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Abstract
Sudan dyes are commonly found adulterants in chili related products. In this work, the unusual
�uorescent behaviors of Sudan I and II in solid state were observed for the �rst time which are attributed
to aggregation-induced emission (AIE). Taking advantage of their solid-state AIE properties, front-face
synchronous �uorescence spectroscopy (FFSFS) was applied for the rapid and non-destructive
determination of Sudan I or II in chili powders. For each dye, 90 adulterated chili powders containing 1–
50 mg/g Sudan I or II were prepared. Qualitative and quantitative analyses were achieved by principal
component analysis – linear discriminant analysis (PCA–LDA) and partial least square regression
(PLSR), respectively. The built models were validated by full cross-validation, �ve-fold cross-validation
and external validation. The sensitivity and speci�city in discrimination were both 100%. For PLSR
prediction, the coe�cients of determination (R2) were greater than 0.96. The relative errors of prediction
(REP) were 15.2% and 11.6% for Sudan I and II, respectively. AIE-based FFSFS offers a new route for the
application of �uorescence spectroscopy in food authentication.

1 Introduction
As an old analytical technique with a long history, �uorescence spectroscopy is renowned for its high
sensitivity, selectivity and simplicity. However, conventional right-angle �uorescence spectroscopy is not
suitable for the direct measurement of concentrated liquid or solid samples due to the primary and
secondary inner �lter effects encountered in strongly absorbing matrices [1]. In these cases, solution by a
solvent or a proper dilution is prerequisite. To deal with such samples, front-face �uorescence
spectroscopy (FFFS) provides a convenient alternative. It measures the �uorescent excitation and
emission on the frontal surface of sample, re�ects the intrinsic �uorescence of bulk and opaque samples,
and is hence particularly suitable for food samples [1]. It has been demonstrated to be a powerful tool for
the rapid and non-destructive authentication of various kinds of foods and beverages [2–13].

Aggregation-induced emission (AIE) has been attracting numerous and continuous attentions since its
proposal [14], especially in the past decade [15–17]. As an unusual �uorescence phenomenon, it is
described to be a photophysical effect that �uorescent emission is induced by aggregate formation,
either in solution state or in solid state [14]. In contrast to the commonly known aggregation-caused
quenching (ACQ), it provides a new platform for the understanding of the underlying mechanisms of
�uorophores in aggregate state and opens a new gate for a wide variety of technological applications
including chemical sensing, bioimaging and therapeutics [15, 17]. In recent years, AIE-based sensors or
probes have also been applied to food analysis [18–20]. However, the investigation of the AIE behaviors
of the intrinsic components in solid foods is very scarce.

Sudan dyes (Fig. 1) are the most frequently found contaminants in chili related products [21]. They are
illegally added to strengthen the bright red color of chilies. Although chromatographic techniques are
competent to detect Sudan dyes accurately and sensitively, such analysis can prove tedious and
cumbersome [22]. Compared with chromatographic methods, spectroscopic techniques can afford
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simple, rapid and non-destructive measurements. Several kinds of spectroscopic methods have been
developed to detect Sudan dyes in foods [23–33]. In this �eld, Di Anibal and coworkers have developed
many methods via UV-visible, near infrared (NIR), Raman and nuclear magnetic resonance (NMR)
spectroscopies [23–26, 33]. They also used synchronous �uorescence spectroscopy to construct a
screening method for the adulteration of chili samples with Sudan I [27]. In this work, traditional right-
angle geometry was adopted and Sudan I needed to be extracted from sample by isopropyl alcohol.
Besides, they mainly focused on the qualitative discrimination of unadulterated and adulterated samples,
without quantitative intent. In another work, Monago-Maraña et al. employed �ber optic probe to achieve
non-destructive �uorescent detection of Sudan I in paprika powder [31]. They found partial least squares
regression (PLSR) based on �rst-order emission spectra gave poor validation results while second-order
algorithms signi�cantly improved the model robustness. The authors attributed the large errors to the
naturally varied color of paprika that could in�uence the Sudan I �uorescence signal. Though excellent
results were obtained in this work, the authors stated that it would be better if the method were proven
also competent for classi�cation of adulterated or unadulterated samples. Furthermore, as their method
is limited to Sudan I, the possibility of quantifying other Sudan dyes is worthy of investigation.

