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A simple, sensitive, rapid fluorescence (FL) sensor has been developed to detect cyanide ions (CN™) based
on the branched polyethylenimine-capped carbon quantum dots (BPEI-GQDs). The amino groups at the
surfaces of BPEI-GQDs can selectively and sensitively capture copper ions (Cu®") to form absorbent
cupric amine, which can quench the FL of BPEI-GQDs through an inner filter effect. CN™ can combine
strongly with Cu?* to [Cu(CN),I"~ species, preventing Cu?* from being captured by the amino groups of
BPEI-GQDs. As a result, Cu?* can't quench the FL of BPEI-GQDs anymore in the presence of CN™. In
other words, CN™ can “turn on" the FL signal of BPEI-GQDs/Cu?" system, producing a “recovered"” FL
signal. After optimizing experimental conditions, we demonstrated that this easy methodology could
offer a sensitive, selective, simple and rapid method for detection of CN™ with a detection limit of
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Introduction

Carbon based dots (CDs) mainly include carbon nanoparticles
of less than 10 nm in size (so-called carbon quantum dots,
CQDs) and graphene nanosheets of usually less than 10 nm in
width (so-called graphene quantum dots, GQDs)."> CDs usually
show unique optical properties like those of semiconductor
based quantum dots (QDs). Furthermore, they also show many
additional advantages, such as low cytoxicity, good stability,
easy preparation, and environmental friendliness. Therefore,
CQDs and GQDs have been proposed to be promising candi-
dates to replace conventional QDs, and have attracted more and
more attention.*® To date, many easy methods have been
developed to prepare various fluorescent CDs. The obtained
CDs were also applied in many fields, such as photovoltaic
devices,*” cellular imaging,*° drug delivery,>'® and particularly
analytical detections."** As fluorescence (FL) probes for
analytical applications, CDs are demanded to be highly fluo-
rescent and specially functionalized for the analyte. In our
previous study, the mixture of citric acid (CA) and branched
polyethylenimine (BPEI) was heated at 200 °C to prepare highly
fluorescent (42.5% FL quantum yield) BPEI functioned CQDs
(BPEI-CQDs)." In our further study, it was found that the amino
groups of the BPEI-CQDs could selectively capture copper ions
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0.65 uM (S/N = 3) and a linear response range of 2 to 200 uM.

(Cu®") to form an absorbent cupric amine at the surface of
CQDs, resulting in a strong quenching of the CQDs' FL through
an inner filter effect. Finally, a “turn-off” fluorescent sensing
system for detecting Cu** in water samples was developed.? As
well known, cyanide ions (CN ) can combine strongly with Cu**
to form [Cu(CN),]*” species (eqn (1) and (2)).***¢

2Cu®* + 4CN™ = 2CuCN + (CN), (1)
CuCN + (X — )CN™ = [Cu(CN),]"~ (2)

where x = 2-4 and is generally 2 or 4. The stability constants of
[Cu(CN),]™ and [Cu(CN),]*~ are 1.00 x 10** and 2.00 x 10°°,
respectively. That is to say, CN~ can hinder the formation of
cupric amine between the amino groups of BPEI-GQDs and
Cu”". In other words, in the presence of CN~, Cu** should not
quench the FL signal of BPEI-GQDs anymore. Herein, we
demonstrate a fluorescent “turn-on” sensing system for CN™
based on the BPEI-GQDs/Cu®" system.

CN" is one of the most toxic anions. It can combine with the
ferric iron in the cytochrome oxidase intensively, leading to the
body hypoxia and further poisoning or death.”” Moreover, CN™
is widely used in industry, such as mining and industrial
organic chemistry. Therefore, developing efficient sensing
systems for CN™ is of significance for environmental monitor
and food safety. Various methods have been developed to detect
and quantify CN™ in water sample over the past twenty years.
Fluorescent methods usually show many advantages, such as
rapid response, high sensitivity, good selectivity, excellent
reproducibility, low cost and easy-operation.'®?> Many fluores-
cent probes have been applied in sensing CN~, including
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organic fluorophores,”®** gold nanoclusters,* polymer micro-
spheres® and Cd-based semiconductor QDs.>” However, these
fluorescent probes usually have some disadvantages. For
example, complex organic synthesis is often harmful for human
bodies and Cd-containing QDs are toxic to the ecological envi-
ronment. Therefore, the establishment of low-toxic, selective
and sensitive BPEI-GQDs/Cu®"-based fluorescent “turn-on”
sensing system for CN™ is of significantly important.

