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Abstract

An optical method is described for the ratiometric fluorometric determination of cyanide ions. It is based on the use of a mixture
of aqueous solutions of blue-emitting carbon dots (CDs) and red-emitting gold nanoclusters (AuNCs). The presence of cyanide
reduces the red fluorescence of the AuNCs through the formation of a stable complex [Au(CN), |. The blue emission of the CDs,
in contrast, stays constant. Hence, the color of fluorescence changes from red to purple to blue. The ratio of the fluorescence
intensities located at 612 and 438 nm varies over a wide range, with 2 linear responses ranges (from 8 nM to 12.5 uM, and from
12.5 to 75 uM). The method was applied to the determination and visual discrimination of cyanide in food and drink samples.

Keywords Ratiometric determination - Visual discrimination - Cyanide nanoprobe - Two linear response ranges - Elsner

reaction - Stern—Volmer plot

Introduction

Cyanide is recognized as an extremely toxic chemical species to
human health. The maximum acceptable concentration level of
cyanide in drinking water is limited as 1.9 uM according to the
World Health Organization [1, 2]. To date, numerous methods
have been proposed to quantificationally detect cyanide, includ-
ing photo-electrochemistry [3, 4], chemiluminescence [5], col-
orimetry [6, 7] and fluorescence [8, 9]. Compared with the other
signal outputs, fluorescence techniques are particularly attrac-
tive as a result of their rapid response, high sensitivity, simple
operation, and low cost. Organic fluorophores have been wide-
ly explored to monitor cyanide through specific coordination
and chemical reactions [10, 11]. Although they always display
superior selectivity and sensitivity, their complicated synthesis,
poor photostability, and low water-solubility limit practical ap-
plications. In contrast, nanoparticles are more suitable to detect
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cyanide in real samples because of their high stability and ex-
cellent water-solubility [12—14]. Literature survey shows that
there is considerable interest in developing semiconductor
quantum dots (QDs)-based nanoprobes for aqueous cyanide
[15]. Nevertheless, most of the used QDs are inherent toxicity
and their selectivity is still a challenge. As known, the bonding
or reaction between the target and the surface of QDs is not
specific enough and will be readily affected by its surround
condition [16, 17].

Among the fluorescent nanoprobes, carbon dots (CDs) and
noble metal nanoclusters have been regarded as potential can-
didates to replace conventional QDs due to their additional
merits, such as low toxicity and strong photostability
[18-21]. Some CDs or noble metal nanoclusters-based cya-
nide detectors have been reported. For instance, Liang et al.
reported the highly luminescent nitrogen and sulfur co-doped
CDs as a sensing platform for cyanide detection by fluorescent
recovery [12]. Ying’s group prepared the gold silver
nanoclusters for sensitive detection of cyanide with a limit
of detection of 138 nM and the probe had been successfully
employed in cell imaging [22]. Chang and co-workers de-
signed bovine serum albumin (BSA)-stabilized cerium/gold
nanoclusters (Ce/AuNCs) with looser structures of the protein
templates, which have the advantage of short detection time of
sensing cyanide in water samples [23].

Despite these breakthroughs, most of these fluorescent
nanoprobes are single-signal mode, which result in lower
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sensitivity, especially in contrast with organic fluorescent
probes-based methods. Furthermore, a key challenge in devel-
oping nanoprobes for detecting cyanide in real samples is the
lack of an effective means of converting specific cyanide bind-
ing into a rapid, visual readout. Ratiometric technique with
self-calibration ability not only has been applied to improve
the sensitivity but also realize visual identification in
nanoprobe-based fluorescence methods [24, 25].
Constructing ratiometric nanoprobes commonly requires two
individual fluorescence materials, one as a reference and the
other as a response signal. An effective method is to couple
fluorophores directly with another kind of one coated with
silica shell [26-28]. However, the linked fluorophores on the
surface of the silica usually suffer a great destruction during
the assembly process, and the resultant nanoparticle is hard to
control for ideal color change. In addition, complicated oper-
ation and low yield impede the massive use in real detection
[29, 30]. To address these problems, researchers have geared
their efforts toward developing new methods to realize
ratiometric analysis by mixing the different types of fluores-
cent nanoparticles [31-33]. For example, Zhang’s group re-
ported a fluorescent ratiometric nanoprobe based on mixed
QDs and CDs for visualization of arsenic(III).