The unusual �uorescence of Sudan I has been observed and explored for its cell imaging applications
[34]. The AIE mechanism of Sudan I in solution state has been proven, however, its AIE behavior in solid
state has not been investigated and utilized. Herein, we will take the Sudan dyes and chili powders as the
example to investigate the AIE phenomenon in solid foods and try to take advantage of such unique
characteristic to propose an FFFS-based method for the rapid and non-destructive determination of
Sudan dyes in chili powders both qualitatively and quantitatively. To eliminate the matrix interference
from naturally varied color of chili powders, synchronous �uorescence is employed. Different from the
conventional excitation–emission scan, the synchronous scanning mode can largely eliminate the
interference, clean the spectra and sharpen the band. It has been widely used for various kinds of food
authentication [2, 6–7, 13, 27, 35–37]. In this work, the advantage of synchronous �uorescence
spectroscopy is utilized to eliminate the matrix interference and the feasibility of using a simple algorithm
to identify multiple Sudan dyes will be studied. The goal of this study is to develop a simple, rapid and
non-destructive method for the qualitative and quantitative authentication of Sudan dye adulteration in
chili powders by combining the advantage of AIE and front-face synchronous �uorescence spectroscopy
(FFSFS), providing an alternative procedure to guarantee consumers’ right and food safety.

2 Materials And Methods

2.1 Materials
All reagents used were of at least analytical grade. Ultrapure water was used throughout the experiments.
Acetonitrile (MeCN) of high performance liquid chromatography (HPLC)-grade was obtained from Kermel
Chemical Reagent Co., Ltd. (Tianjin, China). Barium sulfate (BaSO4) was bought from Guangfu Fine
Chemical Reagent Co., Ltd. (Tianjin, China). Sudan I, II, III and IV were purchased from Aladdin Reagent
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Co., Ltd. (Shanghai, China). All solutions were �ltered through 0.45 µm membrane �lters or syringe �lters
(Shanghai Milimo Separation Technology Co., Ltd.) prior to HPLC.

2.2 Samples
Nine commercial brands of chili powder were purchased from JD.com global online shopping site. To
re�ect natural variations and enlarge matrix interferences, those samples showing a wide variability in
color were selected as representative. Three bottles were collected for each brand. They were kept at 4 ºC
in the dark and guaranteed not to past their expiration date prior to analysis. All these chili powder
samples were tested by HPLC to be free of any Sudan dye. The HPLC and �uorescent analyses of the
same sample were performed in tandem within one day to avoid any change of the analytes. Prior to
analysis, chili powders were ground, sieved and oven-dried at 105 ºC for 8 h, and those dried �ne powders
with particle size in the range of 0.096–0.2 mm were collected for further analysis. Since commercial
Sudan I contained a portion of moisture, it was also dried at 105 ºC for 8 h and kept in a desiccator prior
to use.

Adulterated chili powder samples were prepared by adding an amount of Sudan I or II to each brand of
chili powder in the range of 1–5 mg/g with a step of 1 mg/g (0.1–0.5%, w%), and in the range of 10–50
mg/g with an interval of 10 mg/g (1–5%, w%). Thus, for each dye, 90 adulterated chili powder samples
were obtained (9 brands × 10 concentrations). Speci�cally, appropriate weights of the adulterant and chili
powder were mixed and shaken adequately to make the mixture homogenous. Besides, the solid solution
of Sudan I and II in a �uorescent inert solid, BaSO4, were also prepared analogously at the same
concentration levels as the adulterated chili powders.