Experimental
Chemicals

Citric acid was purchased from Alfa Aesar (USA). Branched poly
(ethylenimine) (M = 1800) was obtained from Aladdin Chemical
Co., Ltd, (Shanghai, China). All other reagents were of analytical
grade and used as received. Doubly distilled water was used
throughout the experiments. Phosphate-buffered saline (PBS)
solutions of different pH values were prepared by titrating
0.01 M phosphoric acid solution with a concentrated sodium
hydroxide solution (1 M) to the required pH values.

Synthesis of BPEI-CQDs

The BPEI-capped CQDs were synthesized by pyrolyzing the
mixture of CA and BPEI according a method that has been
described elsewhere.">**

Analysis of real sample

The water sample was collected from Min River (Fujian, China).
The sample was filtered through a 0.22 pm membrane (Milli-
pore) prior to the detection. Aliquots (500 pL) of this river water
were spiked with standard CN™ solutions (final concentration,
0-200 uM). The spiked samples were then diluted to 1000 pL
with PBS (10 mM, pH 7.0) containing BPEI-CQDs (final
concentration 16.8 ug mL™ ") and Cu®" (final concentration
15 uM), then analyzed using the developed sensing technique.

Instrumentation

UV-visible spectra were obtained by a LAMBDA 750 (Perki-
nElmer, USA) FL spectra were obtained using a Caryeclipse
(Varian, USA) fluorescence spectrophotometer.

Results and discussion
FL recovery of BPEI-CQDs/Cu®* system by CN~

As reported in our previous work,"” the amino groups at the
surfaces of BPEI-CQDs can selectively and sensitively capture
Cu*" to form absorbent cupric amine, which quenches the FL
signal of BPEI-CQDs by the inner filter effect. Furthermore, the
quenched FL signal can be recovered by a strong metal ion
chelator such as ethylenediaminetetraacetate (EDTA). Besides
the EDTA, CN  is another well-known chelator that can
combine Cu®" strongly to stable [Cu(CN),]"~ species, based on
which many FL turn-on sensing system have been developed for
detecting CN™.>”?® Therefore, it was believed that CN™ can also
recover the FL signal of BPEI-CQDs which is quenched by Cu*".
However, the experimental results came out much differently.
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When the FL of 0.168 mg mL™~ ' BPEI-CQDs was quenched by
150 uM Cu**, CN~ could not recover the quenched FL signal
even at a rather high concentration (5 mM). It is because that
the abundant amino groups on the surfaces of PEI-capped
CQDs will react with CN,* hindering the formation of
[Cu(CN),]"~ species. As a result, CN~ can't remove Cu®" from
the surfaces the BPEI-CQDs, and accordingly can't recover the
FL signal of the BPEI-CQDs/Cu>" system. In a control experi-
ment, CN~ was added firstly into the Cu®** solution, and the
BPEI-CQDs were then added into the solution. As shown in
Fig. 1, the bright FL of 0.168 mg mL ™' BPEI-CQDs is quenched
dramatically by 150 pM Cu®*, but is quenched very slightly by
the mixture of 150 uM Cu®** and 2 mM CN. That is to say, CN~
can inhibit the quenching effect of Cu®* on the FL signal of
BPEI-CQDs, producing a “recovered” FL signal. The corre-
sponding UV-vis absorption spectra indicate that CN~ can
inhibit the formation of absorbent cupric amine between the
amino groups and Cu®'. Herein, the mechanism of the FL
“recovery” of BPEI-CQDs/Cu”" system by CN~ can be proposed
in Fig. 2. CN™ reacts with Cu®>" to produce stable [Cu(CN),]"~
species, keeping Cu®* from being captured by the amino groups
of BPEI-CQDs. As a result, the FL quenching effect of Cu®>" on
the FL of BPEI-CQDs is inhibited. Accordingly, a sensing system
of CN™ can be developed based on the “recovered” FL signal of
the BPEI-CQDs/Cu”" system.

