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Abstract

This article describes a novel front-face synchronous fluorescence spectroscopy (FFSFS) method for the fast and non-invasive
authentication of ground roasted Arabica coffee adulterated with roasted maize and soybean flours. The detection was based
on the different composition of fluorescent Maillard reaction products and caffeine in roasted coffee and cereal flours. For
each roasted maize or soybean adulterant flour (540 wt%), principal component analysis coupled with linear discriminant
analysis (PCA-LDA) was used for qualitative discrimination. Quantitative prediction models were constructed based on
the combination of unfolded total synchronous fluorescence spectra and partial least square regression (PLSR), followed by
fivefold cross-validation and external validation. The PLSR models produced suitable results, with the determination coef-
ficient of prediction (sz) > 0.9, root mean square error of prediction (RMSEP) < 5%, relative error of prediction (REP) <25%
and residual predictive deviation (RPD)> 3. The limits of detection (LOD) were both 10% for roasted maize and soybean
flours. Most relative errors for the prediction of simulated blind samples were between -30% and + 30%. The benefits of this
strategy are simplicity, rapidity, and non-destructive detection. However, owing to the high similarity between roasted coffee
and roasted cereal flours and the influence of the roasting degree on fluorescent Maillard reaction products, its application
is limited to the preliminary screening of roasted coffee with the same roasting degree, adulterated with relatively large
amounts of roasted cereal flours which are roasted to analogous color to the coffee.

Keywords Coffee adulteration - Roasted cereal flour - Food fraud - Spectrofluorimetry - Principal component analysis -
Linear discriminant analysis

1 Introduction

Coffee is the most popular and the most consumed beverage
worldwide (Bilge 2020). In the past decade, along with the
surge of consumer demands and the rapid development of
coffee markets, coffee has become the second largest com-
modity after oil (Ebrahimi-Najafabadi et al. 2012). Its huge
profit margin has spawned many adulterations, especially
for coffee Arabica which is recognized to be aromatically
superior and commercially more valuable compared to other
coffee cultivars (Danezis et al. 2016a, b; Toci et al. 2016).
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The adulteration of roasted coffee is diverse, impurities
and the addition of low-cost substances are the most com-
mon maneuver of adulteration (Domingues et al. 2014; Reis
et al. 2013a; Toci et al. 2016). One of the most common
adulterants in ground roasted coffee is roasted cereal flour
such as maize and soybean flours (Arrieta et al. 2019; Cai
et al. 2016; Daniel et al. 2018; Toci et al. 2016). Since vari-
ous biological substances present similar physio-chemical
characteristics after roasting, the high resemblance of these
roasted flours to ground roasted coffee makes it a great chal-
lenge to identify this fraud (Reis et al. 2013b).

Conventional methods to identify the adulteration of
ground roasted coffee involve optical and electron micros-
copy which require considerable technical ability (Toci et al.
2016; Wang et al. 2020). Other instrumental techniques
including chromatographic methods and mass spectros-
copy are more reliable, reproducible and widely applicable
(Domingues et al. 2014; Cai et al. 2016; Daniel et al. 2018;
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Garrett et al. 2012; Toci et al. 2016). However, they usually
require pretreatment of samples and are complicated and
time-consuming. In contrast, spectral methods, especially
vibrational spectroscopic techniques such as Fourier trans-
form near-infrared (FT-NIR) (Ebrahimi-Najafabadi et al.
2012; Chakravartula et al. 2022) and Fourier transform mid-
infrared (FT-MIR) (Reis et al. 2017, 2013a, b) spectrosco-
pies provide convenient procedures for the authentication
of coffee without or with simple sample pretreatment (Toci
et al. 2016).

Fluorescence spectroscopy is known for its high sensitiv-
ity and selectivity, though it is not as popular as the afore-
mentioned vibrational spectroscopic techniques (Danezis
et al. 2016a, b). In recent years, the combined use of fluores-
cence spectroscopy with multivariate statistical analysis has
increasingly been used for food authentication (Callao and
Ruisanchez 2018). It has shown great potential in the authen-
tication of various kinds of foods and beverages (Karoui and
Blecker 2011).

