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Abstract

The use of “fat substitutes” is trending upward in food industry to meet dietary recommendations and to respond to the
increasing number of health-conscious consumers. In this frame, a multiscale approach was applied to study the effect of
structured fat—water—fiber systems on shortbread dough quality. Several formulations (n=9) were designed based on three
structured fat—water—fiber systems at different fat levels (15%, 20%, and 23%), three conventional fats (butter-B, palm oil-
PO, and sunflower 0il-SO), and three combinations of conventional fats with structural emulsions (at 20% fat and 20% water
contents). The partial substitution of B and PO by the structured emulsions resulted in moister, less sticky, and softer doughs.
Structured emulsion-based doughs exhibited higher structural stability (higher tan §) than those made with conventional
fats. 'H nuclear magnetic resonance (NMR) revealed significant differences in water dynamics, where doughs containing
structured fat—water—fiber systems (richer in unsaturated fats) were characterized by a more rigid population, while those
rich in saturated ones (B and PO) had more mobile protons. Overall, this multilevel screening emphasized the usefulness of
'H nuclear magnetic resonance in monitoring the molecular differences among the different formulation (which were less
evident at mesoscopic and macroscopic levels), as confirmed by multivariate statistics.
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Introduction

Shortbread is an important bakery items, which contain high
fat amounts (20-50 g/100 g of flour) depending on the for-
mulation. In the last decades, the overconsumption of fat
has been associated with several chronic diseases, such as
obesity, high blood cholesterol, coronary heart diseases, and
diabetes [1]. People are becoming more attentive toward the
quality and the quantity of consumed fats and particularly
saturated fatty acids [2]. The daily intake of total fat content
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should not exceed 30% and 10% from saturated fats, and
20% from monounsaturated and polyunsaturated of the total
energy intake [3]. Therefore, the food industry is focusing on
the development of low-fat/low-calorie, high-fiber foods in
response to public interest for these functional products [4].

In shortbread, reduction and/or substitution of fat without
hampering the technological properties is a challenging task
for food scientists, since fat plays a crucial role in rheologi-
cal properties of dough and affects the final product quality.
During dough mixing, fat interacts with flour particles to
form a sort of coating that favors dough handling by act-
ing as lubricant among flour constituents, limits protein and
starch hydration, prevents gluten development, and results
in a dough with desirable structure with no shrinking after
lamination [5, 6]. Subsequently, the baked product will have
a tender and crumbly texture, also called “short” texture
[5-7]. Furthermore, fat allows the correct incorporation of
air during dough formation and determines dough resist-
ance to baking temperatures [7, 8]. Consequently, texture,
mouth feel, lubricity, flavor, and overall perception of the
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final product are largely dependent on the fat component of
the formulation [5, 6, 9].

Solid fats (at ambient temperature) are commonly used in
the bakery industry, since they play a key role in the quality
features of baked goods, providing a unique mechanical and
sensory attributes to dough and final product [9-11]. These
materials are mainly composed by triacylglycerols (TAG)
with high content of saturated fatty acids (SFA) or transfatty
acids (TFA), which are associated with negative effects on
health [12]. Therefore, the use of vegetable oils to replace
solid fats in biscuits is an alternative to make products with
a healthier fatty acid profile [13]. However, doughs contain-
ing oils are softer and result in harder texture shortbread
cookies [14, 15].

