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Dough proofing is the resting period after mixing during which fermentation commences. Optimum
dough proofing is important for production of high quality bread. Near- and mid-infrared spectroscopies
have been used with some success to investigate macromolecular changes during dough mixing. In
this work, both techniques were applied to a preliminary study of flour doughs during proofing. Spectra
were collected contemporaneously by NIR (750—1100 nm) and MIR (4000-600 cm™") instruments
using a fiberoptic surface interactance probe and horizontal ATR cell, respectively. Studies were
performed on flours of differing baking quality; these included strong baker’s flour, retail flour, and
gluten-free flour. Following principal component analysis, changes in the recorded spectral signals
could be followed over time. It is apparent from the results that both vibrational spectroscopic
techniques can identify changes in flour doughs during proofing and that it is possible to suggest

which macromolecular species are involved.
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INTRODUCTION

Bread is a staple dietary item in most countries of the world.
Its success arises from the ability of gluten proteins to form an
extensible network which may then be set during baking. Key
determinants of bread quality involve flour compositional
parameters (protein quality and quantity, starch damage, en-
dogenous enzyme levels, etc.) and process variables such as
mixing, proofing, and baking. Understanding the molecular
changes that take place during the baking processes facilitates
the development of, e.g., breads with improved quality and
consistency, and considerable efforts have been made in this
direction in the recent past.

The importance of mixing has long been recognized, and
research efforts have led to the introduction, for example, of
the Chorleywood bread process with its emphasis on reduced
mixing times and the input of high energy to facilitate gluten
development (/).

Dough proofing is also an important step during the produc-
tion of good quality bread. During proofing (i.e., the resting
period after mixing during which fermentation takes place) the
mixed bread-making ingredients are converted, under controlled
temperature, time, and humidity, to a soft and expanded dough
with significant changes in both structural and rheological
properties (2). Important aspects of the proofing stage are gas
production, gas retention, and dough development (3, 4). During
fermentation, the action of carbohydrate enzymes (oi-amylase
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and (-amylase) converts starch to dextrins and sugars; these
enzymes are present in variable amounts in wheat flour but are
often added as part of an improver mixture. The action of yeast
on these low molecular weight carbohydrates results in the
production of carbon dioxide, which increases dough volume
and contributes to overall shape and crumb texture development.
Partial hydrolysis of native wheat proteins by protease enzymes,
endogenous or added, softens the gluten and changes the
rheological properties of dough (5). Dough performance is also
affected by formulation, particularly by sugar, fat, and/or
emulsifier addition (6, 7).

For the production of high-quality baked goods, the dough
proofing phase needs to be optimized. Insufficient proofing times
result in loaves of reduced volume and poor cell structure while
excessive proofing will produce doughs of low viscosity which
are difficult to handle. Overlong proofing times also represent
an undue cost to the baker.

In order to produce high-quality breads efficiently, all steps
in the baking process need to be optimized. Rheofermentometry
(Chopin, Paris, France) is one method used to monitor proofing;
in particular, this technique can provide useful information about
flour and/or dough systems based on measurements of dough
rise, gas formation, and gas retention. Used in conjunction with
the alveograph as a mixer, the instrument is designed to test
the quality of flour for French bread at a relatively low and
fixed water absorption (8, 9). However, this method is slow,
not suited to automation, requires high manual dexterity, and
is only suitable for use by trained personnel.

Infrared spectroscopy in both the near-infrared (NIR) and mid-
infrared (MIR) regions is probably one of the most powerful
and convenient analytical tools which could be used to monitor
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dough leavening given that absorptions in these spectral ranges
can be related, to a greater or lesser degree, to the principal
chemical components of dough—water, protein, starch, and
fat (/0-12). While MIR measurements have advantages because
they provide information on fundamental molecular vibrations
(13-15), NIR measurements are easier to make and, owing to
their higher energy content, may penetrate dough pieces to a
greater distance than MIR radiation, thus potentially producing
more representative measurements. NIR spectra have been used
to monitor the content of sucrose, fat, flour, and water in biscuit
doughs (16, 17) and also to investigate key macromolecular
changes which occur during dough mixing (/8-22). Due to its
noninvasive nature, NIR has the potential to be used in an online
monitoring system for bread manufacturers to optimize the
mixing process.