With respect to coffee, its fluorescent property has been
investigated, however, only limited to the aqueous extraction of
green coffee. For instance, Botelho et al. (2017) achieved the
qualitative classification of coffees produced in Brazil accord-
ing to the geographical origin. Yisak et al. (2018) developed
a fluorescent method for the simultaneous determination of
trigonelline and theobromine in the aqueous extract of green
coffee beans. Compared to green coffee, roasted coffee is a
completely different situation. During roasting, a number of
biological materials are oxidized and react with each other
while a large quantity of aromatic compounds and Maillard
reaction products are produced (Reis et al. 2013b). Hence,
dramatically changes are expected to occur to the fluorescent
properties of coffee. However, to the best of our knowledge,
neither the fluorescent characteristics of roasted coffee nor the
quantitative authentication of coffee adulteration with roasted
cereal flours by using fluorescence spectroscopy has been
reported.

Herein, FFSFS which directly monitors the fluorescent
excitation and emission on the surface of samples simultane-
ously was utilized to compare the fluorescent properties of
ground roasted Arabica coffee and two common adulterants
in ground roasted coffee, namely roasted maize and soybean
flours. The aim of this study was to reveal the fluorescent
characteristics of roasted coffee, to find out whether the
highly resembling roasted cereal flours and ground roasted
coffee can be discerned by FFSFS, and to test the feasibility
of using it to authenticate coffee adulteration with roasted
cereal flours.
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2 Material and methods
2.1 Samples and chemicals

Six commercial brands of medium roasted Arabica coffee
(Coffea arabica) from Brazil, Cuba, Colombia, and Italy were
purchased from online markets. Either roasted Arabica cof-
fee beans or ground roasted Arabica coffee samples were col-
lected. Five commercial brands of maize flour and six brands
of soybean flour produced in China were also obtained from
online markets. The coffee beans for the production of the
above roasted coffee samples and the cereals were harvested in
2019 and 2020. All samples were kept at 4 °C in the dark prior
to analysis. The authenticity of these samples was guaranteed
by the certified manufacturers and online sellers. Caffeine of
analytical grade (>99%) was purchased from Aladdin Reagent
Co., Ltd. (Shanghai, China).

Prior to analysis, the roasted coffee beans were ground into
fine powders by an IKA M20 universal mill IKA, K&nigswin-
ter, Germany). Ground coffee and cereal flours were passed
through a sieve (mesh 250 pm). The five brands of maize flour
samples from different origins were mixed homogeneously.
Analogous operation was made for the six brands of soybean
flours. Consequently, two representative mixed maize and soy-
bean flours were obtained and then roasted under different con-
ditions to give similar appearance to the roasted coffee sam-
ples. The roasting temperature and time for maize and soybean
flours were 240 °C for 30 min and 220 °C for 40 min, respec-
tively. The above process yielded roasted maize and soybean
flours of similar luminosity (L*) to the collected roasted coffee
samples, which were all medium roasted (21.0 <L* <23.5)
(Reis et al. 2017; 2013b). Color measurements were performed
using a colorimeter (UltraScan Pro Spectrophotometer, Hunter
Laboratories, VA, USA) with standard D65 illumination.

For the preparation of adulterated coffee samples, binary
blends containing ground roasted coffee and an adulterant
(either roasted maize flour or soybean flour) were prepared
from each brand of ground roasted coffee with the proportions
of roasted maize or soybean flours added into the coffee pow-
ders from 5 to 40 wt% with a step of 5% (together 8%). The
obtained binary mixtures were thoroughly stirred and vortexed
to ensure homogeneity. Proportions >40% were not considered
since the admixture of the adulterant above this percentage was
sensory evident. For each brand of coffee, 3 replicates were
performed. Accordingly, a total of 288 adulterated ground cof-
fee samples were obtained (6 biological replicates X 2 adulter-
ants X 3 technical replicates X 8%).

