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ABSTRACT

Background and Objectives: Spectroscopy of wheat kernels and flour has been used as a rapid tool to assess wheat quality,
but predictions still lack in accuracy for most quality parameters except for protein content. To enable an improved prediction of
further quality characteristics, new approaches are needed. This study investigates if the preprocessing of flour into flour
fractions (by air classification, sieving) or dough and subsequent spectroscopic analysis of these types of samples could be a new
way to improve wheat quality predictions. For this purpose, spectral differences are investigated and predictions of farinograph
parameters are compared for fluorescence spectra of flour, flour fractions, and dough.

Findings: A wide variety of fluorophores present in cereal products was identified. Their peak intensities significantly differed
for flour, flour fractions, and dough. Flour and sieve fractions were superior in predicting water absorption (R%cv flour = 0.79;
Ry s um = 0.81), while gluten and dough samples strongly improved predictions of rheological properties, especially dough
development time (R°cy fiour = 0.64; R’cv dough = 0.90; R’cy gluten = 0.84).

Conclusion: Preprocessing of flour samples greatly alters their composition (e.g., protein enrichment), which is also reflected
by spectral differences. Spectra of different sample types therefore contain different information and have the potential to
improve the prediction of wheat quality.

Significance and Novelty: This is the first study that investigates spectral differences of a large number of different flour
fractions and dough using fluorescence spectroscopy and subsequently underlines the potential of this novel approach to
improve wheat quality prediction in the future.

1 | Introduction

Wheat quality is commonly determined using various analytical
and rheological measurements as well as baking tests
(Edwards 2007; Klingler 2010). In practice, this is costly and time
consuming and requires a large amount of flour, which is

problematic for mills and breeders in particular (Poji¢ and Masti-
lovi¢ 2013). This is why a first estimation of wheat quality is often
done using correlations of the quality characteristics of interest
to the flour protein content. However, the predictive ability of
this method has often proven to be poor (Gabriel et al. 2017;
Nagel-Held et al. 2024). Because of this, new approaches involve
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using spectroscopy of wheat kernels and flour in combination with
chemometric modeling to improve the prediction of wheat quality
characteristics (Nagel-Held et al. 2022; Poji¢ and Mastilovi¢ 2013).
Spectroscopy is a rapid, non-destructive technique that has become
increasingly important in science and industrial applications
(Lakowicz 2006). For quality control in the cereal sector, near-
infrared (NIR) spectroscopy is an already established method to
predict flour protein content (Poji¢ and Mastilovi¢ 2013). Slowly,
more research is being done in this area also involving fluorescence
and Raman spectroscopy (Ahmad et al. 2016; Nagel-Held
et al. 2022; Nawrocka et al. 2016).

However, until now, mostly the flour protein content can be
predicted really well using spectroscopy. For the majority of
other quality parameters, the predictive quality is not suffi-
ciently high to replace reference measurements (Nagel-Held
et al. 2022, 2024). This is why more research is being done to
find new ways to improve the prediction of wheat quality
characteristics. One novel approach includes the spectroscopic
analysis of flour fractions that differ in composition compared
to flour. Studies have shown that protein enrichment and the
enrichment of polyphenolic compounds in various fractions is
possible by separating flour particles according to particle size
and/or density using air classification or sieving (S. A. Jensen
et al. 1982; Jones et al. 1959; Youssef and Abo-Dief 2022). By
enriching and depleting specific compounds in those fractions,
the spectral signals of them could be changed and the strong
superimposition of spectral signals may be reduced, which
might in turn improve the predictions. Furthermore, the pre-
processing of flour to dough could be another way to improve
wheat quality prediction. During the formation of dough
structure, various processes and reactions take place that can
be detected using spectroscopy (Ahmad et al. 2016; Albanell
et al. 2012). This could make it possible to obtain more
information about the rheological behavior of the sample,
which might also have a positive effect on the prediction
quality. Fractionating the dough into gluten and starch may
further increase the information content of the obtained
spectra.