In this work, both near- and mid-infrared spectroscopy were
applied in a preliminary study of the proofing of bread doughs
involving flours of different baking quality. Studies were also
performed on gluten-free flours which lack the ability to form
elastic doughs due to the absence of gluten protein (23). Both
spectroscopic techniques were used to investigate macromo-
lecular changes during the proof phase with the aims of
characterizing any such changes and determining optimum
proofing times based on objective spectral readings rather than
acquired bakery experience.

MATERIALS AND METHODS

Dough Preparation. Three different types of commercial flours
(Odlum Group Ltd., Dublin, Ireland) were used in this study. These
were (a) strong baker’s flour comprising wheat flour, vital wheat gluten,
calcium carbonate, and a-amylase with a protein content of 11-12%
(at 14% moisture), (b) retail or soft flour comprising wheat flour and
raising agents (sodium bicarbonate, monocalcium phosphate, sodium
acid pyrophosphate) with a protein content of 8-9% (at 14% moisture),
and (c) gluten-free flour comprising wheat starch, soya flour, modified
maize starch, raising agents (calcium acid phosphate, sodium bicarbon-
ate) salt, calcium carbonate, stabilizer (methylhydroxypropyl and
cellulose), vitamins (B1, B2; niacin), and iron with a protein content
of 4.6% (at 14% moisture). The presence of raising agents and acid in
some of these formulations is a confounding factor, but these recipes
are typical commercial formulations used in Ireland, and the goal of
this exploratory work was to monitor molecular modifications occurring
during proofing as occurring industrially.

The standard recipe for bread production using strong baker’s flour
was as follows: flour (1000 g), water (615 g), yeast (28 g), and sodium
chloride (20 g). Using retail flour, this recipe was modified by using a
reduced quantity of water (550 g). For both recipes, water (at 30 °C),
flour, and yeast were placed into the mixing bowl of a domestic mixer
(Chef, Kenwood, U.K.) fitted with a dough mixing attachment and
mixed for a total of 10 min. The recipe for gluten-free dough was as
follows: gluten-free flour (1000 g), water at 35 °C (870 g), and fresh
yeast (28 g). Ingredients were mixed for a total of 4 min in a three-
speed mixer (Model A120, Hobart, U.K.). All experiments, including
dough mixing and proofing, were carried out twice.

NIR Spectroscopy. NIR spectra were collected by a NIRSystems
6500 scanning monochromator (FOSS NIRSystems, Silver Springs,
MD) fitted with a fiberoptic surface interactance probe over the range
750-1100 at 2 nm intervals. This wavelength range was chosen because
of the greater radiation depth associated with it as compared to the
longer, conventional NIR range (1100-2498 nm). For each test, spectra
were collected directly from the dough surface every 2 min during
proofing periods of up to 1 h and stored as log(1/R); once positioned,
the interactance probe was not moved during the 1 h proofing period.
During testing, doughs were placed in a baking tin which was
maintained at 30 °C in a water bath; dough temperature was monitored
using a digital thermometer (Eirelec, MT 130 TC; Technology House,
Dundalk, Ireland) while the baking tin was covered with cling film to
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prevent moisture loss from the dough. WinlSI software (v.1.04a; FOSS
NIRSystems, Silver Springs, MD) was used for spectral acquisition,
instrument control, and preliminary file manipulation.

MIR Spectroscopy. FT-IR measurements were taken using a
spectrometer (Bio-Rad Excalibur series FTS 300; Analytica Ltd.,
Dublin, Ireland) equipped with a deuterated triglycine sulfate (DTGS)
detector. Win-IR-Pro software (v.3.0, Bio-Rad; Analytica Ltd., Dublin,
Ireland) was used for spectral acquisition, instrument control, and
preliminary file manipulation. Spectra were recorded using an in-
compartment benchmark attenuated total reflectance (ATR) trough top
plate by use of a 45° Ge crystal with 11 internal reflections. For both
background and sample readings, 64 scans were coadded at a nominal
resolution of 8 cm™'; single beam spectra of the samples were collected
and ratioed against a background of air. Freshly prepared dough samples
were positioned on the ATR plate with great care so as to minimize
stress and shear forces. For each test, spectral data were collected in
the range 4000-600 cm ™' at room temperature (20 % 0.5 °C) every 2
min during proofing periods of up to 1 h; after initial placement, dough
samples were left undisturbed during the entire 1 h testing period. While
samples were not directly covered during these spectral collection
periods, the lid of the sample compartment was kept closed throughout.
A feature around 2300 cm™ ' in the FTIR spectra was an aberration
due to the presence of atmospheric CO; in the ATR sample compart-
ment; for this reason, spectral data between 2280 and 2420 cm” ! were
removed prior to data analysis.

