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Abstract We report that the intensity of the blue fluorescence
of copper nanoclusters coated with polyethyleneimine (PEI) is
strongly reduced in the presence of the food dyestuffs Sudan I-
IV. This finding was exploited in a label-free fluorescence
assay for these Sudan dyes both in ethanol and aqueous
solutions. The PEI-capped nanoclusters have an average di-
ameter of 1.8 nm and are displaying, under 355 nm excitation,
a blue emission at 480 nm that matches the absorption bands
of the Sudan dyes. The clusters are stable in solution for at
least 1 month. Under optimum conditions, this assay can be
applied to the quantification of the dyes Sudan I, II, III, and I'V,
respectively, in the 0.1-30, 0.1-30, 0.1-25, and 0.1-25 uM
concentration ranges, and the detection limits (30/slope) are
65, 70, 45, and 50 nM, respectively. The capability of reduc-
ing the fluorescence of the PEI-capped copper nanoclusters is
directly related to the number of the functional groups in that
Sudan III and IV give lower detection limits. This analytical
scheme exhibits a remarkably high selectivity for the Sudan
dyes over potentially interfering substances. The method was
successfully applied to determine Sudan I, I1, III, and IV in hot
chilli powder.
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Introduction

Sudan I-1V, a series of artificial azo dyes, are tradition-
ally used for different industrial and scientific applica-
tions such as plastics, textiles, floor polishes, and cos-
metics [1]. Because of their low cost and wide availabil-
ity, Sudan I-IV are also attractive as food colorants. They
are used as additives in various foods, such as hot chili
powder [2], sausages, chutneys, sauces, and ready meals.
However, these dyes are demonstrated through laboratory
experiments as potential carcinogens to both human be-
ings and animals and thus are classified as a category
carcinogen by the International Agency for Research on
Cancer [3]. They are banned for food usage in most
countries, including in the European Union. As reviewed
[4, 5], many analytical methods have been proposed to
detect the presence of Sudan dyes in food. To date, the
standard used to detect the Sudan dyes is based on a
liquid chromatographic method approved by the Europe-
an Commission. Then the most extensively used method
is high performance liquid chromatography (HPLC)
coupled with different detectors such as ultraviolet visi-
ble (UV-vis) absorption spectroscopy [6], mass spec-
trometry [7], photodiode array [8], chemiluminescence
[9], and electrochemical detector [10]. Although these
methods which need separation with HPLC first are
well-proven and widely accepted, they require relatively
expensive equipments, high cost, and much more time.
Additionally, these time-consuming methods bring about
inconvenience to real-time analysis. Hence, developing
simple and low-cost detection method is urgent. In addi-
tion, a variety of other analytical methods, including
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mass spectrometry [2], flow injection chemiluminescence
assay [11], electroanalytical technique [12], immunoassay
[13], UV—vis spectroscopy [14], Raman spectroscopy
[15], and resonance light scattering [16] have also been
reported. On the other hand, as one of the most impor-
tant research communities in analytical chemistry, fluo-
rescent methods are attractive for various analytical pur-
poses because of their high sensitivity, a wide linear
range, and low time-consuming. However, just a few
fluorescence methods were reported on the detection of
Sudan dyes [17].

Metal nanoparticles have been extensively investigated
because of their unique electronic and optical properties
that are substantially different from bulk materials. A lot
of effort has been, in particular, devoted to the synthesis
and characterization of stable dispersions of nanoparticles
made of silver, gold, and other noble metals. The use of
nanoparticles as fluorescent indicators in biological ap-
plications has dramatically increased since the 1990s.
The methods using nanoparticle-based fluorescence
probes have been used for analysis of metal ions, oligo-
nucleotides, proteins, cancer cells, and other biomolecules
[18]. When the particle size of nanoparticles is further
reduced and approaches the Fermi wavelength of elec-
trons, the continuous density of states breaks up into
discrete energy levels. Consequently, metal nanoclusters
with sizes below 2 nm exhibit remarkable optical, elec-
trical, and chemical properties which are significantly
different from the metal nanoparticles. These metal
nanoclusters have been shown to have potential applica-
tions in optical sensing, catalysis, imaging, and other
fields [19-21]. Up to now, a large amount of literature
was reported on the synthesis and application of Au and
Ag nanoclusters because of their lower toxicity than
semiconductor quantum dots and better photostability
than organic fluorophores. Specially, copper has similar
properties to gold and silver, whereas it is much less
noble than Ag and Au. Several methods have been
successfully developed to synthesize ultrasmall copper
nanoclusters [22-26]. Nevertheless, compared to the con-
siderable researches on gold and silver, papers on tiny
copper nanoclusters are still deficient primarily because
of their susceptibility to oxidation and aggregation, espe-
cially in aqueous solutions. It is very interesting to ex-
plore new sensing platform which costs much lower and
can be applied more widely. Herein, we synthesized
stable and highly fluorescent Cu nanoclusters using the
polyethyleneimine (PEI) as a template. In this paper, the
PEI-capped Cu nanoclusters have been utilized as a
fluorescence probe for detection of Sudan I-IV in ethanol
solution. Moreover, PEI has been proved to be a bio-
compatible and efficient gene delivery vehicle both
in vitro and in vivo [27]. Therefore, our fluorescence
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method would be a promising candidate for detection
of Sudan I-IV in biotechnology.

