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M
etal nanoclusters (NCs) are nano-
meter core sized clusters com-
posed of several to tens of atoms,

most often luminescent in the visible re-
gion, and possess fascinating photophysical
and chemical properties. Their sizes are
comparable to the de Broglie wavelength
of the electron at the Fermi energy of the
metal. Electronic confinement in metal
nanoclusters results in molecule-like prop-
erties such as discrete electronic states and
size-tunable fluorescence.1 The nanoclus-
ters provide a missing link between atomic
and nanoparticle (NP) behavior in metals,
and the fluorescence of metal nanoclusters
with ultrasmall size has attracted much
interest in the field of chemistry, materials,
and biology.2�4

Moreover, the clusters are extremely re-
active in nature and tend to agglomerate
without protection groups.5 Therefore, the
sophisticated design of protection groups
or scaffolds is required to obtain water-
soluble luminescent clusters. Within the
past few years, luminescent gold and silver

nanoclusters have been extensively studied
for biolabeling and bioimaging appli-
cations due to their ultrafine size and
nontoxicity.6�10 A large variety of emitters
in diverse scaffolds such as peptides,11

DNA,12�14 thiols,15,16 protein,17�19 and
cells20 have been reported. The use of a
biomolecule as a template or scaffold for
synthesis of nanoclusters possesses many
advantages in biologically motivated appli-
cations.21,22 Wen reported that dual func-
tional fluorescent Au NCs formed in situ

through horseradish peroxidase as a scaf-
fold can be applied to hydrogen peroxide
detection combining the catalysis function
of the enzyme shell and the fluorescence of
the core.23 However, to date, only a few
studies have given direct insight into zinc
and copper nanoclusters because of the
difficulty in preparing stable and highly
luminescent Zn and Cu particles.24�28 An
effective approach to rationally designing a
tiny zinc�copper bimetal nanocluster with
functional ligands to give it broad applica-
tions remains to be explored.
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ABSTRACT A stable, water-soluble fluorescent Zn/Cu nanocluster (NC) capped

with a model protein, bovine serum albumin (BSA), was synthesized and applied to

the reaction of hydrogen peroxide and sodium hydrogen carbonate. A significantly

amplified chemiluminescence (CL) from the accelerated decomposition of peroxy-

monocarbonate (HCO4
�) by the nanosluster was observed. The CL reaction led to a

structure change of BSA and aggregation of Zn/Cu NCs. In the presence of H2O2, Zn/

Cu�S bonding between BSA scaffolds and the encapsulated Zn/Cu@BSA NC was oxidized to form a disulfide product. Zn/Cu@BSA NCs were prone to

aggregate to form larger nanoparticles without the protection of scaffolds. It is revealed that the strong CL emission was initiated from the catalysis of

Zn/Cu@BSA NC and the surface plasmon coupling of the formed Zn/Cu nanoparticles in a single chemical reaction. This amplified CL was successfully

exploited for selective sensing of hydrogen peroxide in environmental samples.
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Recently, great attention has been paid to metal
nanoclusters due to their stable structures and high
luminescence. Compared to metal nanoparticles, the
cluster-based active sites can serve as catalysts, and
new properties emerging from the structure change in
chemical reactions, such as the presence of surface
plasmons, have been less discussed.29�31 The catalysis
of metal nanomaterials and the coupling effect of
surface plasmons are able to accelerate the kinetics
of chemiluminescence (CL) and improve the CL quan-
tum yield.32,33 In that sense, metal nanoclusters are
able to be considered as potential CL emitters or as
a novel alternative to catalyze redox CL reactions,
enhancing the CL emission under proper conditions.
This will not only open a new field for the development
of novel CL-emitting species but also expand the
conventional optical utilization of metal nanoclusters.
The ultraweak CL from the decomposition of peroxy-

monocarbonate (HCO4
�), which is formed in equilibri-

umwith hydrogen peroxide and bicarbonate, has been
observed by our group.34,35 It is significant to study the
formation of HCO4

� for the damage due to biothiol
peroxidation considering the ubiquity of CO2/HCO3

�

buffers in biology and the well-known production
of H2O2 in normal metabolism and the immune
response.36 Improving the low quantum yield and
accelerating the kinetics are two ways to amplify this
ultraweak CL for visible and functional light emission.
The optical properties of metal nanomaterials domi-
nated by localized surface plasmons are size and shape
dependent.37 Therefore, studying the effect of specifi-
cally designed ultrasmall metal nanoclusters on the
ultraweak CL would provide new principles and appli-
cations of this CL system.
In this work, we synthesized zinc�copper bimetal

nanoclusters using bovine serum albumin (BSA) by a
simple chemical reduction method. BSA was used as
the model protein for the synthesis and stabilization of
zinc�copper bimetal nanoclusters. The as-prepared