2.3 HPLC analysis
HPLC analysis was carried out with an Agilent 1260 system (Agilent, Palo Alto, CA, USA) consisting of a
quaternary pump (G7111A), a diode array detector (G7115A) and an autosampler (G7129A) with a 20 µL
sample loop. An Alltima-C18 column (250 mm × 4.6 mm I.D., 5 µm, Grace, Columbia, MD, USA) was used
for chromatographic separation.

The simultaneous analysis of four Sudan dyes was performed according to a literature method [22] with
a slight modi�cation. The mobile phase was acetonitrile-water (98:2, v:v). The �ow rate was set at 1.0
mL/min. The column temperature was �xed at 30°C. The injection volume was 20 µL and the detector
was set at 478 (Sudan I), 496 (II), 510 (III) and 520 (IV) nm. For sample preparation, 100 mg of dried
sample was homogenized with 20 mL of acetonitrile and vigorously shaken and ultrasonicated for 40
min. After centrifugation at 3000 rpm for 5 min, the supernatant was �ltered through a 0.45 µm syringe
�lter. The HPLC method was validated by repeatability, reproducibility and recovery test. The detection
limits (3σ) for four Sudan dyes in chili powder were 0.4 µg/g. All the chili powder samples were detected
by HPLC, and the results showed that none of four Sudan dye was beyond the detection limit in the
samples. The actual contents of Sudan I or II in all the adulterated chili powders were also determined as
references.
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2.4 FFSFS measurement
Fluorescence spectra were acquired with an FS5 spectro�uorometer (Edinburgh, Livingston, Scotland,
Britain) with a 150 W xenon lamp source for excitation. The slit widths for excitation and emission were
both 2 nm. The front-face geometry of chili powders was used for the spectra acquisition with an SC-10
front-face sample holder at room temperature (25ºC). Sixty milligram of samples was mounted in the
sample holder. The incidence angle of the excitation radiation was 30° which was �xed by the sample
holder. The excitation and emission were scanned simultaneously, and the λex was in the 250–600 nm
range with a step of 1 nm. The constant wavelength interval (Δλ) between λex and emission wavelength
(λem) was set at 30–300 nm with a step of 10 nm. Fluorescence intensities were plotted as a function of
λex. For each sample three spectra were measured successively and the average of the three
measurements was used for further analysis. The relative standard deviation (RSD) of three replicate
samples of the same brand was calculated to assess the in-group measurement precision.

2.5 Statistical analysis
Prior to statistical analysis, several spectral data pretreatments including normalization, standard normal
variate (SNV), multiplicative scatter correction (MSC), �rst (1st) and second (2nd) derivative preprocesses
were tested. Principal component analysis (PCA) and linear discriminant analysis (LDA) were performed
using IBM SPSS 19.0 (IBM, USA). PLSR was executed by Unscrambler X 10.4 (CAMO Oslo, Norway). PCA
followed by LDA was used to discriminate the unadulterated and adulterated chili powders. PLSR models
was then constructed to predict the content of adulterant. Both the qualitative and quantitative models
were optimized and validated by full (leave-one-out) cross-validation, �ve-fold cross-validation and
external validation. The spectra used for all the analyses are the synchronous �uorescence data at a
certain Δλ with λex from 250 to 600 nm, thus the total variable number for one Δλ is 351. Both the spectra
data pretreatment and the selection of Δλ were carefully optimized. For PCA, all the 207 samples (27
unadulterated chili powders (9 brands × 3 bottles) + 90 chili powders adulterated with Sudan I + 90 chili
powders adulterated with Sudan II) were analyzed. After that, LDA was performed to derive a
classi�cation rule according to unadulterated / adulterated with Sudan I / adulterated with Sudan II
based on the obtained PCs scores with eigen values larger than 1. For PLSR, 90 adulterated samples
composed the calibration set for each dye. The corresponding root mean square error of calibration
(RMSEC), coe�cient of determination for calibration (R2

c), root mean square error of cross-validation

(RMSECV) and coe�cient of determination for cross-validation (R2
cv) were calculated. The optimal