Farinograph parameters are one of the most common and
important indicators of wheat quality determined in farinograph
measurements (Cauvian and Young 2007; Edwards 2007). So far,
however, only water absorption can be predicted with acceptable
accuracy using NIR spectroscopy of flour (Dowell et al. 2006;
Nagel-Held et al. 2024). Farinograph parameters are related to
other rheological properties and baking quality (Dowell
et al. 2008; Koksel et al. 2009; Van Bockstaele et al. 2008). Con-
sequently, the predictive quality of farinograph parameters using
spectra of flour fractions and dough can give an important indi-
cation for the potential improvement of the prediction of other
wheat quality characteristics using this novel approach.

This study applies fluorescence spectroscopy and farinograph
measurements to carry out preliminary investigations using air-
classified fractions, sieve fractions as well as gluten, starch, and
dough prepared from 50 commercially available wheat flour
samples representing mixtures of many different wheat culti-
vars. The aim of this study is to confirm that fluorescence
spectra of flour fractions and dough contain different informa-
tion compared to flour spectra, that are based on compositional

differences, and that this information can provide a valuable
new approach to improve the prediction of wheat quality
parameters such as baking volume in future research.

To facilitate this, possible fluorophores are identified and the
following hypotheses are tested:

1. The modified composition of flour fractions and dough is
reflected by spectral differences of fluorescence spectra.

2. The fluorescence spectra of flour fractions and dough
contain complementary information about water absorp-
tion and rheological properties of samples, enabling an
improved prediction of farinograph parameters.

2 | Materials and Methods
2.1 | Flour Samples and Reference Analyses

Fifty commercially available wheat flour samples were provided by
Miihlenchemie GmbH & Co. KG (Ahrensburg, Germany). There-
fore, no individual cultivars but commercially available mixtures of
cultivars were used. Available information about harvest year,
country of origin and wheat class are shown in Table 1. The ash
content had been adjusted to approximately 0.60% after milling of
samples. Protein contents ranged from 9.2% to 16.5% and were
determined by near-infrared reflectance spectroscopy of flour
according to ICC No. 159. Farinograph measurements of
samples were performed according to ICC No. 115. All reference
measurements were performed in duplicate. Statistics for farino-
graph parameters are shown in Table 2.

TABLE 1 | Information on flour samples regarding country of
origin, harvest year, and wheat class.

Country Number Harvest Wheat
of origin of samples year class®
Germany 27 2019, 2020, E, A, B, A/B,
2021, 2022 B/C,
unknown
Australia 8 2020, 2021 AH1, AH2,
APH, APW,
unknown
USA 5 2021 HRS, HRW
Latvia 2 2021 Unknown
Lithuania 2 2020, 2021 Unknown
Mexico 2 2021 Unknown
India 1 2021 Unknown
Poland 1 2021 Unknown
Romania 1 2021 Unknown
Ukraine 1 2021 Unknown

#German classification system (A = quality, B = bread making, C = lowest quality,
E =elite).

Abbreviations: AH1 = Australian Hard 1, AH2 = Australian Hard 2,

APH = Australian Prime Hard, APW = Australian Premium White, HRS = hard
red spring, HRW = hard red winter.
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TABLE 2 | Descriptive statistics of farinograph parameters (n = 50; for stability S n=49).

Parameter Mean Standard deviation Minimum Maximum Range

Water absorption WA (%) 58.2 2.7 54.3 65.3 11.0

Dough development time, DDT (min) 2.70 2.05 1.18 8.35 7.17

Stability S (min) 7.31 5.46 1.54 24.77 23.23

Dough softening, DS 10 min (BU) 46.8 27.9 2.5 111.5 109.0
2.2 | Flour Fractionation and Dough Preparation 2.3 | Spectroscopic Analysis

Flours were air classified into a fine and coarse fraction. The
Hosokawa Alpine AG (Augsburg, Germany) air classifier 1213/
25 D was used to process 3.5 kg of flour using a classifier wheel
speed of 15,000 rpm and a feed rate of 30 g flour/min. After the
first run, the obtained coarse fraction was classified for a second
time. In the end, the proportion of fine fraction was about
6%—-8%. D [4,3] of particle size distributions of fine fractions were
below 10 um and Dv (90) below 15um. After air classification,
fine and coarse fractions were stored in airtight containers. For
three samples, no coarse fraction was available for analysis.