A successful design of high-quality fat-reduced products
requires appropriate strategies to replace fat role or some of
its attributes to avoid the undesirable technological effects
in shortbread, including stiffening/softening of the dough,
increasing in cohesive, adhesive and elastic dough proper-
ties, shrinkage of the final product, loss of color, and textural
and sensory properties [16]. For these reasons, fat replace-
ment in shortbread has been intensively studied, where a
spectrum of substances were assayed, such as corn fiber,
maltodextrin and lupine [17], inulin [18-20], polydextrose
[2], resistant starch and polydextrose [6], cellulose [5], and
inulin and hydroxypropyl methylcellulose [21]. Recently, a
structured emulsion (50:50 water:oil biphasic systems) cre-
ated by the action of a commercial fiber was proven effi-
cient as a butter substitute in shortbread cookies [9]. In light
of these previous knowledge, this research gives a wider
overview about the usefulness of this structured emulsion
on the product quality by thoroughly investigating dough
properties in substitution of various fats commonly used in
shortbread formulations. To this aim, a multilevel investiga-
tion on the effect of structured emulsions as “fat substitutes”
on the quality characteristics of shortbread cookie dough,
as compared to fats classically used in shortbread formula-
tions (butter and palm oil), is carried out. The experimental
design aimed at (i) comparing physico-chemical properties

of dough made with single fats/oils (saturated: palm oil and
butter; unsaturated: sunflower oil), structured emulsions,
and fat/oil combinations, at constant water and fat contents,
and (ii) evaluating the effects of the replacement of fat with
structured emulsions at different levels (15%, 20%, and
23%). The properties of dough of these formulations were
evaluated at macroscopic (moisture content, water activity,
and texture), mesoscopic (dynamic rheology), and molecular
(Proton Time Domain Nuclear Magnetic Resonance, TD-
NMR) levels.

Materials and methods
Ingredients

Soft wheat flour [ashes <0.55% (dry basis, d.b.), pro-
teins > 9% (d.b.), moisture < 14.5% (wet basis, w.b.); W: 134
107 J; 0.49 P/L] were kindly provided by a local producer
(Molino Agugiaro & Figna, Collecchio, PR, Italy). Sugar,
fat, leavening agent (Lievito Bertolini, sodium bicarbonate,
and disodium diphosphate), and egg yolk were obtained
from a local supermarket.

Structured emulsions (SE) were produced by mixing
commercial fiber (HI-FIBREWF, HI-FOOD, Parma, Italy)
with sunflower oil (From local supermarket) in a bowl chop-
per (Polyfunctional Qbo 8-3, Robogbo, Bologna, Italy) at
25 °C for 1 min at 1000 Hz, then adding water and mixing
for 4 min at 2000 Hz to obtain a uniform and shiny mass.
The obtained structured emulsions were stored at refriger-
ated temperature until use.

Dough formulation

As shown in Table 1, dough shortbread formulations were
developed using SE at different levels (SE1: 15%; SE2: 20%;
SE3: 23%) to substitute fat. Shortbread formulations with
combinations of SE and traditional fats were also designed
to have equal amounts of both fat (20 g fat/100 g dough)

Table 1 Short bread SEI SE2 SE3 B PO SO SE2+B SE24+PO  SE2+SO

formulations expressed in g
Flour 100 100 100 100 100 100 100 100 100
Sugar 40 40 40 40 40 40 40 40 40
Eggs 20 20 20 20 20 20 20 20 20
Leavening agent 32 32 32 32 32 32 32 32 32
Water 15 20 23 20 20 20 20 20 20
Structured emulsion 32 42 48 - - - 21 21 21
Butter - - - 20 - - 10 - -
Palm oil - - - - 20 - - 10 -
Sunflower oil - - - - - 20 - - 10
Lecithin - - - - - 0.3 - - -
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and water (21 g water/100 g dough). Fat phase included SE
(SE2), anhydrous butter (B), anhydrous butter palm oil (PO),
sunflower oil (SO), and combination of SE and other sources
of fats [butter (SE2 + B) and palm oil (SE2+ PO) and sun-
flower oil (SE2+ SO)] (Table 1).

For dough preparation, fat phase and sugar were creamed
(3 min, speed 3) at room temperature in a mixer (XBE10S,
Electrolux, Senlis, France). Then, water and eggs were
added with continuous mixing for 30 s at a speed of 3.
Finally, flour was added and mixed for 2 min at a speed of
3 to obtain a dough with a proper structure (1.5 kg dough
per each formulation). Two productions were made for each
formulation.