Here we report a new method for the ratiometric detection of
cyanide in drinking water and food samples with high sensitiv-
ity and excellent selectivity. The highly luminescent CDs and
BSA-AuNCs were both synthesized by eco-friendly and low-
cost methods. The ratiometric detection system was then con-
structed by mixing these two fluorophores upon optimized con-
ditions. As shown in Scheme 1, BSA-AuNCs can selectively
react with cyanide and form stable complex through strong
covalent bonding, causing the fluorescence quenching. The
CDs inside the system are only performed as a reference signal
due to the electrostatic repulsion to cyanide. On these bases, we
successfully demonstrated cyanide detection in aqueous solu-
tion within two-stage concentration and a detection limit as low
as 8 nM is achieved. Besides, the present strategy has been

Scheme 1 Schematic diagram of
the ratiometric detection system
and the visual detection for
cyanide

well-applied to quantitative detection and visual discrimination
of cyanide in real samples.

Experimental
Reagents and apparatus

All the reagents and apparatus information used in experi-
ments are given in the Electronic Supporting Material (ESM).

Synthesis of carbon dots (CDs) and BSA-AuNCs

Blue-emitting CDs and red-emitting BSA-AuNCs were pre-
pared according to the reported methods [34, 35]. The details
have been given in the ESM.

Standard procedures for determination of cyanide
in buffer

In a typical fluorescent assay in aqueous buffer, the CDs
(40 pL) and BSA-AuNCs (100 puL) were mixed in 760 pL
of Na,CO3-NaOH buffer (pH 12.0, 10 mM) at room temper-
ature. The volumes of the CDs and BSA-AuNCs were fixed
and the fluorescence intensity ratio of BSA-AuNCs to CDs
was maintained as 1:20 to obtain the most obvious emission
color change interval for visual detection. Then, different con-
centrations of cyanide (100 puL, 0-75 uM) were added to the
above mixed solution. After incubated for 10 min, the fluores-
cence spectra were recorded at the excitation of 365 nm with
the slit width of 10 nm.

Determination of cyanide in real samples
The samples of tap water collected at laboratory were filtered

through a 0.22 um membrane to remove solid suspensions.
The samples of vegetables were prepared according to the
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previous reports with a few modifications [36, 37]. First, cas-
savaroots (2 g) and sprouted potatoes (2 g) were cut into small
pieces and homogenized with a pestle and mortar. Then, the
samples were incubated in a sealed beaker at room tempera-
ture for 1 h to enzymatically hydrolyze the cyanogenic glyco-
side. Then 5 mL deionized water was added to the above
samples, and the mixture was centrifuged at 6000 rpm
(10,196 g) for 10 min. The resultant supernatant was filtered
using 0.22 um filters and diluted to the detection range with
Na,CO;-NaOH buffer (pH 12.0, 10 mM). The procedure for
treating liquor was as follows. Sodium hydroxide solution
(5 mL, 2 g'L™") was added to 1.0 mL liquor sample under
vigorous stirring. After 10 min, the mixture was heated at
120 °C until approximately 1 mL of solution remained, and
then cooled down to room temperature. The solution was
redispersed in 10.0 mL of hydroxide solution (2 g-L™") for
further use. The pretreated samples spiked with different con-
centrations of cyanide were injected to the testing solution,
and their fluorescence spectra were analyzed using the same
procedure as above.

