEM for 24 h in the presence of 5% CO2
at 37 °C. Then various concentrations of Cu NCs (2.3−34.5 μg/mL)
were added to the cells and kept for 24 h in similar conditions, which
was followed by XTT assay as per standard manufacturer protocol. For
the reaction, 7.0 μL of XTT was added to each well of the microplate
and kept for 2 h for the formation of formazan. The control
experiment was carried out in a similar way with various amounts of
lysozyme. All of the experiments were carried out in triplicate. The
percentage of cell viability of the control was taken as 100%. The cell
viability was calculated based on the following formula:

=
−

−
×

A A
A A

% viable cells
( ) of NC treated cells

( ) of control cells
100450 650

450 650

Scheme 1. Reaction Scheme for the Synthesis of Cu NCs in
the Presence of Lysozymea

aAlso included are the photographs of the products under (a) daylight
and (b) UV light at 365 nm.
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The absorbances at 450 and 650 nm (A450 and A650) correspond to the
formation of formazan and the control medium, respectively.
Epifluorescence Microscopy. For cell imaging, 1 × 104 HeLa cells

were seeded in a 35 mm cell culture plate and grown for 24 h. Cu NCs
were added to the plate and incubated for another 2 h. Then, the
medium was removed, and the cells were washed with phosphate-
buffered saline (PBS) several times. Finally, 1 mL of PBS was added to
the plate, and the cells were observed under an epifluorescence
microscope (Nikon ECLIPSE TS100, Tokyo). An excitation band-pass
filter for UV (340−380 nm) and an emission band-pass filter (435−
485 nm) were used for cellular imaging.
Hemolysis Assay in Vitro. A total of 2.0 mL of human blood was

centrifuged at 3000 rpm for 10 min to obtain human red blood cells
(HRBCs). After removal of the supernatant, the HRBCs were washed
with physiological buffer (PBS), which was followed by centrifugation.
HRBCs so collected were suspended in deionized water. Portions of
0.1 mL of the HRBC suspension were added to 0.9 mL each of
deionized water and PBS buffer, considered as positive and negative
controls, respectively. Then experiments were performed in five
different concentrations of a Cu NC composite. For each experiment,
0.1 mL of a stock HRBC suspension was added to 0.9 mL of a Cu NC
composite with different concentrations (which varied from 0.6 to 4.5
μg/mL). All samples were incubated at 37 °C in a water bath for 3 h.
After 3 h, the samples were centrifuged at 3000 rpm for 10 min, and
the absorbance of the supernatants at 541 nm was recorded. The
percentage of hemolysis of the Cu NC suspension was calculated by
using the equation

=
−

−
×

% of hemolysis
O.D. of Cu NCs O.D. of negative control

O.D. of positive control O.D. of negative control
100

where O.D. corresponds to the absorbance values of HRBCs at 541
nm. The hemolysis assay was performed in triplicate.

■ RESULTS AND DISCUSSION
Cu NCs were synthesized by treating a mixture containing a 2:1
molar ratio of CuSO4 and lysozyme with N2H4 (0.01 mM) at
pH 10−11 at 45 °C with constant stirring for 10−12 h. The
medium, after reaction, appeared intense blue under a UV
lamp, indicating the formation of Cu NCs (Scheme 1). The
UV−visible spectrum (Figure 1A) of the reaction mixture
recorded after 12 h did not exhibit the presence of any
discernible peak. However, a gradual increase in extinction
below 475 nm could be observed. An identical experiment in
the absence of N2H4 did not result in such a bright-blue
coloration, evidencing the role of N2H4 in the synthesis (Figure
S1 in the Supporting Information, SI). Cu NCs, as evidenced
from a strong fluorescence intensity, formed readily in the
presence of hydrazine with high yield, as observed from
fluorescence spectra (Figure S1 in the SI). They were
reasonably stable in the presence of hydrazine after preparation
at ambient conditions. In the absence of hydrazine, the
fluorescence intensity decreased quickly with time (Figure S2
in the SI), thus indicating the additional role of hydrazine in
stabilizing the NCs.
On the other hand, when the concentration ratio of CuSO4/

lysozyme was increased to 4:1 and beyond, a clear surface
plasmon resonance (SPR) peak due to Cu NPs could be
observed, occurring at 550 nm (Figure S3 in the SI). Thus, the
studies reported in the present work were limited to products
formed from a mixture of 2:1 molar ratio of CuSO4 and the
protein. The fluorescence spectrum of the product consisted of
a single peak with a maximum at 450 nm, when excited by 360
nm light (Figure 1B). The excitation spectrum consisted of a
single peak with a maximum at 360 nm (Figure 1B). The