number of PLSR latent variables was decided by plotting the RMSECV versus the number of components
and determining the minimum of the plot. For external validation, the 90 samples were sorted by the
adulterant concentration, and every �ve sample was injected into the test set (n = 18). The remaining
samples composed the training set (n = 72). The test set was then used to evaluate the predictive ability
of the built models. Root mean square error of prediction (RMSEP) and the corresponding coe�cient of
determination for prediction (R2

p) were determined. The relative error of prediction (REP) was calculated
as percentage ratio of the RMSEP to the mean of the actual content values. The standard error of
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prediction (SEP) and residual predictive deviation (RPD) which is the ratio of the standard deviation of
reference values to RMSEP, were also determined.

3 Results And Discussions

3.1 AIE behaviors of Sudan dyes in solid state
As the AIE mechanism of Sudan I in solution has already been revealed by Yoon et al. [34], the AIE
behaviors of Sudan I and its analogue Sudan II in solution state were not repeatedly examined. Instead,
the FFSFS of Sudan I and II in pure solid state were �rst scanned. As presented in Fig. 2 and Fig. 3, both
the two dyes showed unusual broad-band �uorescence excitations which can be observed in the whole
tested range (λex = 250–600 nm). As the maximal λem remains constant at ca. 600 nm, the synchronous
�uorescent contour plots display a regular shape of long strip, with the Δλ ranging from 30 to 300 nm.
Conventional �uorophores are generally non-�uorescent in solid state, known as ACQ. However, Sudan I
and II show relatively strong �uorescence in their solid state. Actually, it has been con�rmed by Yoon et al.
that Sudan I has a typical AIE behavior [34]. They found o-phenylazonaphthol compounds had a higher
�uorescence intensity in their solid states than in solution states. Owning the same o-phenylazonaphthol
skeleton as Sudan I, Sudan II exhibits a similar AIE behavior in solid state. The locations of the
�uorescent bands are analogous to those of Sudan I. However, its �uorescence is signi�cantly stronger
than that of Sudan I (ca. 2-folds as Sudan I at maximal λex). Except the �uorescence quantum yield,
another slight difference exists in their contour plots. For Sudan I, the relatively shorter wavelength
excitations (λex = 300–400 nm and Δλ = 200–300 nm) yield much stronger emission than the longer ones
(λex = 500–600 nm and Δλ = 30–100 nm). However, for Sudan II, the above-mentioned two ranges show
parallel intensities. Such difference between the two dyes gives the result that Sudan II is even more
intensive by long wavelength excitation. This difference may provide the feasibility to distinguish Sudan I
and II in chili powders. The relationship between such spectral distinction and the structural difference
existing between the two dyes, i.e., two substituted methyl moieties in o-phenylazonaphthol skeleton of
Sudan II, needs further investigation.

The AIE mechanism of Sudan I and II in solid state can be the restriction of intramolecular motions (RIM)
[38]. In a typical ACQ process, the strong π–π stacking interactions between the �uorophores normally
results in the �uorescence quenching. While in AIE, the RIM blocks the non-radiative route and re-opens
the radiative gate [38]. The large Stokes shift (Δλ = 200–300 nm) indicates the formation of
intramolecular hydrogen bonds and the consequent excited state intramolecular proton transfer (ESIPT)
which lowers the energy of excited state and increases the energy loss between the excitation and the
emission [39].

Except the spectral difference between Sudan I and II, another physical difference was found. Drying
method showed that the commercial Sudan I used in this work had ca. 30% moisture. While after the loss
of 30% moisture by drying treatment, the �uorescent intensity of Sudan I nearly doubled, indicating that
the moisture does not only decrease the �uorescence solely by the occupation of weight. Besides, Sudan I
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with higher moisture tended to suffer from larger measurement errors. Therefore, it was dried at 105 ºC
for 8 h and kept in a desiccator prior to use in the present study.

