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Abstract: The purpose of this work is to develop two types of dietary supplements for celiac (energy-
rich and fiber-rich bars) as well as to optimize the formulations of bars made from puffed and
non-puffed cereals. To optimize the combination of components, a mixture design was created. Based
on sensory evaluation, optimal bars were selected, which were then evaluated in terms of biochemical
properties, color and antioxidant properties. The main results indicate that the combination of 37.5 g
of cereals, 22.5 g of seeds, and 40 g of binder is optimal for the energy bars with non-puffed cereals,
followed by 54.57 g of cereals, 10.43 g of seeds, and 35 g of a binder for fiber-rich bars with non-puffed
cereals. In contrast, the optimal recipe for energy bars with puffed cereals consisted of 35.42 g of
cereals, 20.07 g of seeds, and 44.51 g of binder, and for fiber-rich bars with puffed cereals, it consisted
of 50 g of cereals, 15 g of seeds, and 35 g. The biochemical composition indicates that fiber-rich
bars are also energetic, with more than 300 kcal/100 g. All bars are rich in antioxidants, with total
polyphenol values exceeding 4.97 mg GAE/g d.w. Customers prefer the bars with puffed cereal
the most.

Keywords: sensory evaluation; energy-rich bars; fiber-rich bars; puffed and non-puffed cereals;
mixture design

1. Introduction

Celiac disease is a chronic inflammation of the small intestine caused by immune and
genetic factors, which is accompanied by hypersensitivity to gluten. It is characterized by
epithelial destruction of the small intestine, resulting in the celiac patient’s malabsorption,
and causes symptoms such as diarrhea, indigestion, bloating, and weight loss [1–3]. A
lifelong gluten-free diet is the only treatment available for this disease [4,5].

However, gluten avoidance may result in nutritional deficiencies in celiac patients.
Due to a lack of certain nutrients, celiac patients are at risk of developing other diseases.
Gluten-free dieters frequently have iron and fiber deficiencies [6]. Fiber deficiency has been
linked to malabsorption due to villi atrophy. Because gluten is found in carbohydrates,
removing the source of gluten lowers the energy value of gluten-free foods. The outer
layers of grains, which contain the majority of the fibers, are removed during refining
processes, leaving only the starchy inner part. It is recommended that gluten-free diets be
supplemented with foods that are naturally high in dietary fiber and calories [7].
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Recently, food consumption preferences have significantly changed. The demand for
healthy, natural, and functional foods is growing at the same rate as fast food and snack
consumption. For this reason, a gradual expansion of the cereal-bar market is observed.
These products have quickly become popular snacks among consumers [8–11]. Cereal bars
are a type of health food as they provide a good calorie supplement as well as sources of
nutrients. The bars are usually packaged in small packages, are light and easy to transport,
and can be eaten at any time of the day. They are popular and convenient products that
would be an excellent food format for providing phenolic antioxidants and fiber from fruits
and seeds. Each cereal bar has different characteristics and functions, which corresponds to
the current trend of healthy and innovative food [12–14].

However, the main ingredients used in the formulation of cereal bars are toxic to a
certain category of people suffering from celiac disease. Furthermore, gluten-free products
that are currently on the market are made from refined flour or starches and contain
unknown ingredients. They do not contain the same amount of nutrients as products with
gluten [6,9,15]. For this population, who is gluten intolerant, there has not been much
progress in developing wholesome gluten-free bars with high consumer value. Due to
the addition of biologically valuable raw materials, these products’ formulations need
to be improved [10]. The most difficult aspect of making a good cereal bar is combining
cereals with other ingredients that have specific functionalities, such as vitamins, minerals,
proteins, fibers, thickening agents, sweeteners, and flavorings, and transforming them
into a product that complements each other in terms of flavor, texture, and appearance [8].
Therefore, to satisfy the rising demand for this kind of product, the industries must look
for new formulations, diversify flavors and attributes, and add fiber, protein, and energy
to cereal bars. Product properties and attributes, such as shape, color, appearance, flavor,
and texture, must be optimized through new product development. The interaction of
the components must also be optimized to achieve a complete balance that results in
exceptional quality and taste. In this regard, the development of a cereal bar formulation
presents itself as an emerging force in the market [13,14].

As a simple, less expensive, and rapid method of applying dry heat for the preparation
of food and snack formulations, explosion puffing is a relatively well-known and widely
used process. It has traditionally been used to extend storage life, improve organoleptic
properties, and make it easier to incorporate into ready-to-eat foods; meanwhile, the
materials form a porous structure [16,17].

There have been several studies on the formulation of nutrition bars rich in energy,
protein, and fiber with various ingredients using a base of grains, seeds, or fruits with
sweeteners or binding agents. However, no studies on the optimization of the formulation
of gluten-free bars with puffed and non-puffed cereals have been conducted. Furthermore,
it is critical to provide gluten-free cereal bars that meet celiac patients’ expectations by
introducing combinations of new ingredients with high-nutrient ingredients such as millet,
psyllium, chia, and date syrup. The aim of this research was to develop two types of
cereal bars: energy-rich and fiber-rich gluten-free bars with sensory, physicochemical, and
antioxidant properties as a new food with market value for celiac patients by optimizing
their formulations from puffed and non-puffed cereals using a simplex centroid design.