For the sieve fractions, 70 g of flour was air jet sieved using the
200LS-N Hosokawa Alpine AG (Augsburg, Germany) air jet
sieve machine at 2500-2600 Pa. The following sieves from
Haver&Boecker OHG (Oelde, Germany) were used: 32, 50, 75,
and 100 um. Each fraction was sieved for 10 min. Then, the
material that had passed through the sieve was stored in an
airtight container while the remaining material on the sieve was
transferred to the next larger sieve for further sieving. In this
way, the following five sieve fractions were obtained: < 32,
32-50, 50-75, 75-100, and > 100 um.

Furthermore, dough was prepared from each flour in a 50 g far-
inograph using 30 g of flour (14% moisture) and 0.60 g of salt at
30°C and 63 rpm. The amount of water and the kneading time
were adjusted for every sample to optimum water absorption and
dough development time determined according to ICC No. 115.
Subsequently, two times 15 g of the dough were washed out using
a Glutomatic 2202 (Ing. Stefan Kastenmiiller GmbH, Martinsried,
Germany) according to ICC No. 155 using 80 um metal sieves.
The remaining dough as well as the glutens after the washing
procedure were covered and rested for 10min each in a
temperature-controlled chamber at 25°C. Afterwards, they were
frozen at —28°C. This process was repeated three times for each
flour sample. Then, the obtained starch slurry was centrifuged at
3046 rcf for 1 min using a VWR Mega Star 600R centrifuge (VWR
International GmbH, Darmstadt, Germany). The supernatant was
discarded and the precipitate was also frozen at —28°C. The next
day, frozen dough, gluten, and starch samples were freeze-dried
for 24h in a Christ Alpha 1-4 (Martin Christ Gefrier-
trocknungsanlagen GmbH, Osterode, Germany). Afterwards, they
were milled to powders using the Ultra Centrifugal Mill ZM 200
(0.5mm sieve, 12,000 rpm) (Retsch GmbH, Haan, Germany).
After freeze-drying and milling, samples were stored in airtight
aluminum containers to prevent permeation of water vapor.

Flours and fractions were all stored in the dark at around 15°C.
Twenty-four hours before spectroscopic analysis, they were
stored at room temperature (21 + 1°C).

Two-dimensional fluorescence spectra were recorded using the
BioView Sensor (Delta Light & Optics, Hersholm, Denmark).
Excitation was scanned between 270 and 550 nm and emission
between 310 and 590 nm using 20 nm increments each. For
each measurement, the settings were: three repetitions per
wavelength combination, high sensitivity for all wavelength
combinations, 1350 gain for all wavelength combinations of the
excitation wavelengths 270 and 290 nm and 1050 gain for the
remaining wavelength combinations. Each sample was placed
in a Petri dish (@ 6cm) and evenly compacted with a 600 g
weight before fluorescence spectra were taken at six different
positions.

2.4 | Chemometric Analyses

All analyses were performed using MATLAB (R2021b, The
MathWorks Inc.).

For the analysis of spectral differences, no preprocessing was
applied as there was little interference in fluorescence spectra
and the original information about peak shape and height
should be preserved. Mean spectra were plotted and analyzed
with principal component analysis (PCA). Furthermore, box-
plots of spectral intensities at specific wavelength combinations
identified from spectra and PCA analysis were generated. Var-
iability of sample medians was indicated by notches. Notches
that do not overlap have significantly different medians at the
5% significance level.