Results and discussion
Characterization of CD/AuNC system

Fig. la reveals the fluorescence emission peak of CDs (dot
line) at 438 nm, and the maximum emission center of AuNCs

(solid line) is located at 612 nm, corresponding to bright blue
and red fluorescence under the illumination of 365 nm UV
light, respectively (insets of Fig. 1a). The FT-IR spectrum was
studied to identify the functional groups modified on the sur-
face of CDs. As shown in Fig. 1b, the band at 3398 cm ! is
attributed to N—H and O-H stretching vibration, and peak at
1569 cm™' is ascribed to N-H bending vibration. The
stretching vibration of C-N appears at 1327 cm™'. Other vi-
brations at 1662 cm™ ' and broad band ranging from 3200 to
2800 cm' belong to conjugated C=0 and O—H of associating
carboxyl, respectively. These results elucidate the existence of
the carboxyl and the amide groups on the surface of CDs [34,
38]. TEM images were taken to characterize the morphologies
and sizes of the two components. The results illustrate both
CDs and AuNCs (Fig. lc, d) are nearly spherical and
monodispersed, and their average sizes are estimated to be
3.754+0.69 nm and 5.06 +0.71 nm, respectively.

The CD/AuNCs ratiometric detection system was con-
structed by mixing CDs and BSA-AuNCs with a certain
fluorescence intensity ratio. As seen in Fig. S1, the mixed
CDs and BSA-AuNCs are well dispersed in aqueous solu-
tion. Before adding cyanide, the fluorescence spectrum of
the ratiometric system exhibits two characteristic emission
peaks at 438 and 612 nm, which are donated by the band
emission of CDs and BSA-AuNC:s, respectively (Fig. 2).
Simultaneously, a red fluorescence of the CD/AuNCs sys-
tem is observed under a 365 nm UV light (a in Fig. 2).
After the addition of cyanide, the emission of the CDs

Fig. 1 a Fluorescence emission
spectra (Aex =365 nm) of CDs
(dot line) and BSA-AuNC:s (solid
line), insets are fluorescence
photos of CDs (left) and BSA-
AuNCs (right) under a 365 nm
UV lamp. b FTIR spectrum of
CDs. TEM images of CDs (¢) and
BSA-AuNCs (d) with their size :
distributions analysis (107 and 75 ’
particles are measured
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Fig. 2 Fluorescence emission spectra (Aex =365 nm) of CD/AuNCs

system in the presence of (a) 0, (b) 5, and (¢) 25 uM cyanide

respectively. Insets: corresponding fluorescence photos under a 365 nm
UV lamp

remains constant. This indicates that there is no obvious
interaction between cyanide and CDs on the account of the
repellent from negative charged surface and insensitivity to
cyanide (Fig. S2). Contrastively, the fluorescence intensity
of BSA-AuNCs obviously decreases, leading to a color
changes from red to blue under the UV light (b and ¢ in
Fig. 2). Base on the fact, we presented a ratiometric fluo-
rescence method for the visual determination of cyanide.

Optimization of method

The following parameters were optimized: (a) Sample pH
value; (b) Reaction time; (¢) Fluorescence intensity ratio.
Respective data and Figures are given in the ESM. The fol-
lowing experimental conditions were found to give best re-
sults: (a) Best sample pH value: 12.0 (Na,CO3-NaOH buffer,
10 mM); (b) Optimal reaction time: 10 min; (c) Fluorescence
intensity ratio: Ig12/I435 = 1:20.

Determination of cyanide

The assay was applied to determine cyanide under the op-
timal experimental condition. The emission intensity of
BSA-AuNCs at 612 nm decreases continuously with the
increasing concentration of cyanide, the reference fluores-
cence intensity of CDs at 438 nm is almost unchanged
(Fig. 3a). As presented in Fig. 3b, the fluorescence inten-
sity ratios ((Ig12/1438)0/(l12/1438)) exhibit two linear re-
sponses to the cyanide concentration in the range of
8 nM—12.5 uM and 12.5—75 uM with the correlation
coefficient (R?) of 0.9995 and 0.9994, respectively. The
detection limit is calculated to be as low as 8 nM (S/N =