2.2 FFSFS measurement

Front-face fluorescence spectra were acquired by an FS5
spectrofluorometer (Edinburgh, Livingston, Scotland,
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Britain) with a 150 W xenon lamp source and an SC-10
front-face sample holder at room temperature (25 °C). The
incidence angle of the excitation radiation was 30° which
was fixed by the holder. The slit widths for excitation and
emission were both 3 nm. Seventy milligrams of samples
were mounted in the sample holder. Excitation and emission
were scanned simultaneously with a constant wavelength
interval (AA) between excitation wavelength (A.,) and emis-
sion wavelength (A.,). Synchronous fluorescence spectra
were collected in the range of A, from 240 to 600 nm and
A from 30 to 200 nm, and the steps for A, and AA were 1
and 10 nm, respectively. The wavelength scanning speed was
100 nm/s. The estimated time to obtain the total synchro-
nous fluorescence spectra of a measurement was 1.5 min (the
scanning time =360 nm of A, range / 100 nm/s of scanning
speed X 18 AA=65 s, and the switching time between every
two AN was 1-2 s). To minimize measurement error, the
spectra were measured 3 times successively for each sample,
and the average was pretreated by Savitzky—Golay smooth-
ing through 7 points as an embedded default function in the
FSS5 spectrofluorometer software “Fluoracle” (Edinburgh,
Livingston, Scotland, Britain). The smoothed spectral data
were then auto-scaled 7 times, in order to give variables with
zero means/unit a standard deviation.

2.3 Multivariate calibration and validation

Prior to statistical analysis, several commonly used spectral
data pretreatments including peak or area normalization,
standard normal variate (SNV), multiplicative scatter correc-
tion (MSC), first (1*") and second (2nd) derivative preproc-
esses were tested. Principal component analysis (PCA) and
linear discriminant analysis (LDA) were executed by SPSS
19.0 (IBM, Armonk, NY, USA). PLSR was performed by
Unscrambler X 10.4 (CAMO, Oslo, Norway).

Limited by the maximal variable number of SPSS 19.0,
the variable dimensionality needs a preliminary reduction.
In our previous work on utilizing synchronous fluorescence
spectroscopy for geographical discrimination of red wines
(Tan et al. 2016), we found that A\ with intervals of 30 nm
can provide supplementary chemical information, while AA
with less intervals (10 or 20 nm) will contain redundant data
and greater intervals (> 60 nm) may omit some useful infor-
mation. Accordingly, to reduce variable number and retain
important information, the spectral data at every three A\
in the range of 30-200 nm (together six selected AA: 30, 60,
90, 120, 150, and 180 nm) of the 288 adulterated samples
and 18 pure ground coffee samples were imported into the
software as the variables for PCA (n=306). The yielded
principal components (PCs) were used as variables for LDA.
PCA-LDA qualitative models were optimized and validated
by both full (leave-one-out) and fivefold cross-validations.
The sensitivity (true positive rate) and specificity (true

negative rate) for each adulterant were calculated. The sensi-
tivity was measured as the fraction of one type of adulterated
samples which had a positive test result (correctly identified
as containing the actual adulterant), while the specificity was
calculated as the fraction of the other samples which had a
negative test result (correctly recognized as not containing
the adulterant).

After qualitative discrimination, the PLSR prediction
models for each adulterant were constructed individually
with 18 unadulterated coffee samples, and 144 adulterated
samples constituted the calibration set (n=162). The PLSR
models were validated by both fivefold cross-validation and
external validation. For fivefold cross-validation, all the
samples were split into five segments of similar size. Then
one selected segment was left out as an evaluation set, while
the remaining four segments were utilized to generate clas-
sification rules. This process was repeated five times until
each segment was left out once. The corresponding root
mean square error of calibration (RMSEC), coefficient of
determination for calibration (RZC), root mean square error
of cross-validation (RMSECYV) and coefficient of deter-
mination for cross-validation (R?.,) were determined. The
optimal number of PLSR latent variables was revealed by
plotting the RMSECYV vs. the number of latent variables
and determining the minimum for the plot. For external
validation, every 5 of samples were injected into a test set
(n=32), while the remaining samples composed a training
set (n=130). The RMSEP and corresponding R2p were cal-
culated. The REP was calculated as the percentage ratio of
the RMSEP to the mean of the actual content values. Stand-
ard error of prediction (SEP), RPD, and range error ratio
(RER) as the standard deviation ratio of the reference values
and the range of reference values to RMSEP, respectively,
were also determined. The LOD were calculated according
to Allegrini and Olivieri (2014) and Marquez et al. (2019)
at the 95% confidence level.