For prediction of farinograph parameters, principal compo-
nent regression (PCR) and partial least-squares regression
(PLSR) were carried out. Different spectral preprocessing
routines including detrending, standard normal variate
transformation (SNV), multiplicative scatter correction (MSC),
extended multiplicative scatter correction (EMSC), min-max
normalization as well as 1. norm and 2. norm normalization
were tested. After preprocessing, mean spectra were calculated
and used for regression analyses. One to 10 components were
tested for modeling. If model predictions were negative, values
were set to zero, as farinograph parameters cannot become
negative. The best models were determined by the minimum
Root mean square error (RMSE) of leave-one-out cross-
validation. Cross-validation metrics were calculated according
to Equations (1-3):

e = 9

Ry =1 - =5 —,
Zizl(yi_ y)z

@
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o= B

RMSECV = ,| &= 2 A2 (2)
n
RMSECV

NRMSECViypge = — 3)
max — Ymin

with R?cy being the coefficient of determination of cross-
validation; RMSECV the Root mean square error of cross-
validation; NRMSECV;,pge the range normalized RMSECV; n
the total number of samples; y, the measured value of ith
sample; y the predicted value of ith sample; y the mean value
of sample set; y,,,, the maximum value of sample set; and y;,
the minimum value of sample set.

3 | Results and Discussion

3.1 | Identification of Fluorophores and Analysis
of Spectral Differences

3.1.1 | Mean Spectra and PCA

Visual inspection of mean spectra in Figure 1 and PCA score plots
in Figures 2 and 3 reveal differentiation of sample types based on
their fluorescence signals related to their composition. While flour,
gluten, starch, and dough samples can be differentiated well along
PC1, 2, and 3, scores of sieve and air-classified fractions overlap to
a certain extent. They show a curve-like trend with the 50-75 pum
fraction at the maximum, indicating a possible enrichment and/or
depletion of specific compounds according to this trend. This

Flour RF| i)

1500
1000
500
0

ST O 0 0 o A S DA H
5\5@4@\9@« ORI INES

Emission [nm]

Dough R o]

1500
£
<
mno K

O oD O A QQQQQQG%QQ
PELLLOPEL LRSS0

Emission [nm]

1500
5
=
{1000 £
g
3
500
0

O oD S A, SRS QO o, Q,
OSSO O DS (O L0 OO

Emission [nm]

1500
£
F
1000 $
1
Kl

SEPLOSIOLOSLELS

Emission [nm]

Fine fraction R nie]

5!
1500 1500
£
=
1000 8 410 1000
3
500 500
0 0

O oD S A, D S A, 9 S
PO P PESOLL S

Emission [nm]

OSSO
S LLPOD DO P
Emission [nm]

<32 pm RELLAte). 32-50 ym RELUBIE) 50-75 ym

1500
c
1000
£
S
500
0

O oD D A AN Qo O A,
LELLPOSOOLOSLLS

Emission [nm]

fraction is also most similar to flour, although they can be differ-
entiated to some extent along PC3 as well. The fine fraction is
located near the smaller sieve fractions, while the coarse fraction is
positioned among the larger sieve fractions.

Based on the mean spectra in Figure 1 and PCA loadings in
Figures 2 and 3, a number of different visible and hidden fluo-
rescence peaks can be identified that contribute to this differen-
tiation by PCA. The main peaks that are visible in loadings and
spectra are located at EX290/EM350, EX330/EM430&450, EX370/
EM450, and EX450/EM510. Furthermore, loading plots reveal
important signals present at EX330/EM390 and EX390/EM450.

As wheat samples are a complex matrix, a large number of
different fluorophores can be assigned to the observed peaks.
Based on literature review, a list of possible fluorophores is
compiled in Table 3. These are also visualized in Figure 4.