fluorescence quantum yield was measured as 18% (λex = 360
nm) with reference to quinine sulfate (54%) as the standard
(Figure S4A in the SI).
Interestingly, the emission spectrum was found to be

wavelength-tunable, with the emission maximum shifting
from 410 to 575 nm, when the excitation wavelength was
changed from 325 to 525 nm (Figures 1C and S4B in the SI).
In the absence of N2H4, a similar product might have been
formed; however, the fluorescence intensity of the product was
less than that synthesized in the presence of N2H4 (Figure S5A
in the SI). Also, the emission spectrum of the product formed
in the absence of N2H4 did not exhibit clear wavelength-tunable
properties like that formed in the presence of N2H4 (Figures
S5A and S5B in the SI). The control experiment in the absence
of CuSO4 also indicated the presence of fluorescent species
(Figure S6 in the SI); however, the intensity of fluorescence
was either small or the peak occurred at shorter wavelength
(Figure S6 in the SI). Also, the wavelength-tunable emission
was not observed. Additionally, time-resolved fluorescence
measurements indicated a clear difference between the products
formed in the presence and absence of CuSO4. For example,
the average lifetime of emission of the product obtained from
CuSO4 and lysozyme was measured to be 6.5 ns (Figure 1D),
whereas that in the absence of CuSO4 was found to be 1.8 ns
(Figure S7 and Table S2 in the SI). The emission character-
istics of the product formed from the reaction match those
reported for Cu NCs.24 Thus, in the medium, Cu NCs were
likely formed in the presence of the protein. Hydrazine acted as
the reducing agent, producing Cu0 from Cu2+ present in the
medium. It was also observed that Cu NCs so produced (in the
presence of hydrazine) were stable as the fluorescence emission
did not change even after 15 days under ambient conditions
(Figure S8 in the SI).
TEM measurements indicated the presence of small Cu NCs

forming aggregates of average size of 2.3 ± 0.7 nm (Figure
2A,B). It is important to note here that the average particle size
in Figure 2B appears to be higher than that of typical NCs.
However, it is also known that when metallic NCs are

Figure 1. (A) Absorption spectrum of the product of the reaction of
CuSO4 and N2H4 in the presence of lysozyme. (B) Excitation and
emission spectra of the product. (C) Excitation-dependent emission
spectra of the product. (D) Fluorescence decay profile (λex = 375 nm
and λem = 450 nm) of the product.
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generated in the absence or presence of additional capping
agents, agglomerated structures are formed, leading to an
apparent higher particle size and even increased lumines-
cence.18,24,25 In the case of lysozyme, Au NCs formed
agglomerated nanosized structures larger than individual
NCs.25,26 The average size of individual Cu NCs inside the
aggregates (inset in Figure 2A and Figure 2C) was calculated as
0.96 ± 0.25 nm. Further probing of the sample using high-
resolution TEM (HRTEM) showed the presence of crystalline
particles with a lattice spacing of 0.207 nm, corresponding to
the (111) plane of Cu0.27 The image is included in the SI
(Figure S9). However, it may be stressed here that crystalline
particles so observed might have been nonemissive and may
represent larger SPR-active Cu nanoparticles. On the other
hand, a crystalline lattice of ultrasmall atomic clusters of Cu
may not be observed in HRTEM. Additionally, the population
of larger crystalline Cu nanoparticles might have been rather
small in the medium and thus not to have exhibited a clear SPR
peak in the UV−visible spectrum.
The powder XRD pattern of the composite showed a broad

peak at around 22° and the absence of characteristic peaks due
to Cu (Figure S10 in the SI). The results also support a lack of
crystallinity of the Cu NCs so formed and the absence of a
significant population of crystalline Cu nanoparticles in the
sample (consistent with a larger population of small-sized
NCs).
FTIR spectra of lysozyme and lysozyme-stabilized Cu NCs

are presented in Figure S11 in the SI. Three amide bands
(amides I, II and III) due to the protein and occurring at 1600−
1700, 1480−1575, and 1229−1301 cm−1, respectively,28,29 were
present in the spectra. In addition, the peaks at 3400−3000
cm−1 due to −NH and −OH stretching vibrations were
prominent in the spectra. The presence of functional groups
such as −NH2, −COOH, and −SH in the protein lysozyme
may provide stability to the NCs. In a strongly alkaline
medium, the protein might have been partially unfolded,
thereby exposing a sufficient number of such groups that would
facilitate attachment of the NCs to the protein.30 It may also be
true that the three-dimensional structure of the protein, with its
functional groups separated spatially, provides enough room for
attachment of more than one cluster to the same protein.
Among the three coinage metals, Cu is easily oxidized