Zn/Cu@BSA NCs exhibit bright, stable fluorescence
and have excellent water dispersion property. The
ultraweak CL from the decomposition of HCO4

� in
the NaHCO3�H2O2 system was significantly enhanced
by Zn/Cu@BSA NCs. The mechanism of the chemilu-
minescence was investigated. The structure change of
BSA led to the formation of larger metal particles in the
CL reaction. The amplified CL was induced from the
catalysis of Zn/Cu@BSA NCs and the metal surface
plasmon coupled emission of (CO2)2*. This Zn/Cu@BSA
NC-amplified CL system has been exploited for the
highly sensitive and selective measurement of hydro-
gen peroxide in water samples in this study.

RESULTS AND DISCUSSION

Characterization of Zn/Cu@BSA NC. Figure 1a shows
the absorption spectrum of Zn/Cu@BSA NCs and the
absorbance maximum of Zn/Cu@BSA NCs located at
350 nm, while pure BSA had an absorption spectrum at
280 nm. The transmission electron microscopy (TEM)
image of the as-prepared Zn/Cu@BSA NCs indicated
that the average particle size was about 1.9 ( 0.2 nm.
The fluorescence spectra of Zn/Cu@BSA NCs excited at
350 nm show that the emission intensity depends on
the initial concentration of metal ions in the reactant,
and at higher metal ion concentration diminution
of emission occurs as nanoparticles are formed.
Zn/Cu@BSA NCs prepared with a metal ion concentra-
tion of 2.0 mM generated the strongest emission at
430 nm and presented bright and blue emission under
ultraviolet (UV) radiation (365 nm) (Figure 1b). X-ray
photoelectron spectroscopy (XPS) analysis was carried
out to determine the oxidation state of copper, zinc, and
sulfur in the samples before and after the CL reaction.
All expected elements appeared in the survey spec-
trum (Figure 2a). The 2p3/2 and 2p1/2 features of Cu(0)
and Zn(0) are weaker in the Zn/Cu@BSA NCs (lines 1 in
Figure 2b and c). However, when a Zn/Cu@BSA NC is
added in the NaHCO3�H2O2 CL system, two intense

Figure 1. Characterization of Zn/Cu@BSA NCs. (a) UV�vis absorption spectra of Zn/Cu@BSA NCs (red line) and BSA solution
(black line). Inset: TEM image of Zn/Cu@BSA NCs. (b) fluorescence spectra (λex = 350 nm) for Zn/Cu@BSA NCs prepared from
different initial metal ion concentrations ([Cu2þ]:[Zn2þ] = 1:1, mM), i.e., (1) 0.5, (2) 1.0, (3) 2.0, (4) 4.0, and (5) 8.5. Inset:
Photographs of Zn/Cu@BSA NCs under visible light (I) and 365 nm UV light (II).
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peaks are observed at 932.4 and 952.2 eV, which are
assigned to 2p3/2 and 2p1/2 features of Cu(0) (Figure 2b,
line 2), and two intense peaks are observed at 1021.45
and 1044.55 eV, which are assigned to 2p3/2 and 2p1/2
features of Zn(0), respectively (Figure 2c, line 2).
This reveals that the metal NCs have changed their
aggregation state after CL reaction. The single peak at
164.05 eV, which is assigned to 2p features of S(0),
disappeared after the CL reaction, indicating the struc-
ture change of the protein (Figure 2d). Matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry (MS) was used to study the number
of copper and zinc atoms in the cluster core. The mass
spectrum of BSA showed a major peak at around m/z
66 400 Da due to the monocation. The Zn/Cu NCs
containing BSA showed a distinct, but low-intensity
peak atm/z 67240 Da besides the parent protein peak.
The difference between the above peaks and the host
protein spectrum measured at pH 12 might be attrib-
uted to alloyed clusters containing 5 copper and 8 zinc
atoms, i.e., Cu5Zn8. The presence of doubly as well as
triply charged clusters along with the corresponding
peaks of the protein in the MALDI-TOF MS data clearly
indicates that the Zn/Cu NC is associated with a single
protein molecule. The aggregation of Cu5Zn8 clusters
was further confirmed by powder X-ray diffraction
(XRD) measurement. In the XRD patterns of Zn/Cu@BSA
NCs (Figure S1, Supporting Information), the ultra-
weak and broad diffraction peaks of Cu5Zn8 (310),
(222), and (330) could be identified.38,39 Based on
XPS, MALDI-TOF MS, and powder XRD data, we con-
cluded that the copper�zinc nanoclusters were
formed within BSA and are referred to as Zn/Cu@BSA
NC henceforth.