The peak at EX290/EM350 can be attributed to tryptophan flu-
orescence (Christensen et al. 2006; Lakowicz 2006), although it
has previously been reported that different phenolic acids present
in wheat could also contribute to this signal (Sergiel et al. 2014;
Xue and Tan 2022). Phenolic acids were also attributed to
the peaks at EX330/EM430&450 (S. A. Jensen et al. 1982;
Sergiel et al. 2014), together with NAD(P)H fluorescence
(Lakowicz 2006). Furthermore, phenolic acids (especially ferulic
acid; Garcia et al. 2016; S. A. Jensen et al. 1982; Sergiel
et al. 2014) and different oxidation products of lipids, vitamins,
and phenolic acids (Garcia et al. 2016; P. Jensen et al. 2004) seem
to be responsible for the peak visible at EX370/EM450. Some
NAD(P)H may also contribute here, although the absorption
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FIGURE 1 | Mean fluorescence spectra of flour, flour fractions, and dough (n = 50; for coarse fraction n =47). [Color figure can be viewed at

wileyonlinelibrary.com]
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TABLE 3 | Possible fluorophores identified in wheat and other food products.

Fluorophore EX EM Reference
Protein
Tryptophan 280 357 Lakowicz (2006), Christensen et al. (2006)
Cofactors/Coenzymes
NAD(P)H 340 460 Lakowicz (2006)
FAD, FMN 450 525 Lakowicz (2006)
Pigments
Carotenoids 450 520 S. A. Jensen et al. (1982)
450 470-750 Soulat et al. (2020)
Oxidation products
Oil 310-490 350-550 Ammari et al. (2012)
Marine foods 393 463 Aubourg (1999)
Cheese 380 405-480 Karoui et al. (2007)
Oatmeal 379 450 P. Jensen et al. (2004)
Lumichrome 370 450 Miquel Becker et al. (2003)
(Riboflavin photooxidation product) 380 444-479 Karoui et al. (2007)
Dityrosine 300 400 Takasaki et al. (2005)
325 400-420 B. Li et al. (2023)
Vitamins
a-Tocopherol (vit. E) 298 326 Christensen et al. (2006), Duggan et al. (1957)
Riboflavin (vit. B,) 270, 382, 448 518 Christensen et al. (2006), Duggan et al. (1957)
470 530 S. A. Jensen et al. (1982)
Pyridoxine (vit. Bg) 328 393 Christensen et al. (2006)
340 400 Duggan et al. (1957)
Phenolic acids
4-Hydroxybenzoic acid 275-280 315-340 Sergiel et al. (2014)
2,4-Dihydroxybenzoic acid 305-325 435-475 Sergiel et al. (2014)
Ferulic acid 355-365 415-460 S. A. Jensen et al. (1982), Sergiel et al. (2014)
p-Coumaric acid 330 435 Garcia-Sanchez et al. (1988)
Vanillic acid 260-280 320-375 Sergiel et al. (2014)
Gallic acid 305-315 365-405 Sergiel et al. (2014)
Caffeic acid 365-375 445-470 Sergiel et al. (2014)
Syringic acid 260-280 345-385 Sergiel et al. (2014)
Chlorogenic acid 355-365 445-475 Sergiel et al. (2014)

maximum is found at shorter wavelengths (Lakowicz 2006). The
peak at EX450/EM510 is due to carotenoids, riboflavin, FAD, and
FMN (S. A. Jensen et al. 1982; Lakowicz 2006).

The peak at EX330/EM390 originates from pyridoxine
(Christensen et al. 2006; Duggan et al. 1957). Furthermore, it is
known that dityrosine crosslinks of gluten proteins are formed
during dough formation (Stauffer 2007; Takasaki et al. 2005).
Dityrosine fluorescence can be found at EX300-325 with maxi-
mum emission at EM400-420 (B. Li et al. 2023; Takasaki
et al. 2005), although the emission can extend from 375 to
475nm (Al-Hilaly et al. 2013). Therefore, it is possible that di-
tyrosine fluorescence also contributes to this peak, especially in

gluten and dough samples, although it has never been discussed
in direct relation to fluorescence signals of cereal products before.