The FFSFS properties of Sudan III and IV in solid state were also tested. It is interesting that they have no
�uorescence emission in the tested range. Compared with Sudan I and II, Sudan III and IV possess an
additional phenylazo moiety (Fig. 1). The reason why Sudan III and IV do not show an AIE behavior in
solid state may be related to the ineffective RIM process and the following π–π stacking interactions due
to the second phenylazo moiety, which deserves further investigation.

3.2 AIE behaviors of Sudan dyes in solid solutions
To further investigate the AIE behaviors of Sudan I and II in solid solutions, their dilutions in a �uorescent
inert reagent BaSO4 were prepared. Sudan I and II again exhibit different trends with the increase of
concentration. As illustrated in Fig. 2, the noticeable characteristic emissions of Sudan I appear in the
spectra when the concentration increases to 1%, and then gradually strengthens along with the further
increase of concentration. However, such increase is not linear with the concentration. Besides, the long
wavelength excitation centered at λex = 560 nm and Δλ = 40 nm is more obvious than the shorter ones.
This is opposite to the observation of pure Sudan I in solid state, indicating the intermolecular distance
has different effects on the short and long wavelength excitations in Sudan I’s AIE. On the other hand, the
situation is different for Sudan II (Fig. 3). The relatively shorter wavelength excitations (λex = 300–400 nm
and Δλ = 200–300 nm) and the longer ones (λex = 550–600 nm and Δλ = 30–100 nm) emerge together
when the concentration increases to 0.5% and then become stronger simultaneously. Once again,
compared with Sudan I, Sudan II shows higher intensity at the same concentration and is easier to
identify at lower concentrations.

3.3 FFSFS properties of chili powders
The FFSFS properties of chili powders were then investigated. The moisture and particle size were found
to play important roles on the FFSFS intensity and measurement error. To enlarge the sensitivity and to
reduce the error as much as possible, chili powders were oven-dried and sieved to yield dried �ne
powders. All the collected chili powers show similar overall shape in total synchronous �uorescence
spectra, but the intensities of different bands can vary. Figure 4a-4c present the typical contour maps of
three brands of chili powders. An obvious �uorescence peak appears at λex = 420 nm and Δλ = 260 nm
which should be ascribed to the low quantity of chlorophyll [12, 40]. Meanwhile, there are strong
�uorescence emissions above λex 500 nm in the Δλ range of 30–150 nm. These composite emissions
can be attributed to the carotenoids such as capsanthin, a natural pigment in chili pepper [40]. Owing to
natural variation, these natural compounds show different pro�les, making the red color of sample
varying from pale to deep [40]. Nevertheless, all the �uorescence emissions of these natural components
in chili powder are distinct from those of Sudan dyes without severe overlap.

The general tendency in total synchronous FFFS spectra of increasing concentrations of Sudan I or II in
chili powders is analogous to that in BaSO4. When the concentrations are higher than 1%, the
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characteristic bands of Sudan dyes can be easily discerned even by the naked eye (Fig. 4d and 4e). Slight
differences can be observed for Sudan I and II at the same Δλ, making the samples adulterated with the
two dyes distinguishable.

3.4 Qualitative discrimination by PCA–LDA
To reduce the dimensionality of spectral data and to visualize the �uorescent �ngerprints more clearly,
PCA was �rst applied to the synchronous �uorescence spectral data. As only a simple algorithm was
employed in this work, the in�uence of Δλ on the discrimination was carefully examined. After
optimization, the selected Δλ for qualitative discrimination is 180 nm, while the optimal spectral data
pretreatment method is smoothing by the Savitzky and Golay method followed by 1st derivative
preprocess. Figure 5a shows the obtained two dimensional PCA score plot. The �rst two principal
components account for 89.3% of the original variance. In this plot, a portion of the chili powders
adulterated with 0.1–5% Sudan II are preliminarily separated from others while most of the chili powders
adulterated with Sudan I are severely overlapped with the unadulterated ones, especially for certain
brands of sample at lower adulterant concentrations.