Kinetic Aspects. The batch method was used to study
the reaction of NaHCO3, BSA, Zn/Cu@BSA NCs, and
H2O2. The addition of Zn/Cu@BSA NCs or BSA to
NaHCO3 or H2O2 did not produce light. When
Zn/Cu@BSA NCs were mixed with H2O2 first, and then

NaHCO3 was injected, one CL peak was obtained. The
CL intensity had a maximum value of 554 in 0.2 s,
and the CL lasted for about 30 s (Figure 3a). When
Zn/Cu@BSA NCs were mixed with NaHCO3 first, then
H2O2 was injected, a remarkable enhancement of CL
was observed. The CL intensity reached 33 104 counts.
The light lasted for about 150 s (Figure 3b). The effects
of BSA, CuSO4, and Zn(NO3)2 solutions on the CL of the
NaHCO3�H2O2 system are shown in Figure 3c. The
above results indicate that BSA has no effect on the CL
emission. Both CuSO4 and Zn(NO3)2 solutions can
change the CL kinetic curve. The CL intensity is en-
hanced about 3 times by CuSO4 solution, and the
intensity has no obvious change by the Zn(NO3)2
solution. These results indicate that the significantly
enhanced CL in Figure 3b is related directly to
Zn/Cu@BSA NCs.

The luminescence decay of the Zn/Cu@BSA NCs in
water was measured by a picosecond-resolved time-
correlated single photon counting (TCSPC) technique
(Figure 4a). The decay profile of the Zn/Cu@BSA NCs
was monitored at an excitation wavelength of 372 nm.
The numerical fitting of the luminescence collected
at 430 nm revealed time constants of 0.59, 2.60, and
15.12 ns, which might be due to the electronic transi-
tions between the “sp” conduction band and the filled
“d10” band. The numerical fitting of the CL of the
NaHCO3�H2O2 system at the same condition revealed
time constants of 0.64, 2.53, 15.59, and 171.04 ns.
But when Zn/Cu@BSA NCs were added to the
NaHCO3�H2O2 system, the fitted time constants were
0.66, 2.54, and 13.32 ns. These changes in time con-
stant indicate that Zn/Cu@BSANCs have been involved
in the CL reaction and the structure of metal nano-
clusters has been affected. The amplified CL may
be generated from the surface-plasmons-enhanced
effect. The stopped-flow experiment of the CL of the
NaHCO3�Zn/Cu@BSA NC�H2O2 system in the first
0.5 s of reaction was recorded, as shown in Figure 4b.

Figure 2. XPS spectra of Zn/Cu@BSANCs obtained before (line 1) and after (line 2) CL reaction. (a) Survey of Zn/Cu@BSA NCs,
(b) Cu2p, (c) Zn2p, (d) S2p, and (e) MALDI-TOFmass spectra of BSA (black) and Zn/Cu@BSA NC (red). The peaks due to triply (1),
doubly (2), and singly (3) charged ions of Zn/Cu@BSA NCs are expanded in the inset.
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The rate of CL was accelerated in the presence of
Zn/Cu@BSA NCs, and the equilibrium amount of HCO4

�

decreased. The calculated second-order rate constant
obtained by using a nonlinear regression from the plot
of the experimental observed rate constant kobs versus
[H3O

þ] with increasing amounts of [HCO3
�] is approxi-

mately 100-fold greater than that of the NaHCO3�H2O2

system without Zn/Cu@BSA NCs (Figure 4c and d).
Spectra of CL Systems. To further verify the possible

mechanism of the amplified CL, the UV�vis absorption
spectrum change of Zn/Cu@BSA NCs was investigated.