2.4 Simulated blind sample test

Finally, a simulated blind sample test was performed to
assess the reliability of the built models. Ground coffee
samples (n=6) were added with different proportions of
roasted maize or soybean flour into a blank ground cof-
fee sample. The spiking proportions included high (36%
or 38%), medium (26%), and low levels (14%). The spiked
samples were mixed homogeneously, scanned by FFSFS
and predicted by the strategy of PCA-LDA coupled with
PLSR, parallel to model calibrations. Three replicates were
performed for each spiked sample. Relative error was cal-
culated as the average percentage of the difference between
the predicted and the actual values.
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3 Results and discussion
3.1 FFSFS of ground roasted Arabica coffee

The FFSFS properties of all pure coffee and cereal flour
samples were first investigated and compared. The FFSFS
contour maps of the six ground roasted Arabica coffee
samples exhibited high similarity (Fig. S1, Supplementary
Material). Compared to green coffee beans, the fluorescence
properties of ground roasted coffee presented dramatic mod-
ifications. The characteristic emissions from phenolic acids
(typically caffeic acid), flavonoids (typically quercetin),
and the lipid fraction (typically tocopherol) in green coffee
beans, mainly in the range of A, =250-500 nm (Botelho
et al. 2017; Robert et al. 2022), all nearly disappeared in the
maps of ground roasted coffee. Instead, there was a strong
and broad fluorescence emission at relatively larger A,
(500-600 nm). This wide-ranging band is likely the com-
bination of multiple fluorescent species of similar structure
and property. Considering the major components in roasted
coffee, it is assumed to primarily belong to the fluorescent
Maillard reaction products, i.e., melanoidins (Matiacevich
et al. 2005). However, as the product composition of the
Maillard reaction in roasted products is complicated and
the chemical structures of most advanced glycosylation end
products are still unknown (Matiacevich et al. 2005), the
direct acknowledgement of this fluorescence band to specific
fluorophores cannot be achieved.

In addition to this strong and broad emission at relatively
larger A.,, some weak bands were found at relatively lower
Aex <300 nm. We have observed the front-face fluorescence
emissions of caffeine and theobromine in dark chocolate in
this area (Tan et al. 2019). Although the level of caffeine is
only as low as approx. 1 mg/g in dark chocolate, its fluo-
rescence is easy to recognize in the contour maps of dark
chocolate, since the two methylxanthines are the dominant
fluorophores in dark chocolate. On the contrary, though the
caffeine content in coffee normally can reach to approxi-
mately 1.3% (Feldman et al. 1969), its fluorescence was far
from that obvious as in dark chocolate. As the predominant
fluorescent species in roasted coffee is the aforementioned
Maillard reaction products, the fluorescence of caffeine is
much weaker and seems very obscure at the magnitude of
the fluorescence of Maillard reaction products.

To confirm the attribute of fluorescence emission in the
range of A, <300 nm, a typical ground roasted coffee sam-
ple was spiked with 2%, 5% and 10% cafteine (Fig. 1a—d).
The contour map of pure solid caffeine is also shown in
Fig. le for comparison. Along with the increase of the
spiked concentration of caffeine from 2 to 10%, the fluores-
cence emission <A, =300 nm gradually became stronger
and clearer, suggesting that the emission did come from
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caffeine (Fig. 1). However, the emission of pure caffeine
with A,,=320-380 nm (Fig. le) never appeared in the
maps of the spiked samples (Fig. 1a—d). This concentra-
tion-dependent fluorescence behavior agrees well with
the so-called aggregation-induced emission (AIE), which
is described to be an unusual ratio of photophysical phe-
nomenon and solution state. Or the fluorescent emission is
induced by aggregate formation, either in solution or solid
state (Luo et al. 2001). Accordingly, the emissions of caf-
feine at A, =320-380 nm only occurred when it was in pure
solid or highly aggregated state (a concentration of 10%
is insufficient). Actually, a similar phenomenon was also
observed by us (Tan et al. 2019). The solid caffeine emis-
sions at A, =320-380 nm could not be found in the spectra
of dark chocolates (where caffeine content is <0.2%) (Tan
et al. 2019). Even at 10%, aggregated caffeine could still not
yield at A, =320-380 nm, not to mention the caffeine levels
in coffee and chocolate which are far < 10%. The precise
mechanism and condition of the AIE of caffeine is currently
under our investigation.

