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ABSTRACT: We have developed a Ag@Au core-shell nanoparticle (NP)/iridium(III) complex-based sensing platform for 
the sensitive luminescence “turn-on” sensing of cyanide ions, an acutely toxic pollutant. The assay is based on the 
quenching effect of Ag@Au NPs on the emission of complex 1, but luminescence is restored after the addition of cyanide 
anions due to their ability to dissolve the Au shell. Our sensing platform exhibited a high sensitivity towards cyanide 
anions with a detection limit of 0.036 μM, and also showed high selectivity for cyanide over 10-fold excess amounts of 
other anions. The sensing platform was also successfully applied to monitor cyanide anions in drinking water and in living 
cells. 

The cyanide anion can damage health and the 
environment due to its acute toxicity.1-3 The cyanide anion 
inhibits the oxygen transport function in a3 cytochrome 
by its strong interaction with the ferric ion of heme 
cofactors, causing harm to the central nervous and 
respiratory systems in mammals.4-6 Large amounts of 
cyanide (around 1,400,000 tons per year) are produced in 
various fields of industry, including mining and 
electroplating.7-8 Consequently, cyanide leakage and 
discharge can easily contaminate ground water and 
drinking water, which can induce lethality in aquatic 
organisms even at low concentration.9 Therefore, a variety 
of strategies have been developed for the determination 
of cyanide, such as chromatography,3, 10 
electrochemistry,11-12 colorimetry13-14 and fluorescence.15-17 
Although some of these methods have good selectivity, 
their relatively low sensitivity limits their further practical 
application. Thus, a simple, selective and sensitive 
strategy is urgently needed for cyanide sensing. 

Gold (Au) or silver (Ag) nanoparticles (NPs) are widely 
employed as colorimetric probes for cyanide sensing, for 
they can readily form Au/Ag-CN complexes in the 
presence of oxygen. A number of fluorescent probes based 
on Au NPs or Ag NPs have been reported that exhibited 
higher sensitivity than colorimetric assays.18-23 Recently, 
bimetallic core-shell NPs have been explored to detect 

cyanide anion, with good simplicity, rapidity, high 
sensitivity and selectivity.13 The surface plasmon 
resonance (SPR) of bimetallic core-shell nanoparticles 
could be tuned easily by the variation of the shell-to-core 
dimension ratio, leading to a clear spectral shift.24-25 

Furthermore, iridium(III) complexes have drawn 
considerable attention owing to their unique 
photophysical properties in luminescence sensing, 
bioimaging and organic light-emitting devices26-27. 
Comparing with fluorescent organic dyes, iridium(III) 
complexes display various advantages, such as large 
Stokes shift, tunable luminescence emission and intensity, 
good photostability, long phosphorescence lifetime (~µs), 
high quantum yield and facile modification28-29. In 
particular, the long lifetimes of iridium(III) complexes 
allows time-resolved spectroscopy to be employed as a 
useful tool to eliminate adverse influences from 
autofluorescence in the biological environment. Thus, 
iridium(III) complexes are emerging as promising 
candidates for the applications of luminescence analysis 
and bioimaging30-33. 

Herein, we propose the first iridium(III) 
complex/Ag@Au core-shell NP-based “turn-on” 
luminescent platform for the detection of cyanide anion. 
In this work, we synthesized a novel iridium(III) complex 
with desirable optical and physical properties by adjusting 
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its C^N and N^N ligands. In the presence of Ag@Au core-
shell NPs, the luminescence of the iridium(III) complex 
would be quenched effectively via the strong interaction 
between the iridium(III) complex and the Au shell of 
Ag@Au NPs. However, the addition of cyanide causes the 
detachment of the iridium(III) complex from the Au shell 
due to cyanide etching. As the iridium(III) complex 
interacts very weakly with the Ag core, this produces a 
strong luminescence enhancement even at very low 
concentration of cyanide. The use of the inert Au shell 
protects the Ag core from interactions with interferents 
such as iodide ions, increasing the stability and selectivity 
of the platform. We demonstrated the ability of our 
platform to detect cyanide in both drinking water and 
living cells. 