When Zn/Cu@BSA NC was added to the NaHCO3�
H2O2 system, two obvious absorption peaks at 440 and
650 nm were observed, and the absorbance was
increased during the first 5 min of reaction. The
absorption peaks of BSA and Zn/Cu@BSA NCs at
280 and 350 nm disappeared. This indicated that
the structure of BSA had been changed by a redox
reaction, which further caused the aggregation of
Zn/Cu@BSANCs to largermetal particles. The observed
peaks were assigned to the surface plasmon absorp-
tion of the formed Zn/Cu NPs (Figure 5a).28

Figure 3. Kinetic curves of the NaHCO3�Zn/Cu@BSA NC�H2O2 CL systems. (a) NaHCO3 injected into a Zn/Cu@BSA NC�H2O2

solution, (b) H2O2 injected into a Zn/Cu@BSA NC�NaHCO3 solution, and (c) effects of BSA, CuSO4, and Zn(NO3)2 on the
NaHCO3�H2O2 CL system. Solution conditions were 0.2 M NaHCO3, 0.1 M H2O2, 2.0 mM Zn/Cu@BSA NCs, 2.0 mM CuSO4, and
2.0 mM Zn(NO3)2.

Figure 4. Kinetics of fluorescence decay and CL reaction. (a) Lifetime profiles of Zn/Cu@BSA NCs and Zn/Cu@BSA NCs in the
NaHCO3�H2O2 system, (b) stopped-flow kinetic curves of the NaHCO3�H2O2 systemwith andwithout Zn/Cu@BSANCs in 0.5 s,
(c) dependence of the rate constant on [HCO3

�] for CL at pH 11.80 in the NaHCO3�H2O2 system, and (d) that in the
NaHCO3�Zn/Cu@BSA NC�H2O2 system.
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The fluorescence emission of this CL system with
Zn/Cu@BSA NCs during the first 8 min of reaction is
shown in Figure 5b. The maximum emission was
located at 435 nm, the fluorescence intensity in-
creased, and the maximum emission shifted to the
red with an increase in reaction time. Under the
same conditions, the maximum emission of the
NaHCO3�BSA�H2O2 system was located at 385 nm,
and the sharp peak was the Raman peak of water. The
weaker emission at 461 nm fromBSA indicated that the
contributor of emission from BSA can be neglected
under these conditions. The increasing fluorescence
emission of the NaHCO3�Zn/Cu@BSA NC�H2O2 sys-
tem is related to the surface plasmons of the metal
nanoparticles. Figure 5c shows the effect of 0�100 μM
H2O2 on the fluorescence of Zn/Cu@BSA NCs. The
emission decreased with increasing concentration of
H2O2. It further indicates that H2O2 has an effect on the
structure change of BSA, and it accelerates the aggre-
gation of metal, causing fluorescence quenching. This
result further proved that the increasing emission in
Figure 5bwas from the surface plasmon enhancement.

CL spectra were measured to identify the emitting
species. Three peaks in the range 300�800 nm are

observed in the CL spectrum of the NaHCO3�Zn/
Cu@BSA NC�H2O2 system (Figure 5d). The peak at
436 nm corresponds to the decomposition of excited
double (CO2)2*.

40,41 The peak at 634 nm results from
the emission of 1O2.

42 The peak at 558 nm is a new
emission species compared with those reported in the
NaHCO3�H2O2 CL system. They may result from the
emission of any tryptophan metabolites.28

A circular dichroism (CD) spectrum has been
employed to study the conformational behavior of
BSA in Zn/Cu@BSA NC before and after CL reaction.
Native BSA displays CD features with minima at 208
and 222 nm, corresponding to the secondary structure
of the protein. However, after the formation of
Zn/Cu@BSA NCs, the 208 nm peak is shifted to 204 nm,
indicating the loss of R-helix content and increase in
β-sheet and random coil structures (Figure 6a).43 The
percentage of various conformations has been deter-
mined for both pure BSA and Zn/Cu@BSA NCs by using
CDNN software, which revealed 51% loss of R-helix
structure. After CL reaction, about 71.2% loss of R-helix
structure, 16.8% addition of β-sheet structure, and
18.6% addition of random coil structure were ob-
served. The structure change process of Zn/Cu@BSA

Figure 5. Spectra of Zn/Cu@BSA NCs. (a) UV�vis absorption spectra of Zn/Cu@BSA NCs in the NaHCO3�H2O2 system,
(b) fluorescence spectra of the NaHCO3�H2O2 system with Zn/Cu@BSA NCs at different reaction times (λex = 350 nm),
(c) fluorescence spectra of Zn/Cu@BSA NCs with the addition of H2O2 (0�100 μM) (λex = 350 nm), and (d) the CL spectra of the
NaHCO3�Zn/Cu@BSA NC�H2O2 system. Solution conditions were 0.2 M NaHCO3, 0.1 M H2O2, and 2.0 mM Zn/Cu@BSA NCs.
The flow rate was 1.0, 1.0, and 1.5 mL min�1 for Zn/Cu@BSA NCs, NaHCO3, and H2O2, respectively.