Experimental
Synthesis of polyethyleneimine-capped copper nanoclusters

Chemicals and apparatus were given in the Electronic Sup-
plementary Material. The process of synthesis was as follows:
Briefly, 50 uL of 0.0940 ¢ mL™"' PEI (Aladdin Reagent Co.,
Shanghai, China, www.aladdin-reagent.com) solution was
diluted with water (395 uL), and homogenized under stirring
for 2 min. Subsequently, 25 uL of 0.1 M CuSOy, solution was
added and the solution was mixed well under vigorous stir-
ring. Then 30 pL of diluted 100-fold hydrazine hydrate was
added and the solution was mixed well for 2 min. The final
mixture was heated at 95 °C for 12 h. The as-prepared Cu
nanoclusters were stored at room temperature for at least 48 h
before its further application.

Fluorescence detection of Sudan I-IV

The detection procedure of Sudan I-IV (Tianjin Kermel
Chemical Reagents Co., Ltd., Tianjin, China, www.
chemreagent.com) was conducted as follows: 40 uL of Cu
nanoclusters solution was added to 860 puL of ethanol in a 1.
5 mL Eppendorf tube. Subsequently, 100 uL of working
solution of Sudan I-IV with different concentrations was
added. After 20 min, the fluorescence emission spectrum of
the mixture (1 mL) was recorded by a Hitachi F-4500
spectrofluorophotometer (Tokyo, Japan, www.hitachi.com).

The procedure for Sudan I-IV detection in commercial
chilli powder samples was as follows: The pretreatment of
the sample was preceded by the method of National Standard
ofthe People’s Republic of China (2005). Then the final eluate
was heated to remove the organic solution. And the resulting
residue was diluted to 5.0 mL with ethanol for the determina-
tion of Sudan I-IV. For spiked tests, appropriate amounts of
Sudan I-IV standards were added to the pretreated chilli
powder sample, respectively. Finally, the fluorescence inten-
sities were measured at room temperature (251 °C). All of
the fluorescence detections were performed under the same
conditions.

Results and discussion

Characterization of polyethyleneimine-capped copper
nanoclusters

The synthesis of Cu nanoclusters was based on a previous
report [28]. PEI is essential to form the ultrasmall Cu
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nanoclusters, because PEI contains many amino groups which
exhibits outstanding adsorption ability for Cu®" ions, and its
branched structure not only can be used as the template which
can form stable Cu nanoclusters, but also prevents further
growth of nanoclusters to large nanoparticles. The fluores-
cence intensities of Cu nanoclusters were increased with in-
creasing molar ratio of PEI to CuSO,, and the maximum
fluorescence intensity occurred at a molar ratio of 4:1. When
the molar ratio is further increased, the fluorescence intensity
was gradually decreased. Obviously, a higher molar ratio leads
to a decrease in fluorescence intensity. The reason is maybe
that the higher concentration of PEI may help in the delocal-
ization of electron holes produced from amine groups in the
excited state [29] and result in decrease in fluorescence inten-
sity. Moreover, when the copper nanoclusters were synthe-
sized, the mixture was heated at 95 °C for 12 h. Under such
conditions, the amount of residual hydrazine was tiny. After
hydrazine hydrate reduction, the solution of Cu nanoclusters is
bluish-green. And the diluted 20 times solution is slight blue
under visible light, whereas it emits blue fluorescence under a
UV lamp. The PEI-capped Cu nanoclusters exhibited a quan-
tum yield of 3.8 % in ethanol, calculated by using quinine
sulfate in 0.1 M H,SO, as a reference [30]. The high resolu-
tion transmission electron microscopy image of Cu
nanoclusters (Fig. S1, Electronic Supplementary Material,
ESM) displays an average diameter of 1.8 nm, which confirms
the formation of small copper nanoclusters. The UV—vis ab-
sorption spectrum illustrates that the PEI-capped Cu
nanoclusters have two absorption bands centered at 268 and
355 nm. The absorption band at 355 nm is attributed to the
oligomeric copper species. No characteristic surface plasmon
band was observed at around 400-500 nm, which was
assigned to larger Cu nanoparticles. The maximum fluores-
cence excitation and emission wavelengths of PEI-capped Cu
nanoclusters are 355 and 480 nm, respectively. The as-
prepared copper nanoclusters are stable for at least 1 month
at room temperature. Repetitive syntheses (n=6) of PEI-Cu
nanoclusters were done and a relative standard deviation
(RSD) of 4.1 % was obtained, demonstrating a good repro-
ducibility of making the material.