 

EXPERIMENTAL SECTION 

Materials and Apparatus. Cyanide standard solution 
(1000 µg/mL total cyanide), potassium hydroxide (KOH), 
trisodium citrate, coumarin 460 and sodium borohydride 
(NaBH4) were purchased from J&K Scientific Limited 
Company (Beijing, China). Iridium chloride hydrate was 
obtained from Precious Metals Online (Australia). All the 
other reagents, unless specified, were bought from Sigma 
Aldrich (St. Louis, MO). Milli-Q ultrapure water was used 
for the preparation of all the aqueous solutions. Cyanide 
standard solution was stored at 4 ºC and diluted in KOH 
solution (pH = 10). All the chemicals were used as 
received without further purification. 

All the luminescent emission spectra were collected by 
PTI QM-4/2005 Spectrometer. Lifetime was measured by 
PTI Time Master Model C-720 Spectrofluorometer. UV-
Vis absorption spectra were recorded by Cary UV-300 
(Double Beam) Spectrophotometer. Time-resolved 
emission spectra (TRES) experiments were investigated 
by Horiba Fluorescence Spectrometer. Transmission 
electron microscopy (TEM) images were taken by Tecnai 
G2 20 S-TWIN Transmission Electron Microscope. 

Synthesis of complex 1. Complex 1 (Ir(7-Clpq)2(4,7-
dmophen), where 7-Clpq = 7-chloro-2-phenylquinoline, 
4,7-dmophen = 4,7-dimethoxy-1,10-phenanthroline) was 
synthesized following the procedure of our previous 
report with some modification.34-36 In first step, the 
precursor Ir2(7-Clpq)4Cl2 was prepared by the mixture of 
iridium chloride hydrate (IrCl3·3H2O, 353 mg) and 7-Clpq 
(504 mg) in the solvent (2-ethoxyethanol:H2O, 9:3, 12 
mL). The obtained mixture was then stirred and heated at 
130 ºC overnight. After cooling down to room 
temperature, water was added in the solution. The red 
solid was filtered and washed by water and ethyl ether to 
obtain the precursor. Subsequently, the precursor (71 mg) 
and 4,7-dmophen (27 mg) were added into 5 mL mixed 
solvent (dichloromethane:methanol, 1:1) and the mixture 
was refluxed overnight. And then it was cooled down to 
room temperature. Excess NH4PF6 was added and 
reaction solution was stirred over another 0.5 h. Then 5 

mL dichloromethane was added and the solution washed 
by water three times and evaporated to give the solid. 
Finally, the solid was dissolved in acetone, following by 
the addition of diethyl ether to precipitate the product. 
And the precipitation was filtered under vacuum to 
obtain the desired product 1 (Fig. S1). The structure of 
complex 1 was confirmed by 1H-NMR, 13C-NMR (Fig. S2), 
high resolution mass spectrometry (HRMS, Fig. S3), 
elemental analysis and UV-Vis absorption (Fig. S4). 

Fabrication of Ag@Au core-shell NPs. The Ag@Au 
NPs were fabricated according to the seed-growth 
method.14 Briefly, 100 μL AgNO3 (0.25 M) and 100 μL 
trisodium citrate (0.25 M) were mixed in ultrapure water 
(100 mL) with vigorous stirring at room temperature.  1 
mL freshly prepared NaBH4 solution (150 mM) was added 
quickly, which can reduce Ag+ to form Ag NPs after 45 
min. Next, 10 mL NH2OH·HCl (6.25 mM) and 10 mL 
HAuCl4 (0.0775 mM, 0.116 mM, 0.155 mM, 0.31 mM) were 
added dropwise to 12.5 mL of the obtained Ag NPs with 
continuous stirring for 1 h, generating Ag-core Au-shell 
(Ag@Au) nanoparticles with different thickness of Au 
shell (Au-1, Au-2, Au-3, Au-4).  