A
RTIC

LE



CHEN ET AL . VOL. 9 ’ NO. 2 ’ 2173–2183 ’ 2015

www.acsnano.org

2178

NCs in the NaHCO3�H2O2 system and in H2O2 solution
is shown in Figure 6b and c, respectively. It indicated
that the structure change of Zn/Cu@BSA NCs occurred
easily during the first 5 min of CL reaction. The struc-
ture change of Zn/Cu@BSANCswas also easily affected
by temperature, as shown in Figure 6d.

Spin-Trapping Studies. Room-temperature electron
spin resonance (ESR) spectroscopy was employed to
confirm the existence of 1O2 and 3OH radicals. 2,2,6,6-
Tetramethyl-4-piperidine (TEMP) can react with 1O2 to
give the TEMPO adduct, which is a stable nitroxide
radical with a characteristic spectrum.44 Figure 7a
shows the specific signal of TEMPO in the NaHCO3�
H2O2 system, which confirmed that 1O2 was generated
in the system. Figure 7b shows the intensity change
of TEMPO in the NaHCO3�Zn/Cu@BSA NC�H2O2

system. The increasing intensity of TEMPO supported
the constant formation of 1O2 in the NaHCO3�
Zn/Cu@BSA NC�H2O2 system in the first 26 min of
the reaction.

5,5-Dimethyl-1-pyrroline N-oxide (DMPO) was used
as the radical trapper to detect 3OH and 3CO3

� by
forming the DMPO�OH adduct in the ESR experi-
ment. Figure 7c presents the formation of 3OH and

3 CO3
� radicals in the NaHCO3�H2O2 system and the

decreasing signal during the first 10 min of reaction.
Figure 7d shows the signal change of the DMPO�OH
adduct in the first 18 min of reaction in the NaHCO3�
Zn/Cu@BSA NC�H2O2 system. The results confirmed
the generation of 3OH and 3CO3

� radicals in the
NaHCO3�Zn/Cu@BSA NC�H2O2 system. Figure 7e
further indicates that 3OH exists and the reaction of
Zn/Cu@BSANCs affects its lifetime. ESR is very effective
at probing subtle changes in the structure and sur-
rounding environments of radicals and magnetic ions.
Subtle changes in structure lead to shifts in the g

factor.45�47 Figure 7f shows the change in g value
of Zn/Cu@BSA NCs in a H2O2 solution and the
NaHCO3�H2O2 system. It further proves the structure
change of Zn/Cu@BSA NCs in the CL reaction.

Mechanism of the CL Reaction. On the basis of the ESR
results, UV�vis absorption spectra, fluorescence spec-
tra, and CL spectra of the NaHCO3�Zn/Cu@BSA
NC�H2O2 system, the CL mechanism is proposed as
further shown in Figure 8. First, HCO4

� formed from the
reaction between H2O2 and NaHCO3 (reaction 1).48

HCO3
� þH2O2 h HCO4

� þH2O (1)

The active sites of the prepared Zn/Cu@BSA NCs
facilitate the decomposition of HCO4

� to generate the

Figure 6. CD spectrum for the secondary structure of protein in Zn/Cu@BSA NCs. (a) Far-UV CD spectra of BSA (black),
Zn/Cu@BSA NC (red), and Zn/Cu@BSA NCs in the NaHCO3�H2O2 system (blue), (b) the change of CD spectra of Zn/Cu@BSA
NCs in the NaHCO3�H2O2 system and (c) in H2O2 solution, and (d) the CD change of Zn/Cu@BSA NCs (black) and BSA (red)
at different temperatures.
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key intermediate radicals, 3OH and 3CO3
�, by catalysis

(reactions 2 and 3).49

3OH and 3 CO3
� radicals will react with H2O2 to form

emitter intermediate 1O2 (reactions 4�7), which has
been confirmed by a CL spectrum in Figure 5d and an
ESR experiment in Figure 7b.50

H2O2 þ 3CO3
� f HCO3

� þ 3HO2 (4)

3HO2 f Hþ þ 3O2
� (5)

3O2
� þ 3OH f 1O2 þOH� (6)

1O2 f O2 þ hν (634 nm) (7)

Simultaneously, 3OH will react with excess HCO3
�,

forming emitter intermediate (CO2)2*, which is un-
stable and decomposes to CO2, releasing energy to
generate light at 430�460 nm (reactions 8�10).51,52

This is consistent with the CL spectrum of the
NaHCO3�Zn/Cu@BSA NC�H2O2 system.