The resulting doughs were easy to handle except for that
made with 100% sunflower, where the dough was too soft
and not workable. Therefore, lecithin was required to enable
an interaction between oil and water, and to help maintaining
a stable emulsion between these two unmixable liquids and
allowing for shortbread production.

Dough characterization
Macroscopic analysis

Water activity was measured at 25 °C with an Aqualab 4 TE
(Decagon Devices, Inc. WA, USA) [22]. For each produc-
tion, triplicate analysis was carried out.

Moisture content (MC %) was measured by drying at
105 °C to constant weight with a forced air oven (ISCO
NSV 9035, ISCO, Milan, Italy) [22]. For each production,
triplicate analysis was carried out.

Texture analysis A single compression test was conducted
using a TA.TXplus texture analyser (490 N load cell, Stable
Micro Systems) with a 35 mm spherical probe (1" Spheri-
cal Probe: P/1sp). Before the analysis, the dough was gently
inserted into cylinders of 50 mm diameter flattened to an
approximate height of 5 cm and wrapped with parafilm (later
removed before analysis) to avoid drying of superficial layer
of dough. Dough cylinders were allowed to rest and placed
in a thermostat in a cell at 25 °C for 3 h prior to analysis.
Dough cylinders were then compressed (test speed =2 mm/
sec; distance: 10 mm; trigger force =0.049 N) and the maxi-
mum force at 20% strain was taken as hardness (), while
the area of the negative peak (N/s) as stickiness. For each
production, five cylinders of dough were tested for a total of
ten replicates of each formulation.

Mesoscopic analysis

Viscoelastic properties of the dough were measured using
a rheometer ARES (TA Instruments, New Castle, USA)
equipped with parallel plates (PRL-ARNS 8ATH; 50 mm
diameter covered with 100 grit medium sand paper to avoid

slippage effects) and commanded by an Orchestrator soft-
ware (Rheometric Scientific Ltd, USA).

Once the gap is taken to test gap, sample was trimmed
and vaseline oil was applied to the edges of the samples,
which are not in contact with the plate surfaces. After sam-
ple loading, sample went through a resting time until axial
force reached about O N prior to start experiment to allow for
temperature equilibration and dough relaxation.

Strain sweep test (strain range 0.01-10%; frequency,
5 Hz) was conducted to identify the linear viscoelastic
region. Frequency sweep test (frequency range 0.1-10 Hz;
strain, 0.035%) was carried out to measure storage modulus
(G', MPa), loss modulus (G”, MPa), and tan 6 (G"/G"). For
each production, five replicates were carried out for a total
of ten samples of each formulation. All values were main-
tained, and no discrimination was performed to avoid biased
results. Rheological curves were obtained using Microsoft
Office Excel Software (Microsoft Corporation, USA).

Molecular analysis: "H molecular mobility (time domain
proton nuclear magnetic resonance, TD-NMR)

'H molecular mobility was investigated with a low-resolu-
tion spectrometer (TD-NMR, 20 MHz, the miniSpec, Bruker
Biospin, Milano, Italy). Dough samples were inserted in
specimen tube until reaching 10 mm of height and sealed
with Parafilm® to avoid evaporation of water from the sam-
ple during the NMR test. Two samples were analyzed for
each formulation of each production. Free induction decay
(FID), 'H T,, and H T, relaxation times experiments were
executed at 25.0+0.1 °C.

'H FIDs were acquired using a single 90° pulse, followed
by a dwell time of 7 ps, a recycle delay of 0.5 s (>5T)), a
0.5 ms acquisition window, and 900 data points. The curves
were fitted with a two components model (exponential and
Gaussian; [23]; Sigmaplot, v6, Systat Software Inc., USA):

F() 1 30+ A xexp(—1/T,) +Bxexp|-(1/Ta)’|. (1)

where y0 is the FID decay offset, A and B are the intensities
of each relaxation component, and 7, and T are the appar-
ent relaxation times.

