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A novel solid-surface fluorescence biosensor for rapid detection of Sudan I–IV was proposed based on flu-
orescence resonance energy transfer (FRET). The biosensor was fabricated by immobilizing acriflavine
(AY) on the eggshell membrane (ESM) with glutaraldehyde as cross-linking agent. FRET mechanism
was demonstrated by using AY and Sudan dyes as donor and acceptor respectively, an efficient energy
transfer in the present system was indicated by the sufficient spectral overlap integral (J) and proper
Förster critical distance (R0). Under optimum conditions, the fluorescence of the AY-ESM could be effi-
ciently quenched by Sudan I–IV and the corresponding linear range was 0.5–60 lM with the detection
limits (3r/slope) of 0.16, 0.26, 0.21 and 0.17 lM respectively. Compared to the detection of Sudan dyes
in solution-state, the membrane biosensor exhibited advantages of low detection limits, high sensitivity
and selectivity, as well as excellent stability. Recovery tests in spiked real samples also achieved satisfac-
tory results.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Sudan I, II, III and IV (structures are shown in Fig. S1) are a fam-
ily of lipophilic azo dyes that are widely used in chemical industry
for colouring hydrocarbon solvents, oils and waxes (Nohynek,
Fautz, Benech-Kieffer, & Toutain, 2004). They are strictly banned
for food usage by both the Food Standards Agency and the Euro-
pean Union (Ye, Zhang, Chen, Wang, & Huang, 2014) due to their
aftermath of bladder and liver cancer (Stiborova, Martinek,
Schmeiser, & Frei, 2006). However, since the bright colour, low cost
and stability of Sudan dyes, they are still illegally used as additives
in some foodstuffs to improve the appearance, particularly in chilli
and ketchup products. Therefore, effective and reliable methods for
the rapid detection of Sudan dyes in foodstuffs are of great signif-
icance and urgency.

Comparing with the most extensively used methods, such as
high performance liquid chromatography (Zhang, Zhang, & Sun,
2006), mass spectrum (Piatkowska, Jedziniak, & Zmudzki, 2016),
electroanalytical techniques (Gómez, Arancibia, Aliaga, Núñez, &
Rojas-Romo, 2016), terahertz spectroscopy (Qin, Xie, & Ying,
2015) and Raman spectroscopy (Gao et al., 2015), the fluorescent
methods have received considerable attention because of their
rapid response and high sensitivity. However, recently developed
fluorescent probes for Sudan dyes detections are commonly based
on metaorganic coordination polymers(Chen et al., 2014; Xue et al.,
2016) or synthetic nano-materials (Fang et al., 2016; Li et al.,
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2014). These solution-state materials are sensitive and highly
specific in performance but still partly limited by their high cost,
complex detection process and susceptibility to solvent effects
(Chen et al., 2014; Fang et al., 2016).

In our work, we take the application of solid-surface fluorescent
techniques and the eggshell membrane (ESM) is used as the solid
matrix. The natural ESM is a subtle network structure with large
specific surface area and its fibers are composed mainly of proteins
(80–85%) with abundant amino, hydroxyl and carboxyl groups
(Tang, Li, Kang, Zhong, & Zhang, 2009), providing favourable condi-
tions for the immobilization and distribution of the probes. Com-
paring to the above mentioned solution-state probes, ESM matrix
of the solid system is cost-effective, portable and stable, based on
which large-scale commercialized production and on-site detec-
tion could be easily reached.

To form an efficient fluorescent pairs with Sudan I–IV, we
immobilized acriflavine (AY) onto ESM as the indicator and the flu-
orescence mechanism of the detection system was demonstrated
as fluorescence resonance energy transfer (FRET). As illustrated
in Fig. 1, upon addition of Sudan I–IV, the fluorescence of the
acriflavine-immobilized eggshell membrane (AY-ESM) can be effi-
ciently quenched and the fluorescent difference before and after
quenching (DF) was found proportional to the concentration of
Sudan dyes over a wide linear range with low detection limits. In
practical application, sample solutions can be directly added on
to the membrane after pretreatments and only trace amounts of
reagents are required, so the detection process is significantly sim-
plified and the solvent effects could be avoided. To the best of our
knowledge, this is the first report on solid-state biosensor for the
quantitative detection of Sudan dyes.
2. Material and methods