Luminescent sensing of cyanide anion. In a typical 
experiment, the prepared Ag@Au NPs (150 μL), complex 1 
(1 μM), pure water and solutions of cyanide anions at 
different concentrations were mixed in a total volume of 
500 μL. After incubation for 10 min, the luminescence 
spectra in the range of 450−750 nm were measured using 
a PTI QM-4/2005 spectrometer. 

Selectivity of the proposed platform. The selectivity 
of our proposed platform was evaluated using different 
anions at the indicated concentrations. After incubation 
of 10 min, the luminescence spectra were collected in the 
range of 450−750 nm. 

Recovery experiments. The recovery assay was 
performed in the cyanide-spiked samples of drinking 
water under the same conditions of cyanide sensing in 
2.4. The tap water was obtained in our lab directly, and 
the distilled water was bought from the supermarket 
without any purification. In addition, the values of 
recovery were calculated using the formula: Recovery (%) 
= (Found cyanide / Added cyanide) × 100%.  

MTT assay. HeLa cells were seeded in 96-well plates at 
8,000 cells per well and incubated overnight at 37 °C. 
Different concentrations of complex 1 were added to each 
well and the plates were incubated in a humidified CO2 
incubator for further 12 h at 37 °C. 100 μL of MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-tetrazolium bromide) reagent (1 
mg/mL) was added to each well. After 4 h incubation, the 
medium was replaced with 100 μL of dimethyl sulfoxide 
(DMSO) and the wells were incubated at 37 °C for 10 min 
with shaking. The cytotoxicity of complex 1 was exhibited 
as the percentage of absorbance in SpectraMax M5 
microplate reader at a wavelength of 490 nm. The IC50 
value was determined by the dose-dependence of the 
surviving cells. 
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Cell imaging. HeLa cells were cultured for 2 days in 
DMEM medium with 10% FBS and 
penicillin/streptomycin in a 5% CO2 incubator at 37 °C. 
Before imaging, cells were seeded into a glass-bottomed 
dish (35 mm dish with 20 mm well). After 24 h, the cells 
were incubated with the indicated concentrations of 
complex 1 or Ag@Au NPs or cyanide for the indicated 
time and then washed with phosphate-buffered saline 
(PBS) three times. Luminescence imaging of complex 1 in 
cells was carried out using a Leica TCS SP8 confocal laser 
scanning microscope system. The excitation wavelength 
was 405 nm. 

 

RESULTS AND DISCUSSION 

Sensing Mechanism. The cyanide sensing mechanism 
of our proposed platform is described in Scheme 1. 
Complex 1 readily adsorbs onto the Au surface of Ag@Au 
NPs, leading to a decrease in luminescence signal with 
increasing concentration of NPs. This is presumed to 
occur via electrostatic interactions between the positive-
charged complex 1 and the negative-charged Au shell, 
which is followed by energy transfer between the Ag@Au 
NPs and complex 1 leading to luminescence quenching. 
Ag@Au NPs (Au-2) had a broader absorption profile over 
the range of 300−800 nm (Fig. 1, curve d) compared to Ag 
NPs alone (Fig. 1, curve c). Importantly, the broad 
absorption spectrum of Ag@Au NPs could overlap with 
both the luminescence excitation and emission (Fig. 1, 
curves a and b) spectra of complex 1, indicating that both 
the excited and emitted light of complex 1 could be 
adsorbed by Ag@Au NPs. Furthermore, the lifetime of 
complex 1 (4.416 μs) was the same in the absence or 
presence of Ag@Au NPs-1. From above all, the quenching 
mechanism is mainly contributed to static quenching 
effect (SQE) and inner filter effect (IFE).37-38 The related 
static quenching constant was calculated to be 0.316 µM-1 
(at 25 °C), according to the Stern-Volmer equation (see 
the Supporting Information). 