3.2 FFSFS of roasted maize and soybean flours

Figure 2 shows the contour maps of soybean and maize
flours before and after roasting. The FFSFS emissions for
fresh unroasted soybean and maize flours have been well
documented (Karoui et al. 2006; Zekovic et al. 2012; Xue
et al. 2021). They can roughly be divided into 3 regions
(Figs. 2a and 2b). The first band (A, =250-300 nm) is of
strongest fluorescence intensity, contributed largely by tryp-
tophan. The second band (A, =300—-400 nm) is primarily
due to the emissions of other phenolic acids such as chloro-
genic acid. The third band was only found in soybean flour
at A, =400-500 nm and mainly belongs to soy isoflavones.
After roasting, these 3 emission regions all disappeared and
were replaced by a new broad region at A, =450-600 nm.
Similar to roasted coffee, this region is supposed to be
ascribed to fluorescent Maillard reaction products.
Although no standard melanoidin is available for spik-
ing experiments which could verify our assumption like for
caffeine, an experiment was designed to support the hypoth-
esis from another angle. Tanaka et al. (2008) found that the
Maillard reaction is faster when the water activity (A,) is
between 0.4 and 0.7, while higher or lower A,, will reduce
the rate of the Maillard reaction. Accordingly, before roast-
ing, the soybean flour was thoroughly dried in an oven at
105 °C until a constant weight to reduce A,, and decelerate
the Maillard reaction. The Fig. 2c, e show the comparison
of the contour maps of the roasted soybean flours with and
without pre-drying process. The fluorescence intensity of the
soybean flour, which was roasted after drying, was signifi-
cantly lower than that of the undried one, while its general
emission band shape kept unaltered. Replacing soybean flour
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Fig.1 Contour maps for the total front-face synchronous fluores-
cence spectra of a a typical ground roasted Arabica coffee sample, the
coffee sample a spiked with different proportions of solid caffeine:

by maize flour lead to a similar phenomenon. Thus, this
supports to some extent our assumption that the broad emis-
sion band derives from the Maillard products. However, it
should be noted that owing to the light color of this roasted
but pre-dried soybean flour, it was not suitable for adultera-
tion. Consequently, roasting without pre-drying was adopted
for the study of adulteration detection.

At first glance, the contour maps of roasted coffee
(Fig. 1a), roasted soybean (Fig. 2¢) and maize (Fig. 2d) flours
seem rather analogous. However, their band center positions
and intensities differ from each other. As aforementioned,
roasted Arabica coffees presented maximal emission around
Aey =600 nm and AA=40-80 nm. Compared to roasted cof-
fee, the spectra of roasted cereal flours showed hypsochro-
mic shifts. For roasted maize flour, the maximal emission

b 2% caffeine +98% coffee; ¢ 5% caffeine +95% coffee; d 10% caf-
feine 4+ 90% coffee, and e pure solid caffeine

centered at A, =500-550 nm and AA=100-140 nm, while
roasted soybean flour emitted rather strong fluorescence at
Aex =550-600 nm and AA=60-100 nm. Besides, the band
of roasted soybean flour was significantly stronger than that
of maize flour. The band shape of roasted coffee had a high
resemblance to the one of roasted soybean flour. However, it
was much weaker than the soybean flour band, similar to the
maize flour band. The slightly different locations of emission
bands of the three kinds of roasted samples are probably
due to their dissimilar profiles of the Maillard reaction pre-
cursors, i.e., carbohydrates and proteins. The much higher
fluorescent intensity of roasted soybean flour may stem from
its extremely high contents of protein, which was also the
reason why the roasting temperature for soybean flour was
lower than in maize flour. These differences are directly
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Fig.2 Contour maps for the total front-face synchronous fluorescence spectra of a unroasted soybean flour, b unroasted maize flour, ¢ roasted
soybean flour, d roasted maize flour and e roasted soybean flour which was dried in an oven at 105 °C until a constant weight prior to roasting

reflected in the fluorescence behaviors in FFSFS. Hence,
owing to the unique characteristics belonging to different
botanical origins, each contour map presents a distinctive
fluorescence “fingerprint”, which can be utilized for analysis
purposes. Although such “fingerprints” of roasted coffee and
cereal flours are hardly distinguishable by the naked eye,
the tiny difference between them can be enlarged by data
pretreatment and multivariate statistical analysis.