Establishment of the FL sensing method for CN™

Since the CN™ sensing system is based on the “recovered” FL
signal of BPEI-CQDs quenched by Cu®", both the concentration
effects of BPEI-CQDs and Cu”* on the FL inhibition and recovery
should be estimated. On one hand, according to our previous
results, 16.8 pg mL~ " BPEI-CQD solution had the most sensitive
response to the change of Cu** concentration, and was thus
used in the sensing system. On the other hand, as mentioned
above, CN~ “recover” the FL signal of the BPEI-CQDs/Cu>"
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Fig. 1 UV-vis absorption and FL spectrum of 0.168 mg mL~* BPEI-
CQDs (red lines), 150 uM Cu* + 0.168 mg mL~* BPEI-CQDs (green
lines), and 2 mM CN~ + 150 uM Cu®* + 0.168 mg mL~* BPEI-CQDs
(blue lines) in pH 7 PBS. The inset shows the corresponding photos of
the three solutions illuminated by an UV beam of 365 nm.
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Fig. 2 Diagram for the “recovery” effect of cyanide on the fluores-
cence of BPEI-CQDs/Cu?* system.

system by combining Cu®" into stable [Cu(CN),]"~ species. In
other words, increasing the concentration of CN™ is decreasing
the concentration of free Cu** in the solution. When the
concentration of Cu®" is lower than 15 pM, the FL intensity of
BPEI-CQDs decreases sensitively as the concentration of Cu®" is
increased (Fig. S17). However, when the concentration of Cu®" is
higher than 15 uM, the FL intensity of BPEI-CQDs is relatively
insensitive to the concentration's change of Cu**. Accordingly,
15 uM Cu”* was used in the sensing system to obtain a high
sensitivity and wide response range.

Effect of pH value was also investigated since pH of solution
may affect not only the FL intensity of the BPEI-CQDs/Cu”" and
the quenching effect of Cu**, but also the FL “recovery” effi-
ciency by CN™. Generally speaking, acidic condition is unsuit-
able for the detection of CN™ due to the formation of toxic
hydrogen cyanide (HCN). Therefore, the pH effect was investi-
gated only in the range of pH 7-12. Experimental results indi-
cate that the neutral solution (pH = 7) is the optimal condition
for the sensing system (Fig. 3). First of all, BPEI-CQDs show the
best FL activity in neutral solution, and the FL intensity
decreases dramatically with the increase of pH value of the
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Fig.3 FLresponsesof 16.8 ug mL™ 1 BPEI-CQDs (a), 15 uM Cu?* + 16.8
ug ML BPEI-CQDs (b), and 150 uM CN~ + 15 uM Cu* + 16.8 pgmL 2
BPEI-CQDs (c) at different pH values.
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solution. Secondly, Cu®>" shows the best quenching efficiency to
the FL of BPEI-CQDs in the neutral solution ((F, — F,)/F,, where
F, and F, are respectively the FL intensities of BPEI-CQDs in the
absence and presence of Cu®'), the quenching efficiency
decreases obviously with the increase of pH value. Finally, CN™
exhibits the highest “recovery” efficiency in the neutral solution
((F» — F1)I(Fo — F1), where F, is the FL intensity of BPEI-CQDs in
the presence of Cu®" and CN™ mixture) for the FL of BPEI-CQDs
quenched by Cu*". Therefore, the neutral medium was chosen
for this sensing system.