'H T, (longitudinal relaxation times) were determined by
the inversion recovery pulse sequence with a recycle delay of
0.5 s, and an interpulse ranging from 0.1 ms to 1000 ms. 'H
T, relaxation time was measured with a Carr—Purcell-Mei-
boom-Gill (CPMG) pulse sequence with a recycle delay of
05s(>5'H T)), and an interpulse spacing of 0.04 ms and
26,000 data points. 'H T, curves were analyzed as quasi-con-
tinuous distributions of relaxation times using a UPENWin
software (Alma Mater Studiorum, Bologna, Italy). Default
values for all UPEN settings parameters were used with the
exception of the LoXtrap parameter that was set to 1 to avoid
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the extrapolation of relaxation times shorter than the first
experimental point. 'H T, CPMG relaxation decays were fit-
ted with a discrete exponential model (Sigmaplot, v.6, Systat
Software Inc., USA).

Statistical analysis

Analysis of variance (one-way ANOVA) was conducted to
evaluate the effect of fat type/amount on each parameter
at a significance level of a=0.05. Significant differences
among the mean values were calculated using Duncan’s test
(» £0.05). Correlation coefficients (r) were computed using
Pearson’s coefficient (p <0.05). Principal component analy-
sis (PCA) was conducted on average values due to unequal
number of determinations among properties. PCA was per-
formed based on correlation matrix. The relevant features
were discriminated based on the load scores (>=+0.6). All
experimental data were analyzed using the SPSS version
25.0 (SPSS Inc., Chicago, IL, USA).

Results and discussion
Macroscopic properties

Table 2 summarizes the macroscopic properties of short-
bread dough. As expected, water content was higher in SE3
followed by SE2 and SE1. No relevant differences were
observed among the other samples, which were designed to
contain the same amounts of water. Water activity was the
highest in SE3 (~0.899), followed by SE2 (~0.886) and
SE1 (~0.863), due to the increasing water content associated
with the larger amount of SE present in the formulation. B
and PO showed similar water activity to SE2, but slightly
lower than SO. For the combinations, no significant differ-
ences were found between SE2 + PO and SE2 + B, which
were slightly lower than SE + SO.

Regarding dough texture, stickiness was significantly dif-
ferent among dough formulations. No trend related to fat
amount in the SE was observed in SE1, SE2, and SE3, with
SE2 having the lowest value. Considering the same water
and fat contents, SO had the highest stickiness, and PO, B,
and SE2 + SO showed intermediate values, while SE2 + B
and SE2 + PO had the lowest stickiness. These results might
suggest a possible synergy between oil-water—fiber systems
and saturated fats (palm oil and butter) that resulted in a
lower dough stickiness.

As for hardness, the increase of fat amount in emulsions-
based formulations (SE1, SE2, and SE3) resulted in softer
dough due to the shortening effect of lipids and, likely, the
higher amount of water (SE1 < SE2 < SE3) [9]. When com-
pared to the control (B), SE2 had similar hardness, empha-
sizing that structured emulsion was able to generate a proper
dough structure, with a comparable performance to butter.
Noteworthy, SO were softer than B and PO probably due to
the presence of unsaturated fats (liquid at room temperature),
which modulated the structure of the dough [24].

Mesoscopic properties

The viscoelastic properties of a dough are crucial features
for its machinability and shortbread quality [S5, 20, 21]. Rep-
resentative curves (versus frequency) obtained for different
shortbread doughs in terms of elastic (G', Fig. 1a) and vis-
cous (G", Fig. 1b) moduli are presented in Fig. 1. G’ was
significantly higher than G” at all frequencies, indicating
a predominant elastic behavior of shortbread doughs. This
behavior was confirmed in all samples, suggesting that
the use of structured emulsions as fat substitutes did not
affect the prevalence of elastic component versus viscous
component.