3.3 FFSFS of adulterated coffee

The contour plots of a typical ground roasted coffee adul-
terated with different proportions of roasted soybean flour
are shown in Fig. 3. As expected, the emission bands of the
binary blends displayed regular changes as the proportion
of roasted soybean flour increased. The band did not alter
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its shape, but its intensity gradually strengthened, especially
when the content of soybean flour reached 15%. One should
consider that the fluorescence intensity of roasted soybean
flour is higher than that of roasted ground coffee.

As shown in Fig. S2 (Supplementary Material), roasted
maize flour as the adulterant is different. As the fluorescence
intensity of roasted maize flour was comparable to that of
ground roasted coffee, the intensity of their mixtures did
not change significantly. Yet with the increase of roasted
maize flour proportion, the emission bands of the binary
mixtures showed a gradual blue shift, though only to a slight
extent. In general, as the adulteration proceeded, the contour
map of the mixture gradually resembled the pattern of the
adulterant, and the specific tendency was dependent on the
certain adulterant. These results provide the basis for the
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Fig.3 Contour maps for the total front-face synchronous fluores-
cence spectra (A,, =240-600 nm and AA=30-200 nm) of a a typical
ground roasted Arabica coffee sample, the coffee sample a adulter-

qualitative and quantitative detection of two adulterants in
ground roasted coffee.

3.4 PCA-LDA discrimination

Prior to statistical analysis, synchronous fluorescence spectra
were pretreated by SNV to eliminate the influence of mois-
ture to a certain degree. In this study, it was superior to other
data pre-pretreatments including normalization, MSC, 1%
and 2" derivatives. Then, first PCA was performed to reduce
variable dimensionality and for preliminary discrimination.
As each sample's total synchronous fluorescence data was
in form of a 3D matrix (X: A y: AA; z: intensity), it was
run at A, from 240 to 600 nm, step=1 nm; AA=30, 60, 90,
120, 150, and 180 nm; intensity at each pair of A, and AA

ated with different proportions b 5%; ¢ 15%; d 30%; e, 40% of roasted
soybean flour, and f the adulterant roasted soybean flour

for each sample, along with sequentially increasing AA and
concatenated for a vector data type suitable for PCA (x: A,
at successive A); y: intensity). Accordingly, the first 361
variables for each sample were the intensities A, from 240
to 600 nm and AA=30 nm; the following second 361 vari-
ables were at A, from 240 to 600 nm and AA=60 nm; etc.
until the last 361 variables were A, from 240 to 600 nm and
AX=180 nm. Eventually, 2166 variables (361 X6 AL) were
yielded for each sample. All samples' unfolded data were
imported into the SPSS software for the following PCA. The
obtained PC scores were plotted as 2D PCA score plots (Fig.
S3a, Supplementary Material). PC1 and PC2 accounted for
64.7% and 20.0% of total variance, respectively (together
more than 80% of cumulative variance). The PCA could not
clearly distinguish between the unadulterated and the two
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adulterated coffees. To disclose underlying variables, PC
loadings were refolded into 3D matrices (x: A.,; y: AA; z:
loading). The first 2 PC loadings were calculated to create a
contour map for variable selection (Figs. S3c and S3d, Sup-
plementary Material). The loading plot of PC1 was largely
overlapping with the emission of fluorescent Maillard reac-
tion products, while the PC2 loadings corresponded to caf-
feine at A, =240-300 nm. The two loading plots together
covered almost the full range of A, and AA, indicating that
the total synchronous fluorescence data are suitable for dis-
crimination. At that point, the first two PCs were selected
as the variables for LDA and the unfolded total synchronous
fluorescence data (x: A, at different AA; y: intensity) were
employed in PLSR.