@ Springer

3). The related Stern—Volmer equation can be described as
follow:

(Lo12/1438)y/ (L612/1438) = 1 + Ky, [Q] (1)

From the slope of the insets in Fig. 3b, the Kgy, values are
estimated to be 2.37 x 10° mol "L and 9.15 x 10* mol "L,
indicating the strong quenching efficiency of BSA — AuNCs
with cyanide. The fluorescence lifetime of BSA — AuNCs is
less than 1.84 us [39, 40]. According to the K, =K,/T, the
values of emission quenching constant (K,) are 1.29 x 10" L
mol s and 4.97 x 10'° L-mol™"s™". The value of K, is larger
than the highest scattering collision quenching constant (2.00 x
10" L-mol "s™") [41], thus the reaction is static quenching
process. Compared with reported works with respect to cyanide
detection, this fluorescent method shows a comparable or even
more sensitive response (Table S1). Fluorescence performance
of single signal output was also investigated to clarify the ad-
vantage of visual assay with ratiometric fluorescence technique.
The fluorescence color change of the single BSA-AuNCs is
quite indistinguishable in contrast with our ratiometric method
(inset of Fig. 3c). Furthermore, the fluorescence intensity of
single BSA-AuNCs expresses a narrower linear relationship
in the cyanide concentration ranging from 2.5 to 50 uM (Fig.
3d). The above results imply that the ratiometric fluorescence
detection system is available in visual assay with higher credit-
ability and sensitivity.

Selectivity

In cyanide detection system, the interference from other an-
ions is also vital to the appliance of system detection.
Therefore, we investigated the response of our method to-
wards various anions, including SO327, Br, BrOs , CI',
NO;, oxalate’ , SCN, SO, I', 104, CO5>", PO, ace-
tate ,F ,NO, , B4O727, malate’” and citrate®”. As showed in
Fig. 4a, the fluorescence intensity ratio ((/g12/1438)0/(Is12/1438))
increases obviously when 5 pM cyanide is added to the solu-
tion. Sulfate ions cause the slight fluorescence quenching of
BSA-AuNCs, in accompaniment with the color changes into
dark purple (inset of Fig. 4a). Periodate ions quench both CDs
and BSA-AuNCs to some degree. This causes a minor change
of fluorescence intensity ratio and a slightly darker color.
Besides, the ratio decreases in the high concentration of car-
bonate (more than 10 mM) due to the fluorescence enhance-
ment of BSA-AuNCs and quenching effect of the CDs. Other
anions do not cause obvious emission change, demonstrating
the excellent selectivity of the method for cyanide. The inter-
ference experiment was also examined by introducing related
co-exist anions (Fig. 4b). When 20-fold interfering anions
(100 uM) are added to the detection solution, no appreciable
changes are observed. After injecting cyanide to the
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Fig. 3 a Fluorescence spectra of the CD/AuNCs system with increasing
concentration of cyanide (A, =365 nm), insets are corresponding
fluorescence photos under 365 nm UV lamp. b The linear calibration
plots (CD/AuNCs system) of the fluorescence intensity ratios ((/g;2/
1438)0/(I612/1438)) In the range of 8 nM—75 puM cyanide. ¢ Fluorescence

interfering anions existed solution, the fluorescence quenches
obviously, which is almost equivalent to the case of adding
individual cyanide. The results demonstrate our method can
identify cyanide from other co-existed anions.