Optimization of the fluorescence sensing system for Sudan
-1V

In order to achieve the sensitive detection of Sudan I-I'V, many
tests were carried out to optimize the sensing parameters, such
as probe concentration, pH, temperature, and reaction time.
Firstly, we tested the fluorescence intensities of PEI-capped
Cu nanoclusters in the absence of Sudan I-IV. From the
relationship between the fluorescence intensity and the con-
centration of the PEI-capped Cu nanoclusters as shown in the
inset of Fig. S2 (ESM), it can be seen that the fluorescence
intensities are proportional to the concentrations of the probe

in the range of 5—50 pL mL ™", and when the concentration of
the diluted PEI-capped Cu nanoclusters is higher than
50 uL mL™", the fluorescence intensity increases slowly and
then there is a trend to saturation. Additionally, Fig. S3 (ESM)
displays the relationship between the probe concentration (5—
50 uL mL™") and the fluorescence quenching effect (F, and
represent the fluorescence intensity of Cu nanoclusters in the
absence and presence of Sudan I-IV, respectively. (Fo—F)/Fy is
the fluorescence quenching efficiency by Sudan I-IV). The
(Fo—F)/F, value increases gradually with increasing concen-
tration of the diluted PEI-capped Cu nanoclusters in the range
of 5-40 uL mL'. And when the concentration of the diluted
PEI-capped Cu nanoclusters is higher than 40 uL mL™', the
sensor for Sudan I-IV detection becomes relatively insensi-
tive. Generally, in the presence of quencher of a given con-
centration, the fluorescence quenching is more efficient at a
lower concentration of fluorescence probe, and thus the de-
tection of target has a higher sensitivity. However, on the other
hand, the signal-to-noise ratio would be decreased when using
too low concentration of fluorophore [31]. Therefore, the
concentration of 40 uL mL™" PEI-capped Cu nanoclusters
was eventually chosen for the detection of Sudan I-IV.

The pH values of the ethanol solutions were controlled by
the addition of H,SO,4 or NaOH in the experiments. Sudan
dyes exist mainly in acidic solution as molecular state, where-
as they exist in basic solution as ionized state. Therefore, the
changes of fluorescence quenching efficiency in different
concentrations of H,SO, and NaOH ethanol solutions were
carefully investigated. It is illustrated in Fig. S4 (ESM) that the
fluorescence quenching efficiencies nearly keep constant with
the change in the concentrations of H,SO, and NaOH. To
avoid the complication of the detection, we did not add H,SO,
or NaOH in the following experiment.

Next, the effect of temperature was studied. In the range of
15 to 65 °C, the fluorescence intensities of the PEI-capped Cu
nanoclusters solutions in the absence and presence of Sudan I-
IV have been tested and the results are shown in Fig. S5
(ESM). Considering that the boiling point of ethanol is
78.4 °C, we did not investigate the higher temperature. The
fluorescence quenching efficiency of the sensing system
achieved a maximum at 25 °C. Consequently, we chose
25 °C as the optimum temperature. Finally, we studied the
effect of reaction time. As indicated in Fig. S6 (ESM), the
Sudan-induced fluorescence quenching of PEI-capped Cu
nanoclusters would be completed within 20 min.

Sensitivity for Sudan I-IV detection

As shown in Fig. S7 (ESM), the fluorescence intensities of the
PEI-capped Cu nanoclusters probe in methanol, ethanol, and
aqueous solution in 7 days were in the range of 551.9—564.2,
579.1-586.1, 578.6—589.3, respectively, illustrating that the
fluorescence intensities of the probe in these three solvents
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Fig. 1 Fluorescence emission spectra of PEI-capped Cu nanoclusters in
ethanol solution and different concentrations of Sudan I under optimum

conditions. Inset: the photographs for PEI-Cu nanoclusters (40 L mL ™)
in the absence and presence of Sudan I (40 uM) under the UV-lamp