Data Processing. Both NIR and MIR spectral data sets were
analyzed using The Unscrambler (version 9.7; Camo, Trondheim,
Norway) software. NIR spectral data were pretreated using a second
derivative transform calculation (Savitzky—Golay method, gap size =
10 data points). Principal component analysis (PCA) was applied as
an exploratory tool to both NIR and MIR spectral data to detect unusual
or outlying samples and to uncover spectral trends occurring during
the proof phase. PCA identifies orthogonal directions of maximum
variance in the original data set in decreasing order and projects the
data onto a lower dimensionality space formed by a subset of the highest
variance components. The orthogonal directions are linear combinations
of the original variables, and each component explains in turn a part
of the total variance of the data; in particular, the first significant
component explains the largest percentage of the total variance, the
second one, the second largest percentage, and so forth (24, 25). All
spectra collected during the proofing were averaged to produce a single
spectrum for each dough type and proofing time. All spectral data sets
were mean-centered before performing PCA calculations. The mean
values of the PC scores were then modeled as a function of time to
identify critical points during proofing (Table Curve Software, v.4.0;
Jandel Scientific, San Rafael, CA).

Analysis of variance of proofing critical point values was performed
by using the statistical software SYSTAT (version 5.03, Systat 5.03
for Windows; Systat Inc., Evanston, IL), applying the Tukey test.

RESULTS

NIR Spectroscopy. Reflectance spectra of a strong baker’s
flour dough collected over a 1 h proofing period are shown in
Figure 1. Raw spectra reveal few defined features except for a
peak at 982 nm although there are also some suggestions of
spectral undulations centered around 750 and 840 nm. The major
feature of this spectral collection, however, is a vertical offset
of the spectra with the recorded absorbance values increasing
during the first 6 min and then consistently decreasing with
increasing proof time; the magnitude of the offset varies with
proofing time as indicated by the gaps between spectra in Figure
1. Absorbance changes during each 2 min sampling period are
lowest at the beginning and end of the proofing time studied.
The overall effect appears to be wavelength independent over
the range scanned. Such a linear offset may indicate some
systematic change in composition of the dough matrix, altered
penetration distance of radiation into the dough, or perhaps a
reduction in dough density during proofing time. All three
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Figure 1. Reflectance spectra of a strong baker’s flour dough collected over a 1 h proofing period.
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Figure 2. Second derivative reflectance spectra of a strong baker's flour dough collected over a 1 h proofing period.

possibilities are in agreement with the known events taking
place in a dough during proof. After a second derivative
treatment, several spectral features become more apparent
(Figure 2). These comprised troughs at approximately 740,
840, and 960 nm with a shoulder centered at 982 nm; minima
in this second derivative plot correspond to maxima in the
raw spectral data. Absorbance at all of these wavelengths
has been attributed to water: third overtone —OH stretch (740
nm), —OH combination band (840 nm), second overtone —OH
stretch (970 nm), second overtone —OH hydrogen-bonded to

other species such as sugars or starch (980 nm) (26). At this
point, it is therefore possible to state that NIR spectra
recorded in this wavelength range are able to detect some
changes which occur during dough proofing.

PCA was performed on the second derivative NIR spectra
collected during dough proofing, and the sample scores calcu-
lated on PCs 1 and 2 were plotted, together with the loading
plots of the first three principal components in Figures 3—5
for strong baker’s, retail, and gluten-free flour, respectively. On
score plots the number beside each point represents the proofing
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Figure 3. Principal component scores (a) and loading plot PC1 (b); PC2 (¢) and PC3 (d); NIR spectra of strong baker’s flour during proofin
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Figure 4. Principal component scores (a) and loading plot PC1 (b); PC2 (c) and PC3 (d); NIR spectra of retail flour during proofing.

time in minutes. In the case of strong baker’s flour a number of
significant features are evident in Figure 3a. First, samples are
distributed along PC1, which accounts for 99.9% of the variance
in the spectral collection, from left to right mainly on the basis

of increasing proofing time. This distribution is especially clear
up to a time of 44 min but becomes less clear thereafter.
Superimposed on this distribution is a complex behavior on PC2
which, although it only accounts for approximately 0.1% of
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free flour during proofing.