Time-dependent FL change of the “recovery” system was
investigated. The “recovery” effect of CN~ on the FL of BPEI-
CQDs/Cu”* system is not very stable against time. As shown in
Fig. 4, the “recovery” efficiency decreases gradually from 67.6 to
44.2% in 1 hour's observation. The corresponding UV-vis
spectra show that the absorption bands produced by the cupric
amine (an absorption band centered at 275 nm and the other
broad band found in the range from 500 to 800 nm) increases
with time increasing (Fig. S27). It is supposed that Cu®" can be
released gradually from the [Cu(CN),]"". In other words, the
[Cu(CN),]*" is not stable enough in the presence of abundant
amino groups. In order to detect CN™ sensitively and accurately,
the FL signal was measured after BPEI-CQDs were added into
the solution for 1 min.

The linear response range and detection limit of this sensing
system was subsequently investigated under the optimized
conditions discussed above. As shown in Fig. 5, the FL intensity
of BPEI-CQDs/Cu** system is sensitive to CN~ and “recovered”
gradually with the concentration of CN ™. There is a good linear
relationship between “recovered” FL signal and the concentra-
tion of CN™ in the range from 2 to 200 uM (see inset of Fig. 5 and

eqn (1)).
F, — F; = 2.509 x 10°C + 13.67 (R* = 0.991) (1)

where C is the concentration of CN™. The theoretical detection
limit was calculated to be 6.5 x 1077 M (at a S/N of 3), which is
lower than the maximum allowable concentration for drinking
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Fig. 4 Time-dependent FL response of the 16.8 pg mL~* BPEI-CQDs
in pH 7 PBS upon the addition of 15 uM Cu?* and 150 uM CN™.
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Fig. 5 FL response of BPEI-CQDs/Cu?* system (BPEI-CQDs: 16.8 pug
mL~%, Cu®* 15 uM) upon addition of various concentrations of CN~
ions in a pH 7 PBS solution (from bottom: 0, 2, 4, 6, 8, 10, 25, 50, 75,
100, 125, 150, 175, 200 pM). Inset: linear range of the plot of “recov-
ered” FL intensity against the concentration of CN™ (2-200 pM).

water containing CN~ ordained by international standards
(MCL: 2.7 x 10~° M). This result implies the practical signifi-
cance of the sensing system.

The selectivity of this sensing system for CN~ was evaluated
before being applied in real sample analysis. Besides CN™, 15
kinds of common anions including SCN~, NO; ™, AC™, PO,*",
CO;>7, SO;27, citrate, NO, ™, SO,2~, I, I0;~, Br ™, Cl~, C,0,*~
and S>~ were investigated. As shown in Fig. 6, most anions
have no obvious effects on the FL response of the BPEI-CQDs/
Cu*" system, except for C,0,>  further quenched slightly the
FL of BPEI-CQDs/Cu®" system. This result indicates that this
sensing system is highly selective towards cyanide over other
anions.
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Fig.6 Selectivity of the BPEI-CQDs/Cu?* system sensor for CN™ over
other ions in pH 7 PBS: concentrations of BPEI-CQDs and Cu®* were
16.8 ng mL~tand 15 uM respectively; concentrations of all anions were
150 pM.
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Applications

Base on the results mentioned above, the application of the
sensing system in real water sample (collected from Min River,
the largest river in Fujian Province, China) was investigated.
Since no cyanide was detected in the river water sample, 50 uM
CN~ was spiked before the sample was detected using a stan-
dard addition method. The recovery of the measurement was
96.53%, with a relative standard deviation of 6.32 (n = 10). This
result demonstrates a high potential of the sensing system for
the analysis of trace levels of CN™ in real sample.

Conclusions

We have demonstrated a FL “turn on” sensing method for the
detection of CN™ in aqueous solution based on the BPEI-CQDs/
Cu** system. CN~ combines Cu®" strongly to produce stable
[Cu(CN),]*~ species, hindering the formation of absorbent
cupric amine. As a result, CN~ produces a “recovered” FL signal
of the BPEI-CQDs/Cu”* system through inhibiting the quench-
ing effect of Cu®" on the FL of BPEI-CQDs. This sensing system
shows many advantages, such as good sensitivity, selectivity,
wide linear response range, and low cost. Furthermore, this
research further promotes the analytical application of CDs.
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