The peak at EX390/EM450 has been reported multiple times
before for fluorescence spectroscopy of cereal products without
clear assignment (Garcia et al. 2016; P. Jensen et al. 2004;
Zandomeneghi 1999). Garcia et al. (2016) observed an increase
based on the addition of ferulic acid, so possibly, ferulic acid and/
or reaction products of it might be responsible. P. Jensen et al.
(2004) attributed the peak to secondary lipid oxidation products,
as they observed an increasing intensity over the storage period
in cereal products, which had previously been reported for
marine foods (Aubourg 1999) and cheese (Karoui et al. 2007).
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FIGURE 4 | Assignment of possible fluorophores based on refer-
ences in Table 3. [Color figure can be viewed at wileyonlinelibrary.com]

3.1.2 | Boxplots of Spectral Intensities at Specific
Wavelength Combinations

After identification of peaks and possible fluorophores, a more
systematic investigation of spectral differences was carried out.
For this, boxplots of spectral intensities were generated that are
shown in Figure 5. No boxplot is shown for EX330/EM430 as its
results were equivalent to EX330/EM450. As the fluorescence
intensity is generally nonlinear due to quenching and inner
filter effects (Lakowicz 2006), peak intensity differences are
discussed in the context of what is known about possible
fluorophores and their changes in flour, flour fractions, and
dough upon processing.

The protein peak intensities (EX290/EM350) of the sieve frac-
tions show the same trend as the PCA scores in Figure 2. It was
confirmed by Osborne fractionation that sieve fractions are
protein enriched compared to flour. This enrichment follows
the same trend and is largest for the 50-75 um fraction (results
not shown). In contrast, Osborne fractionation also revealed
that the protein content of the fine fraction is even higher than
that of the 50-75 um fraction, although its protein peak inten-
sity is significantly lower. Possibly, quenchers have also en-
riched in the fine fraction, lowering the fluorescence intensity.
Additionally, inner filter effects are observed for high concen-
trations of fluorophores, reducing the measured fluorescence
signal (Lakowicz 2006). Furthermore, gluten, starch and dough
samples show a significantly lower protein fluorescence than
flour. Starch is protein depleted, but gluten and dough are
not. While inner filter effects could also influence the gluten
protein signal, quenching effects upon hydration and dough
formation are another explanation for this observation (Ahmad
et al. 2016; Garcia et al. 2016). Tryptophan is easily quenched by
external quenchers and nearby groups in the same protein
(Lakowicz 2006). As protein structure changes upon water
addition and mechanical energy input, quenching effects are
increased (Schefer et al. 2021; Stauffer 2007). For example, it
was observed that ferulic acid binds covalently and non-
covalently near tryptophan residues in the protein and quen-
ches tryptophan fluorescence (Schefer et al. 2021).

For sieve and air-classified fractions, all non-protein peaks show
the same trend of an increase in fluorescence intensity from
smaller to larger particle sizes. Those peaks are mostly due to
vitamins, carotenoids, and phenolic compounds (especially the
most abundant ferulic acid; L. Li et al. 2008; Shahidi et al. 2022)
that are concentrated in the bran, germ, and aleurone layer of the
cereal grain (S. A. Jensen et al. 1982; Shahidi et al. 2022). Bran,
germ, aleurone, and endosperm differ not only in their chemical
compositions but also in their mechanical properties in milling
(S. A. Jensen et al. 1982). It was observed before that those outer
layers tend to have larger particle sizes than the endosperm (S. A.
Jensen et al. 1982). Therefore, also the content of vitamins,
carotenoids, phenolic compounds and associated oxidation
products increases with particle size. Possibly, also the increased
oxygen input for larger sieve fractions due to subsequent air jet
sieving could have accelerated oxidative reactions here.