To highlight the effect of fat replacement on dough vis-
coelastic properties, Table 3 shows elastic (G") and vis-
cous (G") moduli at the same frequency (1 Hz). These data
revealed that dough viscoelastic properties were significantly

Table 2 Macroscopic properties Formulation

Moisture content (%)

Water activity Hardness (N) Stickiness (N/s)

of shortbread dough
SE1 21.71+0.08d
SE2 22.96+0.07¢c
SE3 24.13+0.15a
SE2+B 23.55+0.16b
SE2+PO 23.54+0.17b
SE2+SO 23.49+0.14b
B 23.62+0.09b
PO 23.62+0.12b
SO 23.45+0.05b

(dimensionless)

0.863 +0.004¢ 5.52+0.35a 0.604 +0.049¢
0.886+0.001cd 4.09 +£0.22cd 0.498 +0.065bc
0.899+0.001a 2.67+0.11e 0.624+0.075cd
0.889+0.002bc 3.76+0.19d 0.428 +0.04ab
0.889+0.002bc 2.55+0.13e 0.340+0.039a
0.893+0.001b 1.69 +0.05f 0.833+0.141ef
0.884+0.002d 4.39+0.17¢ 0.762+0.075de
0.885+0.001d 4.83+0.31b 0.645+0.074cd
0.888 +0.002cd 2.28+0.08e 0.977+0.083f

Different letters in the same column indicate significant differences among samples (p <0.05)
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Fig.1 G’, elastic modulus (a) and G”, viscous modulus (b) as a function of frequency (from 0.01 to 10 Hz). Abbreviations: dough formulations:

SEI1, SE2, SE3, B, SO, PO, SE2+ SO, SE2+ PO, and SE2+B

Table 3 Mesoscopic properties of shortbread dough

Formulation G’ G" Tand

SE1 18,400+ 825b 9680+ 378b 0.53+0.04ab
SE2 17,400 £ 605b 8730+505bc  0.50+0.03abc
SE3 11,300+ 67.5d 5950+227d 0.53+0.02ab
SE2+B 18,200+931b 9690+ 557b 0.53+0.04ab
SE2+PO 14,100 £372¢ 7470+ 248c 0.53+0.01ab
SE2+S0O 7060 +306e 3840+226e 0.54+0.01a
B 28,800+ 1490a  13,400+1120a  0.47+0.02bc
PO 29,400+ 1640a 12,900+ 883a 0.44+0.01c
SO 8040 +420e 4380+ 162¢ 0.55+0.03a

Different letters in the same column indicate significant differences
among samples (p <0.05)

affected by fat type and amount. Doughs containing satu-
rated fats (B and PO) showed the highest G’ and G” values,
but when fiber-induced oil-in-water biphasic systems was
incorporated in the formulation (SE2 +PO and SE2 + B),
G’ was drastically lowered. These results are consistent with
what previously found in dough made with oil-water—cellu-
lose emulsions [5] and resistant starch and polydextrose [6].

Such a result can be attributed to the increasing amounts
of unsaturated fats [25, 26]. SE2 + SO had the lowest values
of G' and G” due to the lubrification effect of unsaturated
fatty acids, and consequent dough smoothening [5]. Note-
worthy, doughs, SE2 and SE2 + B, had similar G'. Tand (the
ratio between the two modules) ranged from 0.44 to 0.55,
with an average value of 0.50.