As PCA is an unsupervised pattern recognition method, the discrimination task was then executed by the
unsupervised LDA based on the obtained PCA scores. As can be seen from Fig. 5b, the three classes are
completely isolated from each other. The sensitivity and speci�city in all the cross- and external
validation are 100%, i.e., no mis-classi�cation has been made.

3.5 Quantitative prediction by PLSR
After the qualitative discrimination by PCA–LDA, the concentration of the adulterated Sudan I or II in chili
powder was determined by PLSR. The optimal data pretreatment is smoothing by the Savitzky and Golay
method followed by normalization, and different Δλ is selected for Sudan I and II. Table 1 shows the
PLSR parameters in calibration, cross-validation and external validation. The R2 values are in the range of
0.963–0.987, and all the RMSE are no more than 0.4%. The REP are 15.2% and 11.6% for Sudan I and II,
respectively. The corresponding RPD are 6.8 and 9.1, respectively. Although limited to the high
concentration range, these results are acceptable, demonstrating that this simple algorithm is competent
for the rough estimation of Sudan I or II at relatively high concentrations.
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Table 1
PLSR statistics for determination of Sudan I and II (0.1 − 5%, w%)

in chili powders using front-face synchronous �uorescence
spectra at the optimal Δλ with λex from 250 to 600 nm (the

variable number is 351).
parameter Sudan I Sudan II

Δλ (nm) 80 230

No. of LVa 7 3

R2
c

b 0.973 0.982

RMSECc 0.27 0.23

R2
cvf

d 0.963 0.979

RMSECVf
e 0.32 0.25

R2
cv5

f 0.968 0.980

RMSECV5
g 0.30 0.25

R2
p

h 0.977 0.987

RMSEPi 0.26 0.19

REP (%)j 15.2 11.6

prediction bias 0.05 0.06

SEPk 0.26 0.18

RPDl 6.8 9.1

a No. of LV, number of latent variables.

b R2
c, determination coe�cient of calibration.

c RMSEC, root mean square error of calibration.

d R2
cvf, determination coe�cient of full cross-validation.

e RMSECVf, root mean square error of full cross-validation.

f R2
cv5, determination coe�cient of 5-fold cross-validation.
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parameter Sudan I Sudan II

g RMSECV5, root mean square error of 5-fold cross-validation.

h R2
p, determination coe�cient of prediction.

i RMSEP, root mean square error of prediction.

j REP (%), relative error of prediction.

k SEP, standard error of prediction.

l RPD, ratio of the SD of reference values to RMSEP.

The PLSR prediction result of Sudan I is not as good as that of Sudan II, with smaller R2 and RPD but
larger RMSE and REP. As can be seen from Fig. 6, relatively large errors are presented in both low (0.1–
0.5%) and high (1–5%) concentration levels. Such result should be highly related to the difference in
�uorescence quantum yield between the two dyes. The �uorescent intensity of Sudan II is ca. 5-fold as
that of Sudan I at the same concentration under the optimal conditions. The relatively lower �uorescence
quantum yield of Sudan I makes the measurement hard to be sensitive and precise. Besides, as
aforementioned, Sudan I may contain a portion of moisture which could signi�cantly decrease its FFSFS
intensity and enlarge the measurement error. Although all the samples were dried prior to test, owing to
the presence of Sudan I, the moisture in the tested samples could not be strictly controlled to the same
level. This may be the secondary reason for the inferior result of Sudan I.

The R2 and RMSE values of the present models are comparable with those of vibrational spectroscopic
methods such as NIR and Raman [28]. Though still not that good as the second-order calibration, the
proposed method is competitive compared with the �rst-order calibration reported by Monago-Maraña et
al. [31]. Furthermore, both qualitative and quantitative analyses toward two Sudan dyes are demonstrated
to be feasible. However, restricted by the AIE mechanism and low �uorescence quantum yield of Sudan
dyes, the proposed method can only be used as a preliminary screening method for chili powders of large
quantity adulteration.