because of its low reduction potential. Therefore, it was deemed

important to establish the oxidation state of Cu in the
composite. For this, XPS analysis was performed for
confirmation of the oxidation state of Cu in the Cu NC
samples (Figure 3). Two prominent peaks, observed at 952.1

and 932.2 eV, were assigned to Cu 2p1/2 and Cu 2p3/2, which
were characteristic peaks due to Cu0. The absence of peak due
to Cu2+ at 942 eV indicated that the Cu NCs did not contain
Cu2+. However, because the peak due to Cu+ (932.3 eV) occurs
at 0.1 eV apart from Cu0, its presence cannot be ruled out.
Further, the binding energy of sulfur (S) 2p observed at 162.8
eV (Figure S12 in the SI) indicated the presence of
chemisorbed S on the surface of Cu NCs, which is supportive
of the presence of Cu and S on the sample.31,32

Further analysis was carried out using MALDI-TOF MS to
determine the core size of the Cu NCs. The spectrum was
recorded in the linear positive mode, using a sinapinic acid
matrix. The peak due to lysozyme appeared at 14300 Da
(Figures 4 and S13 in the SI) because of its monocation form.
It is expected that the molecular weight of a lysozyme/Cu NC
composite will have peaks at masses higher than 14300 Da. A
series of peaks in the region of 14300−14900 Da were
observed. However, four peaks were prominent, which
appeared at m/z 14300, 14434, 14564, and 14874 Da, as in

Figure 2. (A) TEM images of the product containing agglomerates of
different sizes (scale bar 10 nm). The inset is the enlarged image of
one of agglomerated particles. (B) Size histogram of different sizes of
the particles (agglomerates). (C) Size histogram of individual clusters
present inside the agglomerated product.

Figure 3. XPS spectrum of Cu 2p electrons in Cu NCs. The absence
of satellite peaks indicated the absence of Cu2+.

Figure 4. MALDI-TOF MS spectra of lysozyme (black line) and
lysozyme-stabilized product (red line) with assignment of the
characteristic peaks due to Cu NCs (dotted circles).
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Figure 4. They can be attributed to [Lyz]+, [Lyz + Cu2]
+, [Lyz

+ Cu4]
+, and [Lyz + Cu9]

+, respectively. The results thus
indicated the formation of Cu2, Cu4, and Cu9 NCs, which were
the same as those reported.17,24,33 It is plausible that other
clusters were also formed; however, they were not clearly
detected in the MALDI-TOF MS spectrum.
CD measurements indicated a decrease in the α-helix content

of the proteins present in the product medium from 52 to 45%
following cluster formation (Figure 5A and Table S3 in the SI).
Denaturation of the protein (even partially) consequent upon
possible breakage of disulfide bonds,26 or otherwise, might have
led to agglomeration, accompanying the formation of Cu NCs
at 45 °C. Additionally, the photostability of NCs is one of the
properties that finds use in bioimaging and biolabeling
applications. As shown in Figure 5B, fluorescence of the
present Cu NCs remained nearly constant under continuous
irradiation, with a fluorescence decrease rate of only 0.04%/
min. In comparison, fluorescence of an organic fluorophore,
rhodamine 6G, decreased at a rate of 0.23%/min with the
photoirradiation time. The excellent resistance to photo-
bleaching exhibited by the present Cu NCs, along with a
considerable Stokes shift in the emission wavelength, makes a
strong case for their use for cellular labeling and imaging.
Additionally, an agarose gel electrophoresis study revealed the
electrophoretic stability of NCs stabilized by the protein
(Figure S14 in the SI).
In order to probe the surface charge of the synthesized Cu

NCs, ζ-potential measurements were performed (Table S4 in
the SI). The as-synthesized composite had a ζ-potential value of
−28.1 mV, indicating an overall negative charge of the
composite. Further, the potentials measured at the medium
pH values of 9.0 and 4.5 were found to be −32.4 and −19.3

mV, respectively. The pH dependence of the ζ potential could
be due to contribution from the protein, in addition to that of
the clusters.
Further, it was deemed important to probe the effect of the

pH on the fluorescence of the NCs. The NCs were synthesized
at pH 11; the emission peak (at 450 nm) was found to be stable
for 2 weeks. On the other hand, when the pH was made acidic,
there was no change in the fluorescence, as was observed until
an acidic pH of 4.3. The results are presented in the SI (Figure
S15). The observation of pH-independent emission of Cu NCs
indicates their importance for applications over a large pH
range.