After dimensionality reduction, LDA was executed
according to 3 categories:

1. unadulterated ground roasted coffee,
ground roasted coffee adulterated with roasted maize
flour,

3. ground roasted coffee adulterated with roasted soybean
flour.

Compared to the strong overlap in the PCA score plot, the
supervised recognition method LDA showed an improved
separation (Fig. S3b, Supplementary Material). Although the
separation of the 3 categories was still not complete, most of
them could be distinguished from each other. Considering
that the LDA classification was based on the yielded PCs,
the first 2 that account for 64.7% and 20.0% of total vari-
ance were related to fluorescent Maillard reaction products
and caffeine, respectively. Though they are highly analogous
and hard to differentiate, a slight discrepancy among them

(a) PLSR for roasted soybean flour

-~ 40 - :

S :

= 304

o

N

=

S 201

=]

D

~—

2 104 . .

g Calibration

s: e Cross-validation
0+ 4 Prediction

0 10 20 30 40
Actual content (%)

Fig.4 PLSR predicted vs. actual content of roasted soybean and
maize flours adulterants in ground roasted Arabica coffee based on
unfolded total front-face synchronous fluorescence spectra under opti-

@ Springer

may be the composition of fluorescent Maillard reaction
products and caffeine. The validation of LDA gave suitable
discrimination results. The cross-validated sensitivity (true
positive rate) and specificity (true negative rate) of roasted
maize and soybean flours were at least 88.9% (Table S1,
Supplementary Material).

3.5 PLSR prediction

After roasting, the color and appearance of soybean and
maize flours were extremely close to those of ground roasted
coffee. For consumers, the discrepancy between adulter-
ated and non-adulterated coffee is difficult to discern by
naked eye and taste, as long as the proportion of roasted
maize or soybean flour in binary blends does not exceed
40%. After the qualitative identification of an adulterant,
the proportion was predicted by PLSR (Fig. 4), using the
calibration model for each adulterant separately. The result-
ing calibration and validation characteristics are listed in
Table 1. For calibration, fivefold cross-validation and exter-
nal validation, the R? values were in the range of 0.90-0.96
and the RMSE were at most 3.9%. The REP were 20.1%
and 17.3% and the corresponding RPD were 3.5 and 3.9 for
roasted maize and soybean flour, respectively. Although the
RPD values did not reach 5.0, the values > 3.1 were sufficient
to demonstrate the feasibility of the model when used for
screening purpose.

The LOD for roasted maize and soybean flours was 10%,
respectively. On the global market, the common ratios of
coffee adulteration by roasted cereal flours are unknown.
The adulteration ratios in the literature range between 2 and
50% for roasted soybean and maize flours in coffee (Arrieta
et al. 2019; Cai et al. 2016; Daniel et al. 2018). One study

(b) PLSR for roasted maize flour
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mal conditions as shown in Table 1. Blue triangles with error bars
(mean +s; n=3) represent simulated blind samples in Table 2
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Table 1 PLSR statistics for the determination of the adulates roasted
maize and soybean flours in ground roasted Arabica coffee using total
unfolded front-face synchronous fluorescence spectra (A, =240-
600 nm; AA=30-200 nm)

Parameter Maize flour Soybean flour
No. of LV* 7 7
R 0.948 0.952
RMSEC (%)° 32 3.1
R%.¢ 0.945 0.950
RMSECV (%)° 3.3 3.2
RS 0.904 0.933
RMSEP (%)® 3.9 3.2
REP (%) 20.1 17.3
Prediction bias (%) 0 0
SEP (%)’ 3.6 3.1
RPDI 3.5 3.9
RERKX 8.9 10
LOD (%)! 10.0 10.0

2No. of LV, number of latent variables

szc, determination coefficient of calibration
‘RMSEQ, root mean square error of calibration
4R?.., determination coefficient of five-fold cross-validation
*RMSECYV, root mean square error of five-fold cross-validation
fR2p, determination coefficient of prediction

SRMSEDP, root mean square error of prediction

"REP (%), relative error of prediction

ISEP, standard error of prediction

IRPD, ratio of the SD of reference values to RMSEP

XRER, ratio of reference amplitude to RMSEP

'LOD, limit of detection

that used an ultra-performance liquid chromatography-high
resolution mass spectrometry reported a LOD of 5% for
soybean flour (Cai et al. 2016). And while the LOD in this
study was slightly higher, the method was faster and simpler,
and more importantly, non-destructive and cost-effective.
Therefore, it may be particularly suitable for preliminary

screening of roasted coffee adulteration with large amounts
of roasted cereal flours.