By comparing the three structured emulsion-based dough,
no trend was observed in tan d as SE1 and SE3 had the same
value (0.53), while SE2 was lower with a value of 0.50. For
partially substituted-based doughs, no significant difference
was found between SE2 + PO and SE2 + B in tan 6 (0.53).
Likewise, their traditional counterparts have comparable tan
6 as PO: 0.44; B: 0.47. Therefore, the partial substitution of
B and PO by SE2 induced similar impact on the viscoelastic-
ity of the dough, with a decrease in elasticity, as expected
by substitution of saturated with unsaturated (more flexible)
fats. The presence of saturated fats in B and PO similarly
impacted the structure that was characterized by a harder
network than the unsaturated counterparts [5]. SO showed
the highest tan & value (0.55) among the traditional fats,
and no significant was found when SO was partially sub-
stituted by SE2. These findings might be attributed to the
effect of unsaturated fatty acids on dough softening. Overall,
the incorporation of structured emulsions (alone or in com-
bination with traditional fats) induced relevant changes in
dough viscoelastic properties, which are significantly related
to dough softening [r (hardness, tan 8) =—0.774] and short-
breads cookies height reduction [r (height, tan 8) =—0.785],
but no correlation was found with hardness of shortbreads
cookies (unpublished data).

Molecular properties
Molecular mobility of shortbread doughs was carried out

using low-resolution "H NMR, which is a valuable analyti-
cal technique that can provide important insights into water
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properties and dynamics of cereals-based products (model
systems, bread, and pasta) [27-32]. However, water proper-
ties and dynamics of shortbread dough are less documented
[33, 34]. In this study, 'H rotational mobility was studied
for the fastest-relaxing component (FID) and the slowest-
relaxing proton components (characterized throughout 7}
and T, relaxation time distributions).

Considering 'H FID, two proton populations were
obtained, population A (pop A) and B (pop B). The pop
B described the same protons observed in the first 'H T,
population and, therefore, was not considered in the discus-
sion. The most rigid protons, pop A, and its corresponding
relaxation time (7',) results are illustrated in Table 4, where
pop A abundance progressively decreased with increas-
ing SE content (SE1 ~82%, SE2 ~81%, SE3 ~79%). At
constant fat/water contents, pop A of dough containing
fat/oil together with structured emulsions was lower than
that of mono-components (PO, SO, and B). Remarkably,
SE2 + SO have the lowest pop A compared to those with
saturated fats (SE2+ B and SE2 +PO). Pop A, which rep-
resents the most rigid protons of the systems, was closely
related to dough hardness, as confirmed by the correlation
coefficient (r=0.782; p <0.05). Pop A can be assigned to
protons of starch and gluten, which are not in contact with
water, while pop B contain probably the same protons and
are assigned to protons of amorphous starch and of gluten
in little contact with water [36]. T, slightly varied as a func-
tion of fat contents (SE1: ~0.012 ms; SE2: ~0.012 ms; SE3:

~0.013 ms), whereas no significant differences were found
between single oil/fats and their combinations with struc-
tured emulsions-based doughs (7'y: ~0.013 ms).

As shown in Table 4, 1H T, populations [pop C, D, E,
and F, from the more rigid (C) to the more mobile protons
(F)] and their corresponding relaxation time (7,¢, Top, Top,
and T,p, respectively) were significantly influenced by the
content/type of fats added to dough formulation. Pop C was
previously attributed to protons of amorphous starch and
CH protons of proteins, while pop D contains protons of
sucrose and pop E contains exchanging protons of water,
starch, proteins, sucrose, and egg yolk lipids. Regarding the
most mobile protons (pop F), no particular trend was found
as a function of fat contents [35], but were also associated
with protons of non-polar phase of lipids [36].

Pop C was the highest in SE1 (~23%), followed by SE2
(~22%), and SE3 (~20%), and hence, this trend can be
related to the decrease in water content (SE1 < SE2 < SE3).
Considering formulations with the same fat/water con-
tents, B and PO did not show significant difference in pop
C, but they significantly increased when combined with
SE2 (SE2+B and SE2 + PO). Pop D showed the same
trend as pop C, contrary to pop E. Both T, and T, were
inversely related to dough hardness (r=~—0.77, p<0.05;
r=~—0.74, p<0.05, respectively). Relaxation time T, was
significantly higher in SE2 + SO (~ 179 ms), followed by
SE2+PO (~175 ms), SE2+ B (~ 163 ms), SE2 (~ 159 ms),
SP (~ 156 ms), PO (~ 144 ms), and B (~ 135 ms). With