2.1. Chemicals and reagents

Sudan I–IV (purity: 99.7%), Capsanthin, b-carotene were pur-
chased from J&K Scientific Ltd. (Beijing, China). Acriflavine (AY)
and glutaraldehyde solution (25%, w/w) were purchased from Bei-
jing Chemical Reagent Co. Ltd. (Beijing, China). The fresh eggshells
were obtained from De Qingyuan Co. Ltd. (Beijing, China). Unless
indicated otherwise, all chemicals were of analytical reagent grade
and without further purification. Ultrapure water was prepared in
the lab using a Milli Q (Millipore Ltd., USA) water treatment device.
Fig. 1. Mechanism for the detection of Sudan I–IV based on FRET. (A) The fluorescence m
(B) The fluorescence of AY-ESM was quenched by Sudan I–IV through FRET. Inset: Image
1000 lM from i to v, 10 lL) under a UV lamp (365 nm).
2.2. Instrumentation

Fluorescence spectra measurements were performed on an F-
7000 fluorescence spectrophotometer (Hitachi Ltd., Japan) with a
solid sample holder. The slit (EX/EM) was both 5.0 nm/5.0 nm
and the PMT voltage was 700 V. The Ultraviolet–visible (UV–vis)
absorption spectra were recorded on Shimadzu UV-1800 UV–vis
spectrophotometer (Shimadzu Co. Ltd., China) at the slit of 2 nm
using 1 cm quartz cuvettes. Scanning electron microscopic (SEM)
images were recorded on a JSM-6360 scanning electron micro-
scopy (JEOL Co. Ltd., Japan) operated at 20 kV with gold sputtered
on samples. FTIR spectrum was collected by using Spectrum One
FTIR spectrometer in KBr pellet (Perkin-Elmer Wellesley, MA,
USA). All of the measurements were operated at room temperature
at about 298 K.

2.3. Preparation of ESM

ESM was carefully stripped from a broken fresh eggshell and
rinsed with copious amount of ultrapure water to completely
remove the albumen. Then the membrane was cut into pieces
(1 � 1 cm) with a clean cutting nipper and was finally stored in
ultrapure water at 277 K for further use.

2.4. Immobilization of AY on ESM

About 100 pieces of ESM was immersed in 100 mL, 15% (w/w)
glutaraldehyde solution (pH = 8.0) and stirred for 30 min. It was
then taken out and rinsed with ultrapure water for five times to
remove excess glutaraldehyde. Then the well-washed ESM coated
with glutaraldehyde was immersed into 100 mL, 10 lM AY solu-
tion (pH = 8.0) and gently stirred for 2 h at 298 K, followed by
ultrapure water rinsing for five times. Finally, the glutaraldehyde
cross-linked eggshell membrane with immobilized acriflavine
(AY-ESM) was dried in a vacuum-constant temperature drying
apparatus and stored in a desiccator at 298 K for subsequent use.
The experimental procedure for AY immobilization on ESM is sum-
marized in Fig. 2.

2.5. Fluorescence measurements

AY-ESM prepared in section 2.4 was moistened with 10 lL
ultrapure water and positioned on the surface of a quartz plate.
aximum of the AY-ESM appears at 484 nm under continuous excitation at 460 nm.
s of AY-ESM for the detection of Sudan II at various concentrations (0, 10, 100, 500,



Fig. 2. Scheme of AY immobilization on the eggshell membrane. Inset: the photographs of the (i) eggshell membrane, (ii) the glutaraldehyde-crosslinked eggshell membrane
and (iii) acriflavine-immobilized eggshell membrane, respectively.
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Aliquots of 10 lL different concentrations (0–1000 lM) of Sudan
dye were spread evenly on AY-ESM, then the membrane was
incubated for 5 min under dark condition. Subsequently, the
fluorescence intensity of the membrane was recorded at
Ex/Em = 460/484 nm and the fluorescent difference before and
after quenching (DF) was plotted as the sensor signal.
2.6. Pretreatment of real sample