were all stable. However, the sensitivity of the probe for
detection of Sudan dyes is different in different solvents. In
ethanol solution, the fluorescence emission spectra of PEI-
capped Cu nanoclusters upon addition of different concentra-
tions of Sudan I are shown in Fig. 1 and those of Sudan II-IV
are shown in Fig. S8 (ESM). It can be seen from the photo-
graphs in the inset of Fig. 1 that the blue fluorescence emission
of PEI-Cu nanoclusters is strongly reduced upon addition of
Sudan I. As shown in Fig. 2, under optimum conditions, the
good linear relationships between the fluorescence quenching
efficiencies of PEI-capped Cu nanoclusters in ethanol solution
and the concentrations of Sudan I-IV were found over the

concentration range of 0.1—30 uM for Sudan I, 0.1-30 uM
for Sudan II, 0.1-25 uM for Sudan III, and 0.1-25 uM for
Sudan 1V, respectively. The detection limits for Sudan I-IV
were as low as 65, 70, 45, and 50 nM, respectively. The results
indicated that the present method could meet the requirement
of food detection. As illustrated in Fig. S9 (ESM), in aqueous
solution, the linear ranges for Sudan I-IV are all 1 to 40 uM,
and the detection limits for Sudan I-IVare 20, 5, 20, and 5 uM,
respectively. Therefore, the sensitivity of the PEI-capped Cu
nanoclusters probe for detection of Sudan dyes is higher in
ethanol solution than in aqueous solution. In addition, we have
compared this method with other optical detection methods
for Sudan I (Table S1, ESM)). The proposed method was
comparable to or better than others.

Selectivity for Sudan I-IV detection

To investigate whether this sensing system is specific
for Sudan I-IV, the influences of potentially interfering
substances in hot chilli powder such as saccharides,
amino acid, and metal ions were tested under optimum
conditions. In addition, the influence of other azo dyes,
quinone dye, red food additives, and potentially inter-
fering substances such as methyl orange, methyl red,
alizarin red, congo red, sunset yellow, acid red, cosin
Y, rhodamine B, and orcein have been tested. The tested
substances are shown in Fig. 3: alizarin red, congo red,

Fig. 2 The relationships between a b
the fluorescence quenching 1.0 - 1.0 -
efficiencies of PEI-capped Cu
nanoclusters in ethanol solution - 0.8 0.8 -
and different concentrations of & L;c
Sudan I-TV under optimum = 06r f:\ 0.6 -
conditions. Inset: the linear ranges s s
for Sudan I-IVare 0.1- 30, 0.1—- & 04F R2-099s3 || & 04r R2 = 0.9964
30, 0.1-25, and 0.1-25 puM,
. 0.2 0.0 0.2 0.0
respectively :
0 10 20 30 0 10 20 30
0.0 - C(Sudanl)/pM 0.0 F C(SudanIl)/puM
0 50 100 150 200 250 0 50 100 150 200 250
C (SudanI)/pM C (Sudan II') / yM
C iof d jof
0.8 - 0.8
Ec 0.6 < /&\ 0.6 -
& = R 0
s I L'I" I° El\ ’
& 04r o2 R2 =0.9906 B 04 So2 R2 = 0.9915
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Fig. 3 Selectivity of PEI-capped Cu nanoclusters for the detection of
Sudan I-IV over other potentially interfering substances: the concentra-
tions of Sudan I-IV are 40 uM, respectively; the tested substances are as
follows: alizarin red, congo red, sunset yellow, sodium citrate, 3-cyclo-
dextrin, Cu**, Co*", Fe*', and Fe*" (40 uM); HPO,> and H,PO,
(100 uM); Zn®* and Ni*" (200 uM); and other interfering substances
(400 uM)

sunset yellow, sodium citrate, (-cyclodextrin, Cu2+,
Co**, Fe**, and Fe*" (40 uM); HPO,> and H,PO,
(100 uM); Zn** and Ni*" (200 uM); and other interfer-
ing substances (400 uM). The addition of 40 uM Sudan
I-IV to the PEI-capped Cu nanoclusters solution caused
a much more obvious change in the value of (Fy—F)/F.
Among the interfering substances, cyclodextrin which is
not a colored species caused a relatively large effect.
Cyclodextrin, with lipophilic inner cavities and hydro-
philic outer surfaces, is capable of interacting with a
large variety of guest molecules to form noncovalent
inclusion complexes [32]. It seems that cyclodextrin
interacts with Cu nanoclusters to reduce the fluores-
cence intensity. Therefore, the present method has a
brilliant future for the further applications.