Table4: 'HFID, 'H T,, and 'H T, proton populations and corresponding relaxation times

SE1 SE2 SE3 SE2+B SE2+PO SE2+S0O B PO SO
'H FID
Popula- 82+0.3a 81.4+0.34b 79.5+0.25¢ 80.4+0.13d 80.4+0.13d 79.8+0.36e 82.6+0.24a 81.3+0.33bc 80.9+0.63¢
tion A
(%)
T (ms) 0.012+0.001b  0.012+0.001b  0.013+0.00la  0.013+0.00la  0.013+0.00la  0.013+0.00la  0.013+0.001a  0.013+0.001ab 0.013+0.001b
'HT,
T, (ms) 58+1c 68 +2b 73+2a 68 +1b 68 +2b 69+1b 68+ 1b T1+1a 67+1b
HT,
Popula- 23+0.82a 22+0.63bc 20+0.67¢ 23 +0.84ab 23+0.43a 22+0.58bc 20+0.41de 20+ 1.08de 20+0.65 cd
tion C
(%)
Popula- 42+0.65a 41+0.70b 41+0.90b 39+1.42d 39+0.71 cd 40+1.02bc 36+1.22¢ 36+ 1.94e 40+ 1.09bcd
tion D
(%)
Popula- 21+0.04d 24+0.02¢ 26 +0.05bc 26 +0.05b 25+0.04bc 24 +0.05¢ 32+0.04a 31+0.05a 25+0.06bc
tion E
(%)
Popula- 14+1.07bc 13+0.89 cd 14+1.38ab 13+2.03de 13+1.21de 14+1.21ab 12+1.20e 12+2.27e 14 +1.09a
tion F
(%)
Ty (ms) 1.31+0.44bc 1.34+0.21bc 1.66+0.40a 1.3+0.35cd 1.34+0.43bc 1.38+0.95b 1.10+0.46e 1.21+0.95d 1.30+0.95¢
T,p (ms) 9+1.13c 10+0.13b 11+0.23a 10+0.46b 11+0.40a 11+0.43a 8+0.43d 10+0.35bc 10+0.24bc
T, (ms) 33+0de 36+0.11bc 39+0.33a 35+0.53bed 37+0.27b 38+0.36a 29+0.31f 32+0.69% 34 +0.38cde
To (ms) 182+17a 15943 cd 172 + 6abc 163 + 10bed 175 +7ab 179+9a 135+ 5de 144 +8 ef 156 +4f

Different letters in the same row indicate significant differences among samples (p <0.05)
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regards to Pop F (T,p~130-180 ms), SE2+ SO and SO
were characterized by the highest amount of pop F due to
high amounts of unsaturated lipids (higher mobility). G' and
G" were inversely related to Pop D (r=~—0.7; p<0.05)
and Pop F (r=~-0.84; p<0.01), but positively related to
Pop E (r=~0.75; p<0.05). Hence, the molecular level of
this investigation was closely related to both macroscopic
(hardness and moisture content) and mesoscopic (G' and G")

levels, suggesting that TD-NMR can be a valuable analytical
instrument to understand the physico-chemical changes in
fat-reduced shortbread dough.

Regarding 'H T, distributions, only one population was
found in all samples, which were significantly influenced
by the content/type of fats added to dough formulation. The
corresponding relaxation time (7)) increased significantly
with increasing amounts of structured emulsions in the
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Fig.2 Principal component analysis (PCA) results obtained for the
two principal components, showing (left) the projection of the vari-
ables on the factor plane, and (right) the projection of the cases on
the factor plane (dough formulations). a Biplot of the two first prin-
cipal components based on the all studied parameters, b Rotated
principal scores of dough formulations projected into the first two
principal components, ¢ Biplot of the two first principal components
based on NMR parameters, d Rotated principal scores of dough for-
mulations projected into the first two principal components. dough
formulations SE1, SE2, SE3, B, SO, PO, SE2+ SO, SE2+PO, and