Cell Imaging and Cell Viability Test by XTT Analysis.
An in vitro toxicity study of the NCs was examined by the
XTT-based cell viability assay. XTT assay was performed to
probe the cytotoxicity of the Cu NC composite by incubation
in HeLa cells. The concentration of the composite used was
2.3−34.5 μg/mL. It should be mentioned here that the amount
of Cu present in the composite, i.e., excluding lysozyme and
hydrazine, was found to be 0.3−4.5 μg/mL. The Cu
concentration is calculated based on the initial Cu salt taken
for the reaction and assuming full conversion of the salt to Cu
NCs. This means that the metal concentration reported here is
the upper limit. The results indicated that Cu NCs had little or
no cytotoxicity even at considerably higher concentration.
HeLa cells (cervical cancer) in DMEM were incubated with
different concentrations of Cu NCs in standard cell culture
conditions. Following 24 h of incubation, the viability of the
cells was determined, and the results are shown in Figure 6B.
From XTT assay, it was found that more than 98% cells were
viable upon incubation with 34.5 μg/mL of the Cu NC
composite. The results indicated that the Cu NCs had no toxic

Figure 5. (A) CD spectra of lysozyme (black line) and as-synthesized Cu NCs (wine red) in the presence of lysozyme, exhibiting changes in the
helicity of the α-helical structure following synthesis. (B) Representative time trace of fluorescence emission of Cu NCs (black line) showing slower
decay in comparison to organic fluorophore, rhodamine 6G (blue line), under the same conditions.

Figure 6. (A) Epifluorescence microscopic images of HeLa cells under UV light. Cells were incubated with Cu NCs for 2 h (scale bar 50 μm). (B)
Cell viability for measuring the cytotoxicity of the Cu NCs on HeLa cells as measured by XTT assay after 24 h of incubation.
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effect even at a considerably higher starting concentration of
Cu.
The noncytotoxicity and high fluorescence quantum yield

and photostability of the Cu NCs made it possible to test their
suitability for cell labeling. This was pursued by incubating
HeLa cells with Cu NCs for 2 h in DMEM. After removal of
the medium, the cells were washed thoroughly with PBS (pH
7.4) to remove free unbound Cu NCs and finally were observed
under a fluorescence microscope. The cells in the image
(Figure 6A) could easily be observed under UV light (340−380
nm) because they appeared bright blue, which is the
characteristic color of the Cu NCs. The corresponding image
under a bright field and merged images are shown in Figure S16
in the SI. In comparison, control cells and cells treated with
lysozyme did not exhibit any such fluorescence (Figures S17
and S18 in the SI). This clearly demonstrated the utility of the
so-synthesized Cu NCs in live cell labeling.
Blood compatibility assay is an essential and initial

requirement for the administration of any material in vivo
such as hemolysis.34 For that, preliminary investigations were
performed using blood serum treated with Cu NCs. There was
no loss of fluorescence (Figure S19 in the SI). On the other
hand, there was an increase in fluorescence, which could be due
to reducing the nature of the environment in the serum. The
hemocompatibility of various concentrations of Cu NCs were
performed by hemolysis assay. The results (Figures S20 and
Figure S21 in the SI) demonstrated that Cu NCs did not cause
significant hemolysis; i.e., they were hemocompatible at the
concentrations used for the bioimaging and cell viability assay
(0.6−4.5 μg/mL), which is comparable to previous studies.35

Thus, blood compatibility assay supported the potential of the
composites (and thus Cu NCs) for applications in vivo.

■ CONCLUSION
In conclusion, bright-blue fluorescent Cu NCs have been
synthesized through a simple one-step reduction of CuSO4 by
N2H4, using lysozyme as the stabilizer. The NCs showed high
photoluminescence quantum yield, excitation-tunable fluores-
cence, high photostability, and colloidal stability. They could be
used for labeling HeLa cells. In conjunction with the
photoluminescence properties, their low cytotoxicity would
make them an ideal choice for biological and biomedical
applications. The composite is comprised of Cu and lysozyme,
where Cu is an essential trace element present in the body and
lysozyme, an antimicrobial enzyme, is substantially present in a
number of secretions, such as tears, saliva, etc. Thus, the
composite might be considered to be biocompatible. The
observed stability of the composite, coupled with the retention
of fluorescence at physiological pH, is important for
applications in vitro as well as in vivo.
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