However, upon the addition of cyanide, the Au shell of 
Ag@Au NPs becomes dissolved, causing the release of 
complex 1 from the surface of Ag@Au NPs. As the Ag core 
does not effectively quench the luminescence of complex 
1, the luminescence intensity of the system becomes 
restored significantly. The dissolution of the Au shell by 
cyanide is believed to proceed via the following reaction:39 

4Au + 8CN– + 2H2O + O2 → 4[Au(CN)2]
 – + 4OH– 

To demonstrate the feasibility of the proposed sensing 
principle, several control experiments were carried out. 
As shown in Fig. 2 (curves a and b), complex 1 becomes 
quenched by the addition of Ag@Au NPs. The 
corresponding absorption spectra are shown in Fig. S13). 
However, the addition of Ag NPs alone causes only a 
slight decrease in the luminescence of complex 1 (curve c). 
Importantly, the addition of cyanide causes an 
enhancement of the luminescence intensity of Ag@Au 
NPs-1 (curve d) due to the aforementioned mechanism. 
However, cyanide alone had negligible effect on the 
luminescence of complex 1, indicating that complex 1 
does not interact with cyanide directly (curve e). 

Optimization. Firstly, we investigated the influence of 
Ag@Au NPs with different Au shell thickness on complex 
1 and cyanide sensing. As shown in Fig. S5, the absorption 
maximum of Ag NPs shifted from 408 nm to 529 nm with 
increasing Au shell thickness. Interestingly, the 
quenching interaction of Au shell and complex 1 became 
weaker with increasing thickness of the Au shell (Fig. S6). 
Finally, Au-2 exhibited the best performance for cyanide 
sensing (Fig. S7). Considering the above results, Au-2 was 
selected as the most suitable Au shell thickness for our 
sensing system. The core-shell structure of selected 
Ag@Au NPs could be recognized clearly by TEM image 
(Fig. S8).  

Ag@Au NPs Cyanid Complex 

   

Scheme 1. The mechanism of the proposed 
platform for cyanide sensing. 

Fig. 1 a) Excitation and b) emission luminescence 
spectra of complex 1; UV−Vis absorption spectra of 
c) Ag NPs (Ag core) and d) Ag@Au NPs (Au-2). 

Fig. 2 The luminescence emission spectra of 
proposed sensing platform under different 
conditions in pure water. a) complex 1; b) 
complex 1 + Ag@Au NPs; c) complex 1 + Ag NPs; 
d) complex 1 + Ag@Au NPs + cyanide; e) 
complex 1 + cyanide (complex 1: 1 μM; cyanide: 
100 μM). 
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In order to obtain better sensing performance, the 
concentration of Ag@Au NPs and reaction time were then 
optimized. Fig. 3 shows that the luminescence intensity of 
1 gradually decreases with increasing concentrations of 
Ag@Au NPs and then reached a plateau at about 300 µL 
of added NPs (Fig. 3B). The absorption of complex 1 also 
increased with increasing concentrations of Ag@Au NPs 
(Fig. S14). To obtain a better luminescence response, 150 
µL of Ag@Au NPs was used in subsequent experiments. 

Next, the influence of incubation time on the 
luminescent signal was further investigated. The 
luminescence signal increased quickly after the addition 
of cyanide ions, and became steady after 5 min (Fig. S9). 
This suggests that the chemical reaction between cyanide 
ions and the Au shell is rapid. Therefore, the incubation 
time was set at 10 min to ensure the complete reaction of 
Ag@Au NPs and cyanide even at a low concentration of 
cyanide. 

To examine the practicability of our proposed probe, its 
sensing ability towards cyanide was also investigated 
under various conditions of buffer systems, ionic strength 
and pH. The results showed that a similar signal-to-noise 
ratio could be achieved in the systems of pure water, PBS 
buffer (10 mM, pH = 7.4), Tris-HCl (10 mM, pH = 7.4) and 
HEPES buffer (10 mM, pH = 7.4) (Fig. S10). As for ionic 
strength, the proposed probe exhibited high sensing 
performance in the range of 0 to 20 mM PBS buffer, with 
a small decrease in sensing performance at 50 mM PBS 
due to the slight aggregation of Ag@Au NPs (Fig. S11). 
Meanwhile, the sensing ability was sensitive to pH values 
in the range of 5 to 10 (Fig. S12). The best luminescence 
signal could be observed at pH 7 or 8, while the 
luminescence enhancement was reduced at higher or 

lower pH values. Taken together, these results suggested 
that our probe is applicable for cyanide detection under a 
wide range of environmental and biological systems. 