For gluten, starch, and dough, no clear trend is visible for non-
protein peaks. For EX330/EM390, a decrease in fluorescence
intensity would be expected for dough, as this peak has been
attributed to pyridoxine (Christensen et al. 2006; Duggan
et al. 1957) and the pyridoxine content decreases upon kneading
due to oxidation (Batifoulier et al. 2005). The observed increase
could be due to reduced quenching effects upon dough formation.
Possibly, also other fluorophores, like the formation of dityrosine
bonds, influence the fluorescence signal in this region (B. Li
et al. 2023; Stauffer 2007; Takasaki et al. 2005). Second, for EX330/
EM450, gluten shows a significantly lower fluorescence intensity
than other samples. This peak is mainly due to phenolic acids
(S. A. Jensen et al. 1982; Sergiel et al. 2014) that are mostly
washed-out from gluten. Additionally, consumption and produc-
tion of NAD(P)H by various enzymes in dough affect the fluo-
rescence signal in this region (Joye et al. 2009; Lakowicz 2006).
Changes in NAD(P)H concentration may also affect peak inten-
sities for EX370/EM450, but more importantly here, various
phenolic acids and oxidation products of vitamins, phenolic acids,
and lipids contribute to fluorescence signal intensity (Garcia
et al. 2016; P. Jensen et al. 2004; Sergiel et al. 2014). For the peak at
EX390/EM450, gluten, starch, and dough all show a significantly
higher fluorescence intensity compared to flour. As literature
suggests, this may be due to oxidation products of lipids, ferulic
acid, and possibly other compounds (Garcia et al. 2016; P. Jensen
et al. 2004). Increased lipid oxidation could be present in gluten
samples, as the lipid content of gluten is higher than that of starch
and dough due to the binding of lipids to gluten proteins upon
dough formation (Klingler 2010; Stauffer 2007). Interestingly, the
peak at EX450/EM510 shows an increased intensity for gluten
and dough. For gluten, this can be explained by carotenoids
remaining in the gluten during the washing procedure, as they are
not water-soluble (Klingler 2010). It was also observed that
especially large, brownish particles became incorporated in the
gluten network. The intensity increase for dough suggests that
either, during kneading, non-identified compounds that fluoresce
here are synthesized or that quenching effects of other compounds
are reduced.

3.2 | Prediction of Farinograph Parameters

Fluorescence spectra of flour, flour fractions, and dough were
used to predict farinograph parameters. The best models are
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FIGURE 5 | Boxplots of spectral intensities of different sample types at specific wavelength combinations. Notches indicate significant differ-

ences of sample medians at the 5% significance level. [Color figure can be viewed at wileyonlinelibrary.com]

listed in Tables 4 and 5 and the best fits for all parameters are
compared in Figure 6.

Water absorption can already be predicted well using spectra of
flour with R*cy = 0.79. While the prediction using the 32-50 um

fraction shows a similar predictive quality, spectra of gluten,
starch, and dough do not improve the prediction. In contrast,
dough development time can only be predicted really well from
spectra of dough and gluten with an R*cy of 0.90 and 0.84,
respectively. R’y of flour is only 0.64 here. A smaller
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improvement to R%cy =0.69 is achieved by the 32-50 um frac-
tion. For dough softening, the largest improvement in predic-
tion is also achieved using spectra of dough with R%cy =0.79,
while R%cy is 0.70 for flour spectra. On the other hand, stability
cannot be predicted well from any of the used sample types with
the applied methods, as the best R%cy is only 0.61 for gluten,
dough, and the < 32 um fraction compared to an R*cy of 0.50
for flour. Interestingly, the worst predictions for all four
parameters are always observed for the fine fraction with R%cy
ranging from 0.36 to 0.48.