Table 1. Maximum Acceleration (max d2x/df), Maximum Rate (max dx/di),
and Maximum Deceleration (min d2x/df) Time of Spectral Change during
Proofing for the Three Flour Types®

type of dough  max d®x/df (min)® max dx/dt (min)° min d°x/df (min)®

strong baker’s flour ~ 14.61 +1.92a 26.40 £ 0.86b 38.18 & 1.60b
retail flour 16.61 = 2.40a 30.29 £ 0.44b 43.97 £ 2.35b
gluten-free flour 11.38 £ 2.55a 19.51 £ 3.83a 27.65 £ 5.86a

@Mean values bearing the same letters are not significantly different (p > 0.05).
b Max d?x/df? = maximum of the second derivative. °Max dx/dt = maximum of
the first derivative. ¢Min d2x/d? = minimum of the second derivative.

spectral variance, results in an almost sinusoidal pattern of
sample score distribution.

In an attempt to uncover the causes of these score patterns,
each principal component was studied. Examining the load-
ings of PC1 (Figure 3b), a number of significant features
may be identified: a minimum at 944-946 nm, which

Principal component scores (a) and loading plot PC1 (b); PC2 (¢) and PC3 (d); NIR spectra of gluten-free flour during

corresponds to the first overtone of O—H symmetric and
asymmetric stretching in water molecules, and a shoulder at
978—984 nm, which has been attributed to the first overtone
of O—H symmetric or C—H of starch. Molecular events
related to the features at 966-968 and 978-984 nm are
opposed to those responsible for the feature at 944-946 nm
and account for the distribution of spectra from left to right
along PC1. This principal component closely resembles an
inverted mean second derivative spectrum; this is to be
expected given the observation above that the main feature
of the raw spectra was an offset with time. It is not possible
to explain the score behavior on PC2 at this time nor is any
satisfactory interpretation of PC2 possible (Figure 3c) with
the main features of this principal component occurring in
the visible wavelength region (<780 nm) and at 1060 nm.
This component accounted for <0.1% of variance in the
original spectral data set. Thus we can state that NIR
spectroscopy is tracking molecular events involving water
and starch as the main source of spectral variance during
this dough proofing experiment.

Both replicates for doughs produced from the other flour types
(i.e., retail and gluten-free) were treated as described above and
exhibited similar behavior, different from those of strong baker’s
flour. The corresponding score and loading plots are shown in
Figures 4 and 5. In both cases, samples appear distributed from
left (proofing starting time) to right (proofing end time) along
the first component, which accounts for 99.9% of the total
variance in the spectral data set. It is interesting to observe that
retail dough and gluten-free dough do not differ significantly
from each other. In this case also, the proofing phenomena relate
to water and starch absorption bands.

To better describe the spectral changes undergone during
proofing by each type of dough, the relevant PCI1 scores were
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plotted against time (Figure 6) and modeled using a sigmoid
function expressed as

y=a+bl/[l+exp(c—x)/d]

where a is the maximum shift (from initial to equilibrium value)
of the considered index, b is the transition center, f is the
proofing time, and ¢ and d are two constants. All experimental
data were well-fitted (¥ > 0.98) by this sigmoid function. In
fact, the use of this type of function is justified by the nature of
the transformations in progress. Yeast is stored at low temper-
ature (4 °C) prior to use in order to minimize enzyme activity
in the yeast block. When mixed with the other ingredients in
dough, it exhibits low metabolic activity and begins the
fermentation of naturally occurring sugars (glucose and sucrose)
in the flour, breaking them down into ethanol and COs; as
metabolic activity increases, yeast enzymes begin the breakdown
of damaged starch into dextrins and maltose which later then
acts as a fermentation substrate to produce high rates of CO,
evolution. Eventually, gas production rates slow as available
substrate decreases. Such behavior is accurately described by a
sigmoid curve which starts with a lag phase, increases to an
inflection point, and finally slows to approach asymptotically a
constant value (27, 28).