Sensing mechanism

According to the literature, the optical performances of
BSA-AuNCs are extremely size-dependent, protein-stabi-
lized, and related to the chemical state of the Au atoms
[41]. Upon the addition of cyanide, the fluorescence inten-
sity of BSA — AuNCs decreases through the etching and
formation of Au(CN), complexes [42]. ICP-MS was per-
formed to confirm the etching process by comparing with
the content of Au in BSA-AuNC:s in the absence and pres-
ence of cyanide. To rule out the interference of Au(CN),
ultrafiltration was carried on before the analysis. The
amount of Au in the aqueous solution of pure BSA-
AuNCs reaches 1003 pgmL™'. After the reaction with
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spectra of the pure BSA-AuNCs exposed to cyanide (Aex =365 nm),
insets images are related fluorescence photos taken under 365 nm UV
lamp. d The linear calibration plots (pure BSA-AuNCs) of the
fluorescence intensity toward concentration of cyanide

cyanide, only 0.53 pgrmL™' of Au is contained in the
AuNCs (Table S2). The result illustrates the dissolution
of Au atoms in the BSA-AuNCs by cyanide. To get further
insight into the quenching mechanism, the excitation spec-
tra of the BSA-AuNCs and CD/AuNCs system with incre-
mental concentration of cyanide were investigated (Fig.
S7). The typical excitation peaks located at 370 nm of
pure BSA-AuNCs and CD/AuNCs system are both de-
creased when 5 and 50 uM cyanide are injected. We find
that the excitation intensity decreases by 44.3% after
adding 5 uM cyanide, the intensity reduction is estimated
only 41% upon the concentration of cyanide changing
from 5 to 50 uM. These two-stage changes of intensity
correspond to the trend of the two linear responses to the
cyanide concentration in fluorescence emission spectra
(Fig. 3b). We ascribe these two different quenching effi-
ciency of detection system to the surface Au(l) atomic and
Au(0) core of BSA-AuNCs [43], which react with cyanide
through two different ways. Cyanide can strongly
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Fig. 4 Selectivity (a) and interference studies (b) of the CD/AuNCs
system toward different anions in Na,CO3-NaOH buffer (pH 12.0,
10 mM). All investigated anions were 0.1 mM. The inset photos were
taken under the 365 nm UV lamp

coordinate with the Au(I) on the surface of BSA-AuNCs,
and the fluorescence intensity decreases rapidly along with
the formation of Au(CN), [44]. Upon the increasing

amount of cyanide, BSA-AuNCs are further quenched
via the oxidation of Au(0) in the core of BSA-AuNCs,
which is reported as Elsner reaction [45].

4Au+ 8CN™ +2H,0+ O, =4 Au(CN),” +40H™ (2)

The hypothesis was verified by XPS characterization.
Fig. 5a shows that the Au 4f,, spectrum can be deconvoluted
into two types of peaks located at 84.0 and 85.1 eV. These
correlate to Au(0) and Au(I) (contained 12%) of pure BSA-
AuNCs respectively [45, 46]. When 5 uM of cyanide is
injected, the fluorescence intensity of the BSA-AuNCs is ob-
viously weakened with the quenching efficiency to 54%, the
Au(l) peak at 85.1 eV resulted by the oxidation of Au(0)
enhances slightly (Fig. 5b, Table S3), indicating that the main
cause of the fluorescence response in the early stage is the
coordination of the Au(I) on the surface of BSA-AuNCs. As
the amount of cyanide increases, the Au(0) peak completely
disappears and only the enhanced Au(l) peak at 85.1 eV can
be observed, indicating all the Au atoms in the Au NCs are
oxidized by cyanide in the second stage. Moreover, the high
resolution XPS spectra of N1 s peaks were performed to ana-
lyze the chemical state of N (Fig. 5d-f). The N1 s peak cen-
tered at 399.6 eV is attributed to the nitrogen atoms of BSA
[47, 48]. With the increasing of cyanide, a peak significantly
appears at 397.9 eV in Fig. 5f, which is assigned to CNO™
[49]. We attribute this appearance to the oxidation and nega-
tive consumption of cyanide. During the oxidation reaction
caused dissolution process in the second stage, H,O, is pro-
duced as an intermediate production according to Bodlédnder
reaction [50].