3.6 Simulated blind sample test

To further validate the applicability of the proposed method,
simulated blind sample tests were executed. Several
unknown ground roasted coffee samples spiked with roasted
maize or soybean flour were analyzed by the optimized pre-
diction model. Both Table 2 and Fig. 4 show the results of
PLSR prediction and the comparison with the actual values.
The models yielded suitable results, with the majority of the
calculated relative errors ranging between — 30 and + 30%,
except for one coffee sample containing 14% roasted soy-
bean flour showing a large error of 69%. In the triplicate
measurements of this sample, the coefficient of variation was
not significantly higher than in other samples (12.7%), indi-
cating that those 69% did not stem from an accidental error.
The large error may be due to the systematic error towards
relatively low adulteration proportions. In fact, when the
adulteration proportions were adjacent to the method LOD
(14%), the relative errors increased, i.e., the models would
give over-estimated prediction values. For the coffee sample
containing 14% roasted maize flour, the relative error was
29%. While the adulteration proportions were much higher
than LOD (> 20%), the relative errors decreased to negative
levels that were acceptable (—22 to —5%). This result shows
a limited applicability of the method for adulterated coffee
samples with relatively low adulteration proportions.

The results of the model construction and simulated blind
sample tests demonstrate that the proposed method is suit-
able for a real application as rapid adulteration screening
of ground roasted coffee with roasted maize and soybean
flours. However, the number of original products used in this
study for the construction of sample sets was insufficient.
Consequently, more representative samples from different
geographical origins, cultivars, and harvest years should
be collected and calibrated to construct a more robust and
reliable model for real application. Unfortunately, owing to

Table 2 Results for the analysis

: . Sample Actual value (%) Predicted value (%) Relative
of 6 simulated blind samples . . error (%)
(mean+s; n=3) Maize flour Soybean flour Maize flour Soybean flour

1 14.0 0 18.1+0.3 - 29
2 26.0 0 202+2.6 - -22
3 38.0 0 344+3.6 - -9
4 0 14.0 - 23.7+3.0 69
5 0 26.0 - 24.6+5.4 -5
6 0 36.0 - 337+1.6 -7

Relative error was calculated as the average percentage

actual values

of the difference between the predicted and the
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the COVID-19 pandemic, the commercial availability of
original items is largely restricted and the above improve-
ments can only be made in future works.

4 Conclusion

This study shows a fast and non-invasive detection of
roasted maize and soybean flours in ground roasted Ara-
bica coffee by the combined use of FFSFS and multi-
variate statistical analysis. The fluorescence properties
of roasted coffee changed significantly compared to the
ones of green coffee beans. The dominant fluorophores
in roasted coffee are assumed to be fluorescent Maillard
reaction products, followed by caffeine. The FFSFS of
the cereal flours also changed considerably after roasting.
However, they were different from the FFSFS of roasted
coffee. PCA-LDA and PLSR were suitable for qualifica-
tion and quantification of the two adulterants. Our results
demonstrate that FFSFS has the potential to detect > 10%
roasted maize and soybean flours in ground roasted cof-
fee for a rapid adulteration control. This capability may
originate from the differences in the profiles of carbo-
hydrate, protein, and caffeine between coffee and cereal
flours before roasting, and hence the composition of
fluorescent Maillard reaction products and caffeine after
roasting. The benefits of this method are convenience,
rapidity and non-destructive detection. However, owing
to the high similarity in FFSFS of ground roasted cof-
fee and roasted maize and soybean flours, this proposed
method is not capable to determine an adulteration < 10%.
Besides, because different coffee roasting conditions will
affect the amount of fluorescent Maillard products, the
applicability of the proposed method is limited to the
analysis of coffees containing adulterantswith the same
roasting degree, e.g., medium roasted coffee adulterated
with roasted cereal flours to an analogous color. Never-
theless, it introduces a new tool to understand the food
deteriorative reactions after heating treatment.
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