Commercial chilli powder, chilli oil and ketchup samples were
purchased from a local supermarket (MerryMart Co. Ltd., Beijing,
China) and treated as below. Amount of 1.00 g of the real sample
was accurately weighed and added into 20 mL of hexane, then
the mixture was vortexed for 5 min and sonicated for 15 min. After
being filtrated with a filter membrane (0.45 lm), the obtained fil-
trate was collected in 50 mL eppendorf tube for the detection of
Sudan dyes. For the recovery tests, appropriate amounts of Sudan
I–IV were added respectively into the real sample and pretreated
through the overall procedure.
2.7. Principles of fluorescence resonance energy transfer (FRET)

FRET is a nonradiative process whereby an excited state donor
transfers energy to a ground state acceptor (Forster, 1948;
Lakowicz, 2006; Sytnik & Litvinyuk, 1996). As revealed by the
Förster theory (Lakowicz, 2006), the Förster critical distance (R0)
is a constant for each donor–acceptor pair and is defined as the dis-
tance that energy transfer (Grant, Xu, Bergeron, & Mroz, 2001),
which is given by Eq. (1):

R6
0 ¼ 8:79� 10�25k2n�4£DJ ð1Þ

where k denotes the average squared orientational part of a dipole-
dipole interaction (it is typically assumed that k2 = 2/3 for common
organic fluorophores (Lakowicz, 2006)); n is the refractive index of
the solvent (n = 1.366); UD is the fluorescence quantum yield of
energy donor in the absence of energy acceptor (UD = 0.54)
(Fister, Harris, Rank, & Wacholtz, 1997).
The spectral overlap integral (J) expresses the degree of spectral
overlap between normalized donor emission and acceptor absorp-
tion, which is given by Eq. (2):

J ¼
Z 1

0
FðkÞeðkÞk4dk ¼ RFðkÞeðkÞk4Dk

RFðkÞDk ð2Þ

where F(k) is the corrected fluorescence emission spectrum of
energy donor in the wavelength range from k to (k + D); e(k) is
the molar absorption coefficient of energy acceptor at k; k is the
wavelength.

The spectral overlap integral (J) is directly related to the Förster
critical distance (R0), which in return affects the energy transfer
efficiency (E), as shown in Eq. (3):

E ¼ R6
0=ðR6

0 þ r6Þ ð3Þ
where R0 is the Förster critical distance at which the transfer effi-
ciency E = 50%; r is the distance between the energy donor and
acceptor.

In principle, the energy transfer efficiency of FRET (E) is highly
dependent on both the Förster critical distance (R0) and the spec-
tral overlap integral (J), where J should be at least greater than
30% and R0 should be in a range of 1–10 nm to make FRET occur
(Chen, Mills, & Periasamy, 2003).

3. Results and discussion

3.1. Characterization of AY-ESM and Sudan I–IV

To understand the influence of cross-linking reaction on the
microstructure of the biosensor, ESM and AY-ESM were character-
ized by scanning electron microscopy (SEM) and Fourier transform
infrared spectroscopy (FTIR). As shown in Fig. 3A and B, the immo-
bilization of AY made the fibers rougher with clusters or lumps of
cross-linking polymer as compared to the smooth fibers of the nat-
ural ESM. However, the mesoporous hierarchical structure of ESM
matrix can still be clearly observed after immobilization, indicating
that excess reagents were removed completely under continuous
stirring and the multiple washing steps. Thus, the interwoven