Sensitivity and selectivity. Under the optimized 
conditions, the analytical performance of our sensing 
strategy was evaluated at various concentrations of 
cyanide. The dissolution of Au shell could be observed 
clearly by the absorption changes (Fig. S15). The 
luminescence intensity of the system increased with the 
concentration of cyanide, as expected (Fig. 4A). A good 
linear relationship can be observed in the range of 0.05 to 
80 µM cyanide (Fig. 4B). The assay had a detection limit 
of 0.036 µM (3σ, n = 9), which is more sensitive than most 
reported methods for cyanide determination using 
nanoparticles.1, 13, 18-19, 40-45 Furthermore, our detection limit 
is much lower than the acceptable concentration of 1.9 
µM of cyanide in drinking water according to the World 
Health Organization.46 We also replace complex 1 by 
Rhodamine 6G to study the sensing ability for cyanide in 
the system. Rhodamine 6G could also be quenched 
gradually by increasing Ag@Au NPs (Fig. S16). However, 
luminescence recovery could be observed only at a 
concentration of 1 µM, and a linear relationship was only 
observed in the range of 1−50 µM (Fig. S17). The poorer 
performance of Rhodamine 6G compared to complex 1 
could be attributed to the fact that Rhodamine 6G could 
be quenched not only by the Au shell, but also by the Ag 
core (Fig. S18). The results demonstrated the superior 
sensing ability of our proposed probe than organic dye. 

To test the selectivity of the proposed platform for 
cyanide analysis, some other common anions (F–, Cl–, 
ClO4

–, Br–, BrO3
–, I–, IO3

–, NO3
–, S2–, SO3

2–, SO4
2–, CO3

2–, 
PO4

3–, HPO4
2–, H2PO4

–, SCN–) and metal ions (K+, Na+, 
Ca2+, Mg2+, Zn2+, Cu2+, Fe2+, Mn2+, Al3+, Hg2+, Pb2+, Ba2+) 
were examined as interferents. The interferents almost 
had no effect on the luminescence signal of proposed 
sensing probe, even at a 10-fold excess concentration (1 
mM) of interferents compared to cyanide (100 μM) in the 
presence of 16 mixed anions (Fig. 5A) or 12 mixed metal 
ions (Fig. 5B). This indicates that the assay is highly 

Fig. 3 Quenching effect of Ag@Au NPs towards 
complex 1 (1 μM).  

Fig. 4 The luminescence emission spectra of 
Ag@Au NPs-1 in the presence of increasing 
cyanide concentrations (A) and corresponding 
linear relationship (B). F0 is the luminescence 
intensity of Ag@Au NPs-1, F is the luminescence 
intensity in presence of cyanide. 

Fig. 5 The luminescence responses of Ag@Au 
NPs-1 with (A) various anions (1 mM) ) and 
cyanide (100 μM) or (B) metal ions (1 mM) in 
absence (blue bars) or in presence (red bar) of 
cyanide (100 μM). F0 is the luminescence 
intensity of Ag@Au NPs-1, F is the luminescence 
intensity in presence of different anions. 
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selective for cyanide over the other anions and metal ions, 
which is presumed to be due to the unique ability of 
cyanide anions to dissolve Au. We further assessed the 
ability of our proposed platform for the determination of 
cyanide in drinking water. Recovery values of 
98.0%−104.0% were obtained in spiked tap water and 
distilled water samples (Table 1), indicating the reliability 
and accuracy of the proposed method for sensing cyanide 
in real life samples. 