3OHþHCO3
� f OH� þ 3HCO3 (8)

2 3HCO3 f (CO2)2�þH2O2 (9)

(CO2)
�
2 f 2CO2 þ hν (436 nm) (10)

Considering the structure of Zn/Cu@BSA NCs, the
thiol group of cysteine residues in BSA played an
important role as the stabilizer for the nanoclusters. It
has been reported that the Au�S bond can be
degraded in the presence of H2O2 as an oxidant.53

Disulfides and sulfonates are not chemisorbed
and, therefore, can be easily removed from the
Zn/Cu surface. Thus, these reactions could lead to
a rapid deterioration of structure of Zn/Cu NCs.

Figure 7. ESR spectra of 1O2 and 3OH radicals. (a) 1O2 produced in the NaHCO3�H2O2 system and (b) in the NaHCO3�Zn/
Cu@BSA NC�H2O2 system, (c) 3OH produced in the NaHCO3�H2O2 system and (d) in the NaHCO3�Zn/Cu@BSA NC-H2O2

system, (e) the signal change of 3OH in H2O2 solution and the NaHCO3�H2O2 system, and (f) the change in g factor of
Zn/Cu@BSANCs in H2O2 solution and the NaHCO3�H2O2 system. Experimental conditions: 0.05M TEMP, 0.05MDMPO, 0.2M
NaHCO3, 0.1 M H2O2, and 2.0 mM Zn/Cu@BSA NCs.

Figure 8. Schematic illustration of the CL mechanism of the NaHCO3�Zn/Cu@BSA NC�H2O2 system.

A
RTIC

LE



CHEN ET AL . VOL. 9 ’ NO. 2 ’ 2173–2183 ’ 2015

www.acsnano.org

2180

The transformation of metal NCs to the large size of
Zn/Cu NPs also was confirmed from the recorded TEM
images. As shown in Figure 9, the average sizes of Zn/Cu
NPs were 3.8 ( 0.3 and 6.6 ( 0.4 nm when Zn/Cu NCs
were added to 0.1 M H2O2 and the mixing solution of
0.2 M NaHCO3 and 0.1 M H2O2, respectively. It can be
observed from TEM images that the BSA scaffolds seen
clearly around the Zn/CuNCsgradually disappeared after
the chemical reactions. High-resolution TEM images of
Zn/Cu@BSA NCs before and after CL reaction further
proved the structure change from nanoclusters to poly-
crystalline nanoparticles (Figure S2, Supporting Informa-
tion). Since the wavelength of CL emission and the
surfaceplasmons of Zn/CuNPs overlapped, the emission
from (CO2)2* was readily induced/coupled to surface
plasmons, amplifying the CL signal (reactions 11�13).

2RS-Cu=Zn sf
H2O2

RSSRþ 2Zn=CuNP (11)

(CO2)
�
2 þ Zn=CuNP f Zn=CuNP-(CO2)

�
2 (12)

Zn=CuNP-(CO2)
�
2 f Zn=CuNPþ 2CO2 þ hν (436 nm)

(13)

Application of the CL System. The NaHCO3�Zn/Cu@
BSA NC�H2O2 CL system was developed as a flow
injection analysis (FIA) system for H2O2 sensoring
(Figure S3, Supporting Information). The effects of
several physicochemical parameters, such as the con-
centration of reagent, pH, and the flow rate, on the FIA
sensing system were optimized. A 2.0 mM Zn/Cu@BSA
NC solution diluted 500 times before reaction and
0.2 M NaHCO3 were selected (Figure S4a, Supporting
Information). The CL intensity increased with increas-
ing pH and reached amaximumat pH 11.80. Therefore,
pH 11.80 was selected in the NaHCO3�Zn/Cu@BSA
NC�H2O2 system (Figure S4b, Supporting Informa-
tion). The optimal flow rate of the carrier, NaHCO3, and
Zn/Cu@BSA NCs was 1.5, 1.0, and 1.0 mL min�1 con-
sidering both analytical precision and solution
consumption.