Fig. 3. Scanning electron micrographs of (A) eggshell membrane, (B) acriflavine-
immobilized eggshell membrane and (C) acriflavine-immobilized eggshell mem-
brane using 25.0% (w/w) glutaraldehyde.
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network of ESM with multilayered fibers and pores can provide
ideal sites for the combination and distribution of AY as indicator.
According to previous studies, it is also possible that the trace
amount of Sudan dyes in the working solution can be collected
and enriched by the fibrous and porous structure of ESM
(Carolina Talio, Alesso, Gimena Acosta, Acosta, & Fernandez,
2014), which would be of great benefit in enhancing the sensitivity
of the biosensor. The FTIR analysis of the ESM and AY-ESM are
shown in Fig. S2. The major bands for the ESM could be assigned
as follows: 3313 cm�1 (AOH/ANH2 stretching vibrations); 3071,
2965 and 2877 cm�1 (CAH asymmetric stretching vibration in
@CAH and @CH2); 1655 cm�1 (C@O stretching mode assigned to
the amide I vibration); 1528 and 1234 cm�1 (CAN stretching/
NAH bending modes assigned to amide II vibrations); 1427, 1079
and 633 cm�1 (C@C, CAO and CAS stretching vibrations, respec-
tively) (Wang, Li, Wang, & Wang, 2016). Comparing with natural
ESM, two new bands at 1200 cm�1 (CAOAH deforming vibrations)
and 1033 cm�1 (CAN stretching of aliphatic I and II amines)
appeared in the spectra of AY-ESM after cross-linking, indicating
that Schiff base linkages are formed between the aldehyde groups
of glutaraldehyde and the amino groups of ESM and AY (Xie &
Zang, 2016). In addition, the increase in the relative intensity of
the band at 1655 cm�1 was corresponded to the C@N stretching
vibration of AY, indicating that AY molecules have been success-
fully immobilized on ESM.

The fluorescence characteristics of AY-ESM in the absence and
presence of Sudan I–IV were investigated by two-dimensional
and three-dimensional fluorescence spectrum. Herein, Sudan II,
with the highest spectral overlap integral (J), is used as a represen-
tative of Sudan dyes. As shown in Fig. 4B, the fluorescence maxi-
mum of AY-ESM appears at 484 nm under continuous excitation
at 460 nm. This characteristic peak was associated with AY, which
further confirmed the successful immobilization of AY on ESM.
Upon addition of Sudan II, the fluorescence intensity decreased
efficiently at Ex/Em = 460/484 nm (Fig. 4A), suggesting that AY-
ESM could be potentially used as a fluorescence probe to detect
Sudan dyes. Fig. S3 shows the time-dependent response of
AY-ESM upon addition of Sudan II. The fluorescence intensity at
Ex/Em = 460/484 decreased gradually with time and reached equi-
librium in about 300 s. Therefore, the fluorescence of AY-ESM in
the presence of Sudan dyes were recorded at 5 min.

3.2. Mechanism for fluorescence quenching system

To understand the quenching mechanism, UV–vis absorption
and fluorescence spectroscopy were utilized to investigate the
optical properties of AY-ESM and Sudan dyes. According to the
principles of fluorescence spectroscopy, ground-state complex for-
mation will frequently result in perturbation of the absorption
spectrum of the fluorophore (Chen et al., 2014). However, by com-
paring the absorption bands in Fig. 5A (curve b and c), no new
absorption peak was found upon addition of Sudan II. Thus the sta-
tic quenching mechanism based on formation of the ground-state
complex is excluded.

As shown in Fig. 5B, the sufficient overlap of the fluorescent
emission peak of AY-ESM (curve a) with the UV–vis absorption
band of Sudan II (curve b) suggests that fluorescence decrease
may arise from the FRET or fluorescence inner filter effect (IFE).
According to fluorescence quenching principles, FRET quenching
can be influenced by temperature due to the change of molecular
collision and the stability of ground state complexes, while IFE is
not (Lakowicz, 2006; Ling, Li, Qu, Li, & Luo, 2014). Therefore, DF
of AY-ESM towards 40 lM Sudan I–IV (10 lL) was investigated
under different temperatures (253 K, 263 K, 273 K, 278 K, 288 K,
298 K, 308 K, 318 K, 323 K) to further determine the possible
mechanism. As shown in Fig. S4, even though the temperature
exhibit little influence on DF of AY-ESM towards Sudan I–IV, the
increasing trend of DF with the increasing of temperature can be
seen clearly. Therefore, the fluorescence quenching of AY-ESM by
Sudan dyes should be mainly caused by FRET, rather than IFE, with
AY molecules as the energy donor and Sudan I–IV as the energy
acceptor.