For each of the three flour types the maximum of the first
derivative and maximum and minimum of second derivative
are shown in Table 1. In the case of strong baker’s and retail
flour doughs, the maximum rate of spectral change (maximum
of the first derivative) occurred at about 26 and 30 min,
respectively. The time at which the acceleration of the process
was maximal for these two flour types was about 15 (strong
baker’s) and 17 min (retail), respectively. This time, corre-
sponding to the maximum of the second derivative, is associated
with the first phase of the proofing. The time at which

deceleration of the process was greatest, corresponding to the
minimum of the second derivative, was at about 38 and 44 min
for strong baker’s and retail dough, respectively; this event can
be associated with the end of the proof phase (29, 30).

The time at which these key parameters occurred in the case
of gluten-free flour doughs was shorter than the others although
the maximum acceleration time was statistically not significantly
shorter (p < 0.05); this is shown by the plot of gluten-free dough
in Figure 6. It may be the case that the processes being followed
spectrally occur quicker in the gluten-free flour on account of
the greater diffusion of CO; to the atmosphere given the absence
of an extended, strong gluten network to effect significant
retention (23). Although retail flour is characterized by weaker
protein quality, usually associated with the formation of fewer,
larger gas bubbles, no statistical differences are evident between
strong baker’s and retail flour dough.

MIR Spectroscopy. An example of the ATR Fourier
transform infrared (FTIR) spectra of strong baker’s dough
collected during proofing for 1 h is shown in Figure 7. The
spectra are dominated by peaks attributed mostly to water (3379
cm '), carbonyl stretching of gluten protein (amide I) in
combination with the OH deformation of water (1647 cm™ "),
NH bend and CN stretch of gluten protein (amide IT) at 1543
and 1554 cm™', and the coupled C—O and C—C stretching
vibrations of starch at 1023, 1080, and 1153 cm '. Small
features due to the presence of carbonyl groups in the dough
are present at 2963, 2928, and 2854 cm~ ! (C—H stretch of CH,
and CH3) and a shoulder centered around 1740 cm ™' (carbonyl
stretch of the fat triglyceride ester linkage) (31, 32). These peaks
are more evident in the second derivative of the spectra; higher
resolution plots of these regions is shown in Figure 7.

For each type of dough, PCA was performed on the raw
spectral data in the range 4000—710 cm ™. In the case of strong
baker’s flour dough, the distribution of sample scores on PCs 1
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+ 2 describes a complicated relationship with proofing time as
shown in Figure 8a. The main feature of this plot is a
distribution of spectra along PC1, which accounted for 93% of
the total variance in the spectral data set, in two directions and

involving a directional change at around 10 min. PC2, account-
ing for 6% of total spectral variance, effected a separation of
spectra collected at 2, 4, 6, and 8 min from the others; this
behavior was quite different from that observed in the case of
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NIR spectra (Figure 3). Principal component 1 (Figure 8b) was
characterized by positive contributions from water (3375 cm '),
starch (maxima at 1022, 1080, and 1150 cm™'), and protein
(amide I, 1632 cm™'); the relative importance of these com-
ponents was different from those in the original spectra with
absorptions due to water and starch being approximately equal
in magnitude and larger than those arising from protein bands.
Interestingly, absorbances arising from the amide II groups
which were present in the original spectra were not significant
in this principal component. The presence of fat was reflected
in a small shoulder centered around 2959 cm™'. In the case of
PC2 (Figure 8c), starch absorptions were positive and largest
in magnitude; these were in opposition to minima at 1539 and
1651 cm™ ' (which may be ascribed to amide II and amide I
bands in protein, respectively) and water (28, 29). PC3 (Figure
8d) accounts for less than 1% of the total variability in the
sample data set but does influence the distribution of sample
scores in a U-shape with time, suggesting the occurrence of a
process which reverses. Examination of PC3 reveals the most

important molecular species to be associated with the amide I
and amide II protein bands (maxima at 1651 and 1543 cm™ Y,
starch absorptions are present at slightly lower intensities. Small
peaks are detectable at 1246 and 1317 cm™'; absorptions at these
frequencies have been attributed to [-sheet and o-helical
conformations of gluten proteins (33), but given their magnitude
in this plot and the degree of noise present, it is not possible to
be unequivocal about their importance.