2Au+4CN™ + 2H,0 + 0, = 2 Au(CN),” +20H" + H,0, (3)
2Au+ 4CN™ + 2H,0, = 2 Au(CN), ™ +20H" (4)

Fig. 5 XPS spectra of Au 4f (a-c)
and N 1 s (d-f) peaks for the BSA-
AuNCs in the absence of cyanide
(a, d), in the presence of 5 (b, e)
and 100 uM cyanide (¢, f)

c 85.1 eV
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Table 1 Applications of the CD/

AuNCs system in real samples Samples Initial amount Added cyanide Standard detected Recovery
(n=5) (uM) (uM) (%)
Roots of cassava 77.35+5.09 mgkg ! 0 1.19£0.07 -
0.5 1.69 +0.02 101.6+3.2
2.0 3.17+0.05 98.8+3.1
6.0 7.12+£0.96 99.8+2.8
Sprouted potatoes 6.60+0.45 ugkg ' 0 0.16 £ 0.01 -
0.5 0.65 +0.02 100.5+3.3
2.0 2.14 £ 0.06 99.3+2.6
6.0 6.19+0.15 100.1+2.5
Tap water ND* 0.5 0.49 +0.01 99.9+2.5
2.0 2.03 £0.04 100.8+2.1
6.0 6.04 £0.12 100.6+2.0
Liquor ND* 0.5 0.51 +0.06 100.1+3.9
2.0 1.95+0.14 97.9+2.7
6.0 6.02+0.28 1004+33

#Not Detectable

Due to the presence of H,O,, cyanide in alkaline solu-
tion is converted to CNO™ [51-53], which lose the ability
to react with BSA-AuNCs and have no effect to the fluo-
rescence intensity of CD/AuNCs system. The reaction
equation is as follows.

CN™ + H,0, = CNO™ + H,O (5)

Compared to the direct coordination step, the oxida-
tion reaction caused etching process and negative con-
sumption of cyanide lead to the more gentle decrease of
fluorescence intensity.

Determination of cyanide in real samples

The feasibility was evaluated for detecting cyanide in real sam-
ples, including tap water, cassava roots, sprouted potatoes and
liquor using the ratiomatric fluorescence method. In order to
study the effects of sample matrix on the analysis system, the
standard addition method was carried on via adding different
amounts of cyanide (0.5, 2.0 and 6.0 uM) to pretreated samples.
The recovery and analytical results are listed in Table 1. The
recoveries of these pretreated samples are among 95.0% to
104.7%, which meet the need of quantitative analysis in the real

Fig. 6 Visual detection of Cassava Sprouted potatoes

cyanide in real samples by the

CD/AuNC:s system spiked with 0,

0.5, 2.0 and 6.0 uM cyanide,

respectively 2.0
Liquor Tap water
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samples. Additionally, the fluorescence pictures for the visual
detection of cyanide were taken to check its practical applica-
bility as on-site detection kit (Fig. 6). It can be seen the detection
solution impregnated with different amounts of cyanide emitted
red-purple-blue luminescence under 365 nm UV lamp illumi-
nation, and the emission color changes can be identified visu-
ally. It is worth mentioning that CD/AuNCs system is designed
to work in Na,CO5-NaOH buffer (10 mM), thus the method is
applicable for pretreated samples that contain the concentration
of carbonate less than 10 mM. These results demonstrate that
this ratiometric method can be used for visual assay of cyanide
in real samples.

Conclusions

A ratiometric system was constructed by mixing of two dif-
ferent nanoparticles, and this method has been established for
quantitative detection of cyanide on the basis of the measure-
ment of fluorescence intensity ratios. The nanoprobe can also
be used to visual discrimination of cyanide, the existence and
content of cyanide can be recognized by the fluorescence col-
or change of the nanoprobe. The platform shows excellent
sensitivity and selectivity for cyanide, and its utility as an
on-site testing reagent has been demonstrated in food, drink
and water samples. Besides, the possible mechanism of the
two linear responses on account of surface Au(I) atomic and
Au(0) core of BSA-AuNCs was investigated in detail. We
expect that this work will pave the way for the development
of visual detection of cyanide using eco-friendly method in the
future.
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