To further investigate the FRET mechanism, FRET parameters
were calculated according to Eqs. (1)–(3) provided in
section 2.7. The spectral overlap integral (J) was calculated to be



Fig. 4. (A) Fluorescence emission spectra of the AY-ESM in the presence of different concentrations of Sudan II (0, 0.5, 1, 5, 10, 20, 40, 60, 80, 100, 150, 200, 250, 300, 400, 500,
600, 800 and 1000 lM from 1 to 19, 10 lL) under optimum conditions. (B) three-dimensional fluorescence spectrum of AY-ESM in the absence and presence of 1000 lM
Sudan II (10 lL). T = 298 K.

Fig. 5. (A) UV–vis absorption spectra of the 10 lM AY (a), 40 lM Sudan II (b), and
the mixture of 10 lM AY and 40 lM Sudan II (c). (B) The fluorescence emission
spectra of the AY-ESM (glutaraldehyde, 15%, w/w; AY, 10 lM; pH = 8.0) under
continuous excitation at 460 nm (a) and the UV–vis absorption spectra of 40 lM
Sudan II (b). T = 298 K.
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6.29 � 10�16 cm3 L mol�1 by Eq. (2). The Förster critical distance
(R0) and the distance between the donor and acceptor (r) were both
calculated to be 2 nm by Eqs. (2) and (3), which is short enough to
allow efficient FRET from AY-ESM to Sudan dyes. According to ref-
erences, acridine and azobenzene derivatives have been widely
employed as energy donors or acceptors to build FRET sensors
(Chen et al., 2014; Farzampour & Amjadi, 2014; Kong et al.,
2017), which can be ascribed to their intrinsic structural advanta-
geous. Acridine derivatives are a class of macrocyclic compounds
with rigid conjugate structure, thus a long-range dipole-dipole
interaction may take place between the acridine moiety of AY as
a donor molecule and some appropriate guests as acceptor mole-
cules via through-space energy transfer (Zhang, Han, Chen,
Zhang, & Liu, 2013). Some studies have also shown that a synergis-
tic interplay between the p-conjugation and the intramolecular
hydrogen bond of azobenzene derivatives, such as Sudan dyes,
might contribute to the remarkable activity of such compounds
and facilitates the mechanistically required energy transfer step
(Jo et al., 2012). In addition, the distance (R0) and overlap integral
(J) requirements of FRET system can be easily satisfied through a
series of reduction reactions, during which the azo bond could be
cleaved to generate a suitable donor-acceptor distance and UV–
vis absorption band (Kiyose et al., 2010). In summary, all the evi-
dence indicated that the fluorescence quenching of AY-ESM by
Sudan dyes in this study is predominantly attributed to FRET.

3.3. Optimization of conditions for the detection of Sudan I–IV

3.3.1. Effect of concentration of glutaraldehyde
Glutaraldehyde has been used for several decades as an effec-

tive cross-linking agent of ESM (Li et al., 2017; Wang, Bai, Gao, &
Wang, 2015; Zheng et al., 2011), the mechanism of which is mainly
contributed to the effect of aldehyde-amine condensation between
the functional groups of ESM protein and the target compounds.
According to the SEM image of AY-ESM cross-linked by 25%
(w/w) glutaraldehyde (Fig. 3C) and our previous study (Wang
et al., 2015), a thick layer of cross-linking polymer would form
on the surface of ESM when the glutaraldehyde concentration
reaches 25% (w/w). Thus in order to protect the natural microstruc-
ture of ESM, the effect of glutaraldehyde concentration on the flu-
orescence intensity of AY-ESM was studied over the range of 1%–
25% (w/w).

It can be seen from Fig. S5-A that the fluorescence intensity of
AY-ESM increased with the increasing concentration of glutaralde-
hyde at first and remain unchanged after the concentration of glu-
taraldehyde exceeded 15% (w/w), indicating that the amount of the



Fig. 6. Relationship between the fluorescent difference in the presence and absence
of Sudan II (DF) and the concentration of Sudan II. Inset: the linear region of 0.5–
60 lM Sudan II. Excitation wavelength: 460 nm. The error bars denote the standard
deviation of the values obtained with the three same assays. T = 298 K.
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cross-linking agent is not enough to bind all AY molecules onto the
membrane at the beginning and gradually reached saturation
afterwards. Therefore, 15% (w/w) glutaraldehyde was chosen for
AY immobilization on ESM.