In real applications, the concerns about how the detection can be affected by the presence of other
compounds/contaminants existing in real-world samples should be addressed. Thanks to the high
selectivity of �uorescence spectroscopy with the further enhanced speci�city in solid state, the AIE
ineffective Sudan III and IV do not make any interference to the detection of Sudan I or II, similarly are
other non-�uorescent co-existing compounds/contaminants. Several �uorescent components in chili
powders, including chlorophyll and capsanthin, have also been con�rmed to be non-interfering. Besides,
the experiments have also been performed in numerous replicates in different days, months and seasons.
The results showed that the repeatability and reproducibility RSDs were all no more than 15%. Thus the
detection is not signi�cantly affected by variations in environmental temperature and humidity, both of
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which are likely to vary substantially in broadly applicable screening methods. Of course, the samples
need to be dried and sieved prior to test to enhance the sensitivity and decrease the measurement error.
Finally, as the FFSFS spectra of Sudan I and II may resemble each other in the same region at different
concentrations, the simultaneous analysis of the co-existed Sudan I and II in chili powders by the
presented tactic is a great challenge and is not achieved in the present study.

4 Conclusion
This study observed the AIE phenomena of two synthetic Sudan dyes in solid matrices for the �rst time
and achieved the rapid authentication of the adulteration of chili powders with two Sudan dyes by the
combination of FFSFS and a simple PLSR algorithm. Although the quantitative result is not satisfactory,
especially in the respect of sensitivity and detection limits, it can be effective as a convenient screening
method for large quantity adulteration. More importantly, the results demonstrate that AIE-based FFSFS
provides a new route for the application of �uorescence. Though the proposed method is not applicable
for routine testing of chili powders because of its low sensitivity and high detection limits, the presented
�ndings may provide a good basis for further investigations. Depending on the AIE mechanism, it may be
not suitable for accurate and sensitive detection of low quantity targets. The most noteworthy merit of
the strategy is the enhanced high selectivity of AIE based �uorescence spectroscopy in solid state, and
the simplicity and rapidity without complicated sample pretreatment. However, as FFSFS measurements
are restricted to the sample surface, high homogeneity is required to re�ect the bulk of the sample and
reduce the measurement error [41]. The successful employment of FFSFS for highly sensitive detection of
low quantity components in food is still a challenge and merits further investigation. The relatively large
measurement error of FFSFS toward solid samples proves to be problematic. In this work, we found that
the sample moisture and particle size could in�uence the measurement error. In a previous study on the
classi�cation of cereal �ours by FFSFS, some large in-group variances were also reported to originate
from the differences in particle size and moisture [42]. To circumvent this limitation, it is necessary to
thoroughly investigate the factors in�uencing measurement error, reveal the exact in�uence mechanism
and reduce it as much as possible. Tutorials to diminish measurement error and practical methods of
high precision are badly needed.
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Figure 1

Chemical structures of four Sudan dyes (Sudan I-IV).
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Figure 2

Total front-face synchronous �uorescence spectra of pure Sudan I and its solid solutions of different
concentrations (w%) in BaSO4.
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Figure 3

Total front-face synchronous �uorescence spectra of pure Sudan II and its solid solutions of different
concentrations (w%) in BaSO4.
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Figure 4

Total front-face synchronous �uorescence spectra of three typical chili powders without Sudan dye
adulteration (a, b and c) and one of the chili powders adulterated with 1% (w%) Sudan I or Sudan II (d,
+1% Sudan I; e, +1% Sudan II). 
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Figure 5

PCA (a) and LDA (b) score plots for the discrimination of unadulterated chili powders and chili powders
adulterated with Sudan I or Sudan II (0.1-5%, w%) based on the front-face synchronous �uorescence
spectra at Δλ = 180 nm.

Figure 6

PLSR predicted versus actual contents (determined by HPLC) of Sudan I (a) and Sudan II (b) in chili
powders based on the front-face synchronous �uorescence spectra under optimal conditions as shown in
Table 1. The cross-validation shown in the �gures is full (leave-one-out) cross-validation.
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