SE2+B), MCmoisture content, awwater activity, Stickiness sticki-
ness, Hardnesshardness, G'G_A, G” G_B, G*G, tan Deltatan delta,
Population Aproton abundance population A, Tarelaxation time of
population A, ¢/ relaxation time, 72CT, relaxation time population
C, T2DT, relaxation time population D, T2ET, relaxation time pop-
ulation E, T2F T, relaxation time population F, Population Cproton
abundance population C, Population D proton abundance population
D, Population Eproton abundance population E, Population F proton
abundance population F
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formulation (SE1, ~58 ms; SE2 ~ 68 ms; SE3 ~ 72 ms),
which can be correlated to the increase of moisture con-
tent as confirmed by the correlation coefficient [r ~0.94,
p <0.01]. However, no significant differences were between
SE2 and all the doughs containing single or combined
fats/oil-structured probably due to constant water/fat con-
tents used in their formulations, possibly because 7| was
able to show only a mediated signal of different molecular
environments.

Multivariate statistics

Multivariate analysis was an attempt to put the pieces of the
puzzle together, evaluating the usefulness of this multilevel
approach to characterize fat-reduced dough formulations.
Considering all the attributes (macroscopic, mesoscopic,
and molecular), PCA explained 78% using the first princi-
pal components (PC1 and PC2) (Fig. 2a). PC1 (42%) was
explained as a function of mesoscopic (G', G”, and tan d)
and molecular parameters (T,g, 55, Top, 1o and popula-
tion C, D, E, and F). PC2 (36%) was described as func-
tion of macroscopic (a,,, MC, hardness, and stickiness) and
molecular parameters (7, T}, and Pop A and B). Figure 2b
illustrated the projection of dough formulations on the fac-
torial space generated by PC1 and PC2. As result, three
groups can be clearly separated: (i) SE1, (ii) B and PO, and
(iii) the remaining formulations (SE2, SE3, SO, SE2 + SO,
SE2 + PO, and SE2 +B).

Given the important contribution of NMR parameters in
dough quality description, a second PCA was performed
with NMR parameters only. The first two PCs explained
81% of the total variability, with PC1 accounting for 49%
of total variability (T, T 5, Tog, Top, Toc, population A,
B, and F), and PC2 for 32% (T, T,p, T5c, population C, D,
and E) (Fig. 2¢). As illustrated in Fig. 2d, five groups were
identified [(i) SE1; (ii) SE3; (iii) B; (iv) PO; (v) SE2, SO,
SE2 + SO, SE2 + PO, and SE2 + B]. Such result underlined
that TD-NMR was more able to discriminate the different
formulations over macroscopic and mesoscopic approaches.

Conclusion

From the above results, it can be concluded that the use of
structured emulsions as fat substitutes allowed for accept-
able dough technological properties, particularly doughs
made with B and SE2 showed comparable hardness. The
use of SE2 in shortbread dough resulted in reducing sticki-
ness, a partial substitution of butter and palm oil with struc-
tured emulsion resulted in less sticky dough and moistened
doughs. Furthermore, viscoelastic rheological properties
confirmed that the addition of structured emulsions did not
impact the prevalence of elastic component versus viscous

@ Springer

component, but it decreased both components compared to
the conventional fats (butter and palm oil). Low-resolution
'"H NMR underlined relevant changes in water properties
and dynamics of the dough. Particularly, the substitution
with SE in combination with saturated fats increased the
rigid population (population C), while doughs with only SE
were characterized by greater proton mobility (population
F). Notably, multivariate statistics underlined the relevant
role of NMR parameters (molecular level) in the descrip-
tion of dough quality features (mesoscopic and macroscopic
levels). Future works are required to cover the quality of the
formulated functional shortbread.
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