3.3.2. Effect of concentration of AY
According to references (Guo, Zhang, Zhao, Wang, & Xu, 1997;

Weill & Calvin, 1963), the self-quenching effect would occur when
the fluorescent dyes like AY are at a high concentration about 10�6

M, during which the dye monomers aggregate and form dimers
(AY-AY) with a certain angle (Guo et al., 1997). In this study, the
forming of such dimers is extremely unfavorable for the detection
of Sudan dyes. On one hand, the plane property of molecule is
destroyed by the angle, leading to the decrease in the fluorescence
of AY. On another, the space hinder of AY-AY makes it hard for
Sudan dyes to get close, resulting in the decrease of sensitivity
(Liu, Sa, Hu, & Kong, 2006). Therefore, in order to avoid the self-
quenching effect, the concentration of AY in the immobilization
step was optimized over the range of 0.1 to 25 lM. As expected,
increasing the concentration of AY from 0.1 to 10 lM increased
the obtained fluorescence signal of AY-ESM (Fig. S5-B), but when
the concentration of AY exceeded 10 lM, the fluorescence inten-
sity decreased sharply due to the self-quenching effect. Hence,
the optimum concentration of AY was chosen as 10 lM.

By comparing this result to previous studies of AY in solution-
state (Pérez-Ruiz, Martı́nez-Lozano, Sanz, & San Miguel, 1997),
we found that the self-quenching concentration of AY has been
greatly increased when immobilized on ESM. Since the dispersion
and enrichment effects provided by the entangled structure of ESM
fibers has been reported in many fields of application such as the
synthesis of nanoparticles (Liang et al., 2014; Zheng et al., 2011)
and the adsorption of water contaminants(Abdel-Khalek,
Rahman, & Francis, 2017; Wang et al., 2017). It is reasonable to
expect that the ESM fibers might have the ability to disperse AY
molecules and thus avoid the molecules from coming too close.
The effective enhancement of AY concentration as the indicator
on solid matrix can improve the sensitivity of the biosensor, which
could be considered as another advantage of the proposed method.

3.3.3. Effect of pH value
Since the cross-linking effect of glutaraldehyde is highly pH

dependent, the pH of the cross-linking solutions (including glu-
taraldehyde solution and AY solution) was optimized over the pH
range of 2.0–12.0. It is seen from Fig. S5-C that the fluorescence
intensity of AY-ESM increased with increasing pH at first, and then
decreased when the pH is beyond 8.0. This phenomenon can be
explained by the cross-linking process of glutaraldehyde and
ESM. When monomeric glutaraldehyde interact with the amino
groups of ESM protein, a nucleophilic attack occurs on the alde-
hyde groups to yield a non-conjugated Schiff base (Goldstein &
Manecke, 1976; Wang et al., 1998), which is considered to be
unstable under acidic conditions. Therefore, the optimum pH val-
ues of glutaraldehyde solution and AY solution were determined
to be 8.0.

3.4. Sensitivity and selectivity for Sudan I–IV detection

According to the optimum conditions above, the sensitivity of
AY-ESM toward Sudan I–IV was investigated. As illustrated in
Figs. 6 and S6, the fluorescent difference before and after quench-
ing (DF) at Ex/Em = 460/484 nm against the concentrations of
Sudan I–IV shows good linear relationships over the range of
0.5–60 lM, with the satisfactory correlation coefficients (R2) of
0.9895 for Sudan I, 0.9967 for Sudan II, 0.9938 for Sudan III and
0.9959 for Sudan IV. Low detection limits (3r/slope) were also
obtained at 0.16, 0.26, 0.21, and 0.17 lM for Sudan I–IV,
respectively.