Considering the long phosphorescence lifetime of 
complex 1 (Table S1), time-resolved spectroscopic 
experiments were performed in the presence of coumarin 
460, a model for strong background fluorescence 
interference. Regardless of the presence of cyanide, the 
strong emission of coumarin could be observed at a 
wavelength of about 460 nm if the time gate was set to 
before the fluorescence decay time of coumarin, which 
could interfere with the luminescence signal of Ag@Au 
NPs-1 (Fig. 6A). However, setting the time gate after the 
fluorescence decay time eliminates the signal from 
coumarin, so that only the phosphorescence of 1 is 
observed (Fig. 6B). This highlights the possibility of using 
the proposed system for sensing cyanide even in the 
presence of strong background fluorescence, via the use 
of time-resolved emission spectroscopy. 

Cell imaging. Due to the excellent performance of the 
sensing platform in aqueous solution, the feasibility of 
cyanide sensing was further demonstrated in living cells. 
The cytotoxicity of complex 1 towards HeLa cells was first 
studied by using an MTT assay. After incubation for 12 h, 
complex 1 inhibited the growth of HeLa cells with an IC50 
value of 7.02 μM, which is much higher than the 
concentration of complex 1 used in the sensing 
experiments (1 μM) (Fig. S19). At 1 μM, complex 1 had no 
observable effect on the number and morphology of HeLa 
cells even after incubation for 6 h (Fig. S21). 

 Before cell imaging for cyanide, HeLa cells were 
pretreated with complex 1 (1 μM) for 1 h and then 
incubated with different concentrations of Ag@Au NPs 
for another 1 h. As shown in Fig. 7, the addition of various 
concentrations of Ag@Au NPs led to a significant 
decrease in the luminescence complex 1 in the HeLa cells. 
Remarkably, when HeLa cells were further treated with 
different concentrations of cyanide ions for 1 h, the 
luminescence signal was clearly restored. The application 
of cyanide detection in HeLa cells was examined from 0 
µM to 200 µM. A luminescence signal can be observed 
even at a concentration of 10 µM, which can be regarded 
as the detection limit in HeLa cells (Fig. 8, Fig. S20). 
These results demonstrate that our sensing platform has 
the potential application for monitoring intracellular 
cyanide. 

 

CONCLUSION 

In summary, we developed a simple, rapid, sensitive 
turn-on luminescence sensing platform by employing 
Ag@Au NPs and the iridium(III) complex 1 for the 

Fig. 6 Time-resolved emission spectra of 
proposed sensing platform in presence of 
coumarin. (complex 1: 1 μM; Ag@Au NPs: 400 
μL; coumarin: 0.5 μM; incubation time: 10 min) 

Fig. 7 Luminescence images of HeLa cells with 
incubation of: a) fresh medium; b−g) complex 
1 + Ag@Au NPs for 2 h. (complex 1: 1 μM) 

Ag@Au NPs 
0 μL      50 μL     100 μL    200 μL     400 μL     500 μL  

a b c d e f g 

Table 1. Analytical results for the detection of 
cyanide in sparked drinking water samples. 

A: tap water; B: distilled water. 

Fig. 8 Luminescence images of HeLa cells with 
incubation of fresh medium or Ag@Au NPs-1 + 
cyanide anions. HeLa cells were pretreated with 
fresh medium or complex 1 + Ag@Au NPs for 1 h. 
The medium was replaced with cyanide for 1 h. 
(complex 1: 1 μM; Ag@Au NPs: 400 μL) 
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determination of cyanide anion. Furthermore, we have 
demonstrated the application of the system for sensing 
cyanide in drinking water samples (tap water and distilled 
water) and for bioimaging intracellular cyanide in HeLa 
cells. A low detection limit of 0.036 µM for cyanide was 
recorded and the system was also selective for cyanide 
over 10-fold excess of other anions. To the best of our 
knowledge, it is the first time that a Ag-core/Au-
shell/iridium(III) complex sensing platform has been 
utilized for sensing and bioimaging cyanide. 
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We have developed a Ag@Au core-shell nanoparticle (NP)/iridium(III) complex-based sensing platform for the 
sensitive luminescence “turn-on” sensing of cyanide ions. 
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