The FIA CL signal for H2O2 with sharp peaks and low
noise and the calibration plot are shown in Figure 10a.
Under the optimized conditions, the limit of detection
for H2O2 was 3.0 � 10�10 M (S/N = 3). The calibration
plot showed a good linear relationship between the CL
intensity and the H2O2 concentration in the range from
5.0 � 10�9 to 1.0 � 10�6 M with a correlation coeffi-
cient of 0.9998 (Figure 10b). The relative standard
deviation (RSD) for 10 parallel measurements (intra-
assay) of 0.5 μM H2O2 was 2.1%. The RSD for five
parallel measurements (interassay) of 0.5 μM H2O2

using five different batches of Zn/Cu@BSA NCs was
6.8%. The RSD of the reproducibility of Zn/Cu@BSANCs
in two months was 3.7%. In addition, the detection
limit of this Zn/Cu@BSA NC-enhanced CL sensor for
H2O2 has been compared with that of a fluorescent

Figure 10. FIA-CL signals and the intensity. (a) Typical FIA-CL signals for H2O2, concentration of H2O2 (μM) (1) 0.005; (2) 0.01;
(3) 0.015; (4) 0.05; (5) 0.075; (6) 0.15; (7) 0.2; (8) 0.4; (9) 0.5; (10) 0.75; (11) 1.0; (12) sample; and (b) linear calibration plot of the CL
reaction for H2O2.

Figure 9. TEM images and size distribution analysis of
Zn/Cu@BSA NCs in the presence of H2O2 (a, b, 3.8 (
0.3 nm) and the mixing solution of NaHCO3�H2O2 (c, d,
6.6 ( 0.4 nm), respectively; 200 particles are measured to
obtain the size distribution.
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gold nanocluster sensor. The CL sensor exhibits better
performance than that fluorescent one with a detec-
tion limit of 30 nM.23 These results indicated that the
proposed CL sensor has good linearity and relatively
high sensitivity and precision.

The effect of coexisting ions in water on the sensing
of 0.5 μM H2O2 was also investigated in this study. The
tolerance limit was estimated with a(5% relative error
in peak height. Many ions have no influence at
concentrations below 1.0 � 10�4 M. Uric acid, dopa-
mine, D-glucose, glutathione, and ascorbic acid have
no effects on CL at concentrations below 1.0� 10�5 M.
Other substances, such as 50-fold Zn2þ, Al3þ, Ca2þ,
Mg2þ, Fe2þ, and Fe3þ, 20-fold Cu2þ, 500-fold
CH3COO

�, BSA, EDTA, and 1000-fold Kþ, Naþ, NO3
�,

Cl�, and SO4
2� have no effects on the detection of

0.5 μM H2O2. These data demonstrated that the devel-
oped sensor has a high selectivity for H2O2.

The proposed CL sensor has been applied for H2O2

inwater samples. Freshly collectedwater sampleswere
filtrated by a 0.22 μmmicrofilm and spiked with 1.0 �
10�5MEDTA as amasking reagent for transitionmetals

before determination. Recovery test and method
comparison were performed to evaluate the accuracy
and reliability of the sensor. The recoveries for the
samples were in the range 90�103% (Table S1, Sup-
porting Information). Moreover, the sensing results
were in good agreement with another reported
method,54 indicating the application was comparable
and acceptable.

CONCLUSIONS

In summary, Zn/Cu@BSA NCs with excellent optical
properties have been successfully synthesized using
BSA as a capping protein. Zn/Cu@BSA NCs catalyzed
the decomposition of HCO4

� with structure change of
the protein, which led to the aggregation of metal
nanoclusters to metal nanoparticles. Simultaneously,
the coupling of excited (CO2)2 to surface plasmons
of Zn/Cu NPs further amplified the CL. As a result, a
strong CL was observed in the NaHCO3�Zn/Cu@BSA
NC�H2O2 system. The optimized CL systemwithmetal
nanoclusters can be used as a sensor for H2O2 in water
samples with high sensitivity and good recovery.

EXPERIMENTAL SECTION

Chemicals. Hydrogen peroxide (30%, Alfa Aesar), sodium
hydrogen carbonate, zinc nitrate, copper sulfate (>99.9%, Beijing
Chemical Reagent), bovine serum albumin (>99%, Amresco), 5,5-
dimethyl-1-pyrroline N-oxide (>99.9%, Tokyo Kasei Kogyo), and
2,2,6,6-tetramethyl-4-piperidine (>99.9%, Sigma-Aldrich) were
used. All water used was ultrapure (18.3 MΩ 3 cm).