Fig. 4 Mechanism scheme for
the fluorescence quenching of
PEI-capped Cu nanoclusters by
Sudan I-IV

Mechanism exploration of fluorescent detection of Sudan
dyes

To understand the mechanism, the absorption and the fluores-
cence emission spectra of PEI-capped Cu nanoclusters and
Sudan I-IV were investigated. Because new absorption peak
did not appear when the Sudan dye was added to the PEI-
capped Cu nanoclusters solution, static quenching is exclud-
ed. The overlap of the fluorescence emission spectrum of PEI-
capped Cu nanoclusters and the absorption spectra of Sudan I-
IV (Fig. S10, ESM) suggests that fluorescence decrease may
arise from the fluorescence resonance energy transfer (FRET)
[33], or fluorescence inner filter effect (IFE). IFE would occur
effectively only if the absorption spectrum of the absorber
possesses complementary overlap with the excitation or emis-
sion spectrum of the fluorophore [34]. Although IFE is usually
considered as a source of errors in fluorometry, it can convert
the analytical absorption signals into fluorescence signals and
obtain an enhanced sensitivity and decreased detection limits.
The sensors based on IFE did not require any covalent linking
between the absorber and the fluorophore, which offers con-
siderable flexibility and simplicity [35]. Quenching is highly
temperature dependent, while IFE is not. Dynamic quenching
increases with temperature due to an increase in fluorophore-
quencher collision. On the other hand, Static quenching de-
creases with temperature because higher temperature reduces
stability of ground state complexes between fluorophore and
quencher. Therefore, the fact that temperature has little effect
on the fluorescence decrease further suggested that the fluo-
rescence of PEI-Cu nanoclusters should be mainly decreased
by the IFE rather than other possible processes. This conclu-
sion could be confirmed from the marginally small change of
fluorescence decay time from 3.59 to 3.48 ns before and after
addition of Sudan I (Fig. S11, ESM), which is not much more
than the experimental error. In addition, the shape of the
emission spectrum of PEI-capped Cu nanoclusters changed

.. Sudan| R=Ry=H
Polyethyleneimine 1=
Sudan I1 Ri=R,=CHj3
Ne=N—
Sudanlll  Rj=H Ry= @
Cu atom
Sudan1V  Ry=CHj R2=©[N=N_
CH;

Cu nanocluster
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by adding enough Sudan dyes (Fig. 1). This phenomenon can
be ascribed to the inner filter effects [34].

As shown in the inset of Fig. 4, Sudan I and II have one
nitrogen—nitrogen double bond, whereas Sudan III and IV
have two nitrogen—nitrogen double bonds. Therefore, upon
addition of the same concentration of Sudan I and II, respec-
tively, the fluorescence quenching efficiencies of PEI-capped
Cu nanoclusters are almost the same. Furthermore, when the
concentration of Sudan I or II is two times larger than that of
Sudan IIT or IV, the fluorescence quenching efficiencies of
PEI-capped Cu nanoclusters are similar. Herein, we could
deduce that the functional group was the nitrogen-nitrogen
double bond.

Analytical applications in chilli powder sample

The chilli powder sample contains many components, includ-
ing carbohydrate, protein, oil, vitamin C, and so on. So some
separation and purification should be introduced for real sam-
ple detection. The pretreatment procedure was described in
the experiment section. The concentration of Sudan dyes in
commercial chilli powder sample after pretreatment has been
tested, and no Sudan dye was found in the chilli powder
sample by the assay. Furthermore, the standard addition meth-
od was used for the analysis of the prepared samples. The
experimental results including the relative standard deviation
(RSD) of parallel determination for five times and the recov-
ery are shown in Table S2 (ESM. The recoveries of Sudan I-
IV ranged between 95.3 and 110.3 % with the RSD below
5 %. These results reveal that this method is potentially
applicable for the determination of Sudan I-IV in real samples.

Conclusions

In this paper, PEI-capped copper nanoclusters exhibiting blue
fluorescence emission have been used for the label-free fluo-
rescence detection of Sudan I-IV in both ethanol and aqueous
solutions. The synthesis of PEI-capped Cu nanoclusters shows
good reproducibility and the probe possesses high stability.
The quenching mechanism is based on the inner filter effect.
This sensing system exhibits good linear ranges, low detection
limits, and high selectivity for Sudan I-IV. Compared to tra-
ditional methods, our method is simple, reliable, and sensitive.
With traditional pretreatment of the commercial chilli powder
sample, the application of the sensor to chilli powder shows
satisfactory results. Moreover, with some new sample extrac-
tion methods, such as liquid phase microextraction, we hope
to extend the application of this sensor in other food samples.
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