Retail flour exhibits behavior which closely resembles that
of strong baker’s flour, i.e., a distribution of sample scores in
one direction along PC1 until + = 8-10 min followed by a
direction reversal (Figure 9a). Plots of the principal components
were very similar to those of baker’s flour although the relative
size of the major features differed somewhat. For example, in
the case of PC1 (Figure 9b), the relative importance of starch
and protein absorptions by retail flour is reversed from the
baker’s flour situation. Gluten-free doughs exhibited behavior
which was quite different with regard to the sample score
distribution; in this case, distribution along PC1 was on the basis
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of time of proofing and the observed direction reversal was on
PC2, with the change point occurring at around ¢ = 16 min
(Figure 10a). With regard to the principal component graphs,
the major features in PC1 were water and protein (amide II;
1539 cm™!); in this component, small unattributed absorptions
were present at 1003, 1045, and 1070 cm™ A positive
contribution by starch was the main feature in PC2, in opposition
to protein (amide I; 1632 cm™ 1) and water absorbances; an
unattributed minimum at 2272 cm™ ' was also present, which
was approximately equal in magnitude to the protein absorbance
minimum.

As was the case for NIR spectra, the PC1 FTIR scores were
plotted against time (Figure 11). Examination of Figure 11a
reveals that doughs produced from strong baker’s and retail flour
exhibit an increase in PC1 score value up to 8 min (strong
baker’s) and 12 min (retail) after mixing, respectively; after this
maximum value has been reached, scores decrease to reach a
plateau minimum after about 50 min in both cases. In the case
of PC2 scores (Figure 11b), the behavior of strong baker’s and
retail flours is in opposition; scores for strong baker’s flour
doughs decrease from a maximum at ¢ = 0 and level off from
around ¢ = 20 min; for retail flour doughs, PC2 scores increase
rapidly from a minimum at # = O until around ¢ = 10 min and
then gradually through the remainder of the proofing time. In
contrast to these behaviors, gluten-free flour doughs exhibit a
slow decline in score values on PC1 and a similar decline on
PC2 up to about 15 min, after which they level off over the
complete time course of the experiment. It is apparent from a
comparison of Figures 6 and 11 that the recorded behavior of
the doughs in the NIR and MIR spectral regions is different.
The exact cause of this difference is unclear but may arise in
part from the different penetration depths of the respective
radiation into dough samples.

DISCUSSION

It is apparent from the preceding results that both vibrational
spectroscopic techniques can identify changes in flour doughs
during proofing and that it is possible to suggest which
macromolecular species are involved. However, certain differ-
ences between the techniques are discernible. NIR data suggest
that (1) the main species involved during proofing relate to water
and starch and (2) doughs made from gluten-free flour behave
in much the same way as the other two types. FTIR data
collected on the doughs made from the same flour types paint
a more detailed and nuanced picture; in particular, while the
relative role of starch and water are as for the NIR data, principal
component analysis reveals a greater role for protein during this
dough development stage. With regard to gluten-free flour
doughs, FTIR data indicate behavior which contrasts with that
of the NIR data set. The main macromolecular species account-
ing for dough changes during proofing was protein while starch
was of secondary importance and only present in PC2. However,
a note of caution must be sounded regarding this comparison.
While the NIR spectral data may be considered a good
approximation of bulk dough properties given the likely
penetration distance into the sample, the ATR presentation used
for collection of FTIR spectra only interacts with the sample
doughs to a distance which is measured in microns. This latter
sampling technique therefore is restricted essentially to the
observation of phenomena on the dough surface.

A potential commercial exploitation of this approach could
involve the prediction of the optimum proofing time for any
given flour dough using, for example, the time of maximum
deceleration of the spectral change process. That the time

Sinelli et al.

obtained for strong baker’s flour to reach this point in the work
reported in this paper (approximately 38 min) is slightly shorter
than the normal proofing time used for the Chorleywood bread
process (50 min) suggests that a reevaluation of this time may
be merited.
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