To further demonstrate the selectivity of AY-ESM biosensor, the
fluorescence response of potentially interfering substances that are
expected to coexist in chilli and ketchup products (such as Vitamin
C, Capsanthin, b-carotene, sodium citrate, saccharides and metal
ions) or ESM (such as amino acid and Ca2+) were tested. As shown
in Fig. S7, the addition of 40 lM Sudan I–IV (10 lL) onto AY-ESM
biosensor caused an obvious change in the value of DF, but most
of the interfering substances like pigments, amino acids and sugars
could not lead to any significant fluorescence change (<5%) even at
a rather high concentration. Additionally,DF towards Sudan I–IV in
the presence of those substances also produced slight interference
(<8%), indicating that the presence of those substances does not
inhibit FRET of the detection system and thus demonstrate good
selectivity toward Sudan dyes. However, the fluorescence quench-
ing was mostly caused by some divalent cations, especially Cu2+

and Ca2+. Thus, a proper separation or pretreatment would be nec-
essary when the proposed method was put into practice.
3.5. Prediction of spiked samples

To verify the applicability of the proposed method, AY-ESM was
employed to detect Sudan I–IV in real chilli powder, chilli oil and
ketchup samples, which were pretreated and analyzed in accor-
dance with procedures described in section 2.6 and 2.5. It was sat-
isfactory that Sudan II in one ketchup sample (Fig. S8) were
actually found and determined with the concentration of 3.2 lM
by this method. Reasonable spike recoveries were also obtained
by adding standard solutions of Sudan I–IV with three different
concentrations (10, 20, 60 lM). As shown in Table S1, the recover-
ies of chilli powder, chilli oil and ketchup samples were in the
ranges of 96.4–104.7%, 94.9–102.8% and 95.4–105.1% with RSDs
(n = 5) of 1.0–5.9% for chilli powder, 1.1–5.6% for chilli oil and
1.1–6.2% for ketchup respectively, indicating that the proposed
method is potentially applicable and reliable for the detection of
Sudan I–IV in real samples.

In order to evaluate the performances, the proposed method
was compared with some literature methods for the analysis of
Sudan dyes and the results are presented in Table S2. Compared
with the previously reported methods, the proposed method exhi-
bits low detection limits, good linearity, satisfactory recovery and
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superiorities in the consumption of samples, organic solvents and
equipments. From all the results obtained above, it is clear that
the proposed method is a simple, accurate and reliable technique,
and is suitable for the analysis of various Sudan dyes in the food
and adulteration samples.

3.6. Stability of AY-ESM

Considering to the actual practice, the stability of AY-ESM is of
particular importance as they may often be stored for weeks or
months prior to use. Since ESM protein is easy to be contaminated
by microorganism in moist environment, the prepared AY-ESM
was fully dried and stored in a desiccator (as described in section
2.4) to avoid activity decrease. In order to determine the long-
term stability of the biosensor, the fluorescence intensity change
of AY-ESM was monitored periodically for 60 days. As shown in
Fig. S9, the fluorescence signals of AY-ESM decreased gradually
to 80% of its initial values after being stored 15 days and then basi-
cally remained at 78.7% in the next 45 days. This result was com-
pared with other methods reported in the literature, newly
developed sensing materials immobilized by glutaraldehyde, poly-
mers, enzymes and nanoparticles were selected as references. As
shown in Table S3, the remained activity of the present method
is higher than or at least similar to that of the other methods, espe-
cially with regard to the long-term storage after 15 days. In addi-
tion, the storage condition of the present method is much easier
to be achieved compared with the specific temperature, humidity,
pH and buffer requirements of literature methods, which could be
considered as a significant advantage in commercial production
and possible industrial applications.

4. Conclusions

In summary, we have successfully immobilized AY onto ESM to
develop a novel solid-surface fluorescence biosensor for the rapid
detection of Sudan I–IV. Under optimum conditions, AY-ESM
biosensor towards Sudan I–IV exhibit good linearity and low detec-
tion limits. Recovery tests in spiked real samples and interference
study towards some potentially interfering substances also
achieved satisfactory results. This is the first demonstration and
utilization of solid-state biosensor accompanied with the FRET
method for the quantitative detection of Sudan dyes. With ESM
as the solid matrix, the proposed method shows many promising
features, such as cost-efficiency, good stability, easy operation
and free of solvent effects, etc. Further investigation may lead to
an extension of this system for the detection of other dyes or food
additives.
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