Apparatus. Batch CL experiments were carried out with a
BPCL luminescence analyzer (Institute of Biophysics, Chinese
Academy of Sciences, Beijing, China). Absorption spectra were
collected using a UV-3900 UV�vis spectrophotometer (Hitachi,
Tokyo, Japan). Emission spectra were measured with an F-7000
fluorescence spectrophotometer (Hitachi, Tokyo, Japan). The
width of the excitation slit and emission slit were both set as
10 nm, and PMT detector voltage was selected high at 800 V for
the measurement of all fluorescence spectra. ESR spectra were
measured on a model JES-FA200 spectrometer (JEOL, Tokyo,
Japan). The XPS was carried out on a PHI Quantera SXM
spectrometer with an Al KR X-ray source (ULVAC-PHI, Chigasaki,
Japan). Powder XRD data were collected using a Bruker D8 X-ray
diffractometer with Cu KR radiation at 40 kV and 40mA (Bruker,
Karlsruhe, Germany). Transient fluorescence decays were de-
tected with an Edinburgh Instruments LP 920 spectrometer
with the TCSPC technique (Edinburgh, Livingston, U.K.). CD
measurement was performed on a Pistar π-180 Chirascan CD
spectrophotometer, and the reaction rate of chemilumines-
cence was monitored in an SX 20 stopped-flow spectropho-
tometer (Applied Photophysics, Leatherhead, U.K.). TEM image
was recorded on a FEI Tecnai G2 F20 S-Twin microscope with an
accelerating voltage of 200 kV (FEI, OR, USA). Themass spectrum
was obtained by a Bruker Autoflex MALDI-TOF mass spectro-
meter (Bruker Daltonics, MA, USA). Sinapinic acid was used as
the matrix.

Synthesis of Zn/Cu@BSA NCs. Aqueous Zn(NO3)2 solution
(0.5 mL, 2.0 mM) and CuSO4 solution (0.5 mL, 2.0 mM) were
added to a BSA solution (5 mL, 15 mg mL�1). The solution was
stirred at room temperature for about 5 min, and then a NaOH
solution was introduced to adjust the pH to about 12. The color
of the solution changed from blue to violet within 3�5 min.
Finally, themixturewas allowed to stir at 55 �C for about 8 h, and
the color changed to light brown.

NaHCO3�Zn/Cu@BSA NC�H2O2 CL System. The light-producing
reaction was carried out in a glass cuvette under ambient
conditions by a batch method, and the detection was per-
formed on a BPCL luminescence analyzer. First, 100 μL of 0.2 M
NaHCO3 and 50 μL of Zn/Cu@BSA NCs were mixed in a glass
cuvette, and then 100 μL of 0.1 M H2O2 solution was injected by
a microliter syringe. The CL intensity was displayed and inte-
grated with 0.1 s intervals at 1.2 kV.

CL Spectral Measurements. The CL spectrum was obtained with
a Hitachi F-7000 spectrophotometer when the Xe lamp was
turned off with a flow analysis apparatus, which consisted of
two peristaltic pumps, a CL detector, and a flow cell placed
inside the cell holder of the fluorescence spectrophotometer.
The emission slit width was opened to 20 nm during the
recording of the CL spectrum. All optical measurements were
performed at room temperature.

Kinetic Studies. The rate of HCO4
� formation in the presence

of Zn/Cu@BSA NCs was monitored from the loss of hydrogen
peroxide absorbance at 240 nm in a stopped flow spectro-
photometer (ε240 nm = 43.6 M�1 cm�1). Pre-equilibrium for-
mation of HCO4

� was assumed, whose concentration was
maintained at steady state. The pseudophase model was
employed to fit the kinetic data.

ESR Experiments. ESR spectra were recorded at room tem-
perature using a JEOL JES-FA200 spectrometer. For the exam-
ination of 1O2 (or 3OH radicals), first, 10 μL of NaHCO3 (0.2 M)
wasmixedwith 10 μL of Zn/Cu@BSANCs (2.0mM); then 30 μL of
0.05MDMPO (or 0.05M TEMP)was added. Finally, 10 μL of H2O2

(0.1 M) was injected into the above mixed solution. In a typical
experiment, a final volume of 10 μL of this sample solution was
loaded into a 50 μL quartz micropipette for the ESR measure-
ment. All spectra were recorded at the appropriate time after
the addition of the oxidant. Instrumental conditions: microwave
power, 1.0 mW; modulation amplitude, 1.0 G; and receiver gain,
1.00e þ 05.
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concentrations of reagents and pH on the CL intensity in
FIA, results of H2O2 sensing and recoveries in water samples.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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