These differences in the predictions indicate that the observed
spectral differences strongly influence predictions, both positively
and negatively. Because water absorption occurs in the first phase
of dough preparation and is based on flour components in their
native state (Stauffer 2007), it is not surprising that it can be
predicted better using spectra of flour or sieve fractions. Dough
development time, stability, and dough softening on the other
hand are parameters characterizing the behavior of flour after
addition of water under mechanical energy input (Belitz
et al. 2009). The improved predictions of those parameters using

spectra of dough and gluten compared to flour spectra show that
information about the changes during the kneading process can be
found in their fluorophores, can consequently be detected by
means of fluorescence spectroscopy and from this, especially the
dough development time can be predicted really well that was in
turn used to prepare the samples. As shown before, besides tryp-
tophan peak intensity, also peak intensities for NAD(P)H, phe-
nolic acids, oxidation products, riboflavin and pyridoxine, possibly
dityrosine and other non-identified fluorophores are significantly
different for gluten and dough compared to flour and other frac-
tions. Those peaks indirectly measure chemical and enzymatic
changes that affect gluten network structure, for example, by
changes in coenzyme concentration and generation of oxidation
products that can further react with gluten proteins (Joye
et al. 2009; Schefer et al. 2021). This was also confirmed by the
study of Ahmad et al. (2016). They were able to classify different
phases of the kneading process based on fluorescence spectra
recorded while kneading. The prediction of farinograph parame-
ters from spectra of gluten and dough is not relevant for practical
application, as farinograph measurements have to be performed
for the preparation of those sample types. Nevertheless, the strong
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ability of gluten and dough samples to improve predictions com-
pared to flour spectra can be of use for the prediction of other
rheological parameters (e.g., from extensograph measurements)
and more complex quality traits like the baking volume that are
strongly influenced by dough rheological properties.

A possible explanation for the worse predictions of the fine
fraction compared to all other sample types could be that the
proteins enriched in this fraction are mainly free “wedge”
proteins. Those proteins are interstitial endosperm proteins that
are milled to really small particle sizes and therefore enrich in
the fine fraction. In contrast, “adherent” proteins retain larger
particle sizes, as those proteins are tightly connected to starch
granules and covered by a lipid layer (Coulson and Sim 1965;
Jones et al. 1959). This could indicate that the composition of
free “wedge” and “adherent” proteins is different and that
the free “wedge” proteins are not as important for the dough
rheological behavior.

4 | Conclusion

In this study, spectral differences of sieve and air-classified
fractions, gluten, starch, and dough compared to flour as well
as their potential to improve predictions of wheat quality
characteristics were identified.

It was confirmed that fluorophore composition, concentration
as well as interactions (quenching, inner filter effect) and
therefore also the microenvironment of the fluorophores are
significantly different for flour fractions and dough compared to
flour. Separation based on particle size and/or density, gluten
washing as well as chemical reactions during those processing
operations and dough formation are able to significantly alter
the fluorescence signal by enriching and depleting a wide
variety of fluorophores present in cereal products. In this way,
protein- as well as vitamin- and phenolic-enriched fractions are
obtained, although it seems that air classification enriches dif-
ferent proteins than air jet sieving. Furthermore, it was shown
that dough and gluten spectra contain more information about
dough rheological properties, enabling an improved prediction
of the farinograph parameters dough development time, sta-
bility, and dough softening. Spectra of flour and sieve fractions
on the other hand are superior in predicting water absorption as
a property related to the native state of flour. In contrast, air-
classified fractions did not improve the predictions of any of the
farinograph parameters tested. In fact, the fine fraction always
yielded the worst predictions.

The results indicate that spectroscopy of flour fractions and
dough can be a valuable new approach for improving the pre-
diction of wheat quality characteristics like the baking volume
in future studies. For this, besides fluorescence spectroscopy,
other spectroscopic techniques as well as advanced data eva-
luation methods like other types of regression models and fea-
ture selection methods can be tested. Also, data fusion
approaches could further improve predictions, as different
fractions provide complementary information. Besides this, the
results also show further potential applications of fluorescence
spectroscopy for monitoring and investigating changes during
milling and kneading processes in the future. Further studies

with a larger number of samples and validation of the results
are required for the commercial application of wheat quality
predictions based on fluorescence spectroscopy of flour, flour
fractions, and dough.
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