2. Materials and Methods
2.1. Chemicals

The following chemicals were provided by Sigma-Aldrich, Steinheim, Germany:
1,1-Diphenyl-2-picrylhydrazyl (DPPH), 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS), ammonium molybdate, Folin–Ciocalteu reagent, ascorbic acid, gallic acid,
quercetin, ferric chloride (FeCl3), potassium ferricyanide K3[Fe(CN)6], trichloroacetic acid
(TCA). The solvents and all other standards used were of analytical grade.
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2.2. Raw Materials

All ingredients in this study were purchased in Algeria. Quinoa (12.09% moisture,
13.00% protein, 6.50% fat) was provided by Earth Grains- Alger, Algeria. Raisins were
purchased from Taste Food- Constantine, Algeria. Date syrup (20% moisture, 70.07% total
sugar) from Alli-Lakhel- Biskra, Algeria. Millet (11.43% moisture, 12.5% protein, 4.8%
fat, and 2.8% ash), almond, psyllium, chia seeds, and peanuts were purchased from a
local market.

2.3. Preparation of Materials

Millet and quinoa seeds were cooked in boiling water for 15 min before drying for
1 h in a Maxel cabinet dryer, type MC 100, using hot air ventilation at 40 ◦C. As indicated
by Kaur et al. [9], heat treatment of grains improves their taste, texture, flavor, and color.
After drying, cereals (millet and quinoa) used in the gluten-free bar formulations with
non-puffed cereals were coarsely ground with a Bomann brand grinder set to high speeds
(28,000 Rpm; 1300 W). Cereals (millet and quinoa) used in the formulation of gluten-free
bars with puffed cereals were puffed instantly (about 10 s) in the presence of hot oil at
200–220 ◦C as indicated by Mishra et al. [16].

Psyllium and chia seeds were grounded into powders. The powders were then mixed
before being incorporated into the fiber-rich cereal bars. Almond seeds and raisins were
diced into small pieces and mixed before being used in the formulation of energy-rich
cereal bars.

Peanut butter was made from shelled peanut seeds that were heated in an oven at
160 ◦C for 20 min. This heat treatment is required before shelling to make the process easier
and produce butter with desirable organoleptic properties [18]. The shelled seeds were
then ground until natural butter was obtained using a high-speed Bomann grinder. The
butter produced was kept at 4 ◦C and contained no additives.

2.4. Gluten-Free Cereal Bars Formulations

Two types of gluten-free cereal bars were investigated in this study: energy-rich cereal
bars and fiber-rich cereal bars. The energy-rich cereal bars contained cereals (millet and
quinoa), almond seeds, and raisins. As a binding agent, peanut butter was combined with
date syrup. The fiber-rich cereal bars included cereals (millet and quinoa), psyllium and
chia seeds, and date syrup as a binding agent. The hypothesis was based on the high-
calorie content of peanut butter, raisins, and almonds, which are all considered high-energy
ingredients. On the other hand, chia seeds are high in fiber, and psyllium is considered
a dietary fiber [18–22]. For each type of bar, cereals were used in puffed and non-puffed
forms. Four types of products were developed in this study: gluten-free energy-rich bars
with non-puffed cereals (ENPCB); gluten-free energy-rich bars with puffed cereals (EPCB);
gluten-free fiber-rich bars with non-puffed cereals (FNPCB); and gluten-free fiber-rich bars
with puffed cereals (FPCB).

2.5. Experimental Design

Four experimental designs (three simplex centroid mixture designs) were employed
to analyze the effects on cereal bars attributes and to optimize the proportions of the
three components: mixed cereals (X1), mixed seeds (X2), and binding agents (X3) used for
the production of two types of cereal bars (energy-rich and fiber-rich) with puffed, and
non-puffed cereals following the fundamental mixture constraint:

X1 + X2 + X3 = 1 (or 100%) (1)

The results allowed for the calculation of the regression coefficients and each response
was modeled as a function of coded factors as follows:

Y = ∑3
i=1 αiXi + ∑ ∑3

i<j αijXiXj + ∑ ∑ ∑3
i<j<k αijk XiXjXk (2)
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where Y represents the predicted response value; X1, X2, and X3 are independent factors
(mixed cereals, mixed seeds, and binding agent, respectively); αi, represents the linear
effect of each component, αij and αijk the interaction effects between them. Components’
maximum and minimum levels (mixed cereals, mixed seeds, and binding agents) were fixed
according to preliminary trials and taking into consideration the constraints of centroid
mixture design. For fiber-rich cereal bars (puffed and non-puffed cereals), the levels of
mixed cereals ranged from 50 to 55 g; the mixed seeds from 10 to 15 g, and 35 g to 40 g of
binding agents. For energy-rich bars (puffed and non-puffed cereals), the levels of mixed
cereals ranged from 35 to 40 g; the mixed seeds from 20 to 25 g and 40 g to 45 g of binding
agents (Table 1).

Table 1. Mixture design of three main ingredients for each type of gluten-free cereal bars.

Mixture
Coded Factors Fiber-Rich Cereal Bars

(Puffed and Non-Puffed Cereals)
Energy-Rich Cereal Bars

(Puffed and Non-Puffed Cereals)

X1 X2 X3 Cereals Seeds Binder Cereals Seeds Binder

1 0 0 1 50 10 40 35 20 45

2 0 1 0 50 15 35 35 25 40

3 0 0.5 0.5 50 12.5 37.5 35 22.5 42.5

4 0.5 0 0.5 52.5 10 37.5 37.5 20 42.5

5 1 0 0 55 10 35 40 20 40

6 0.5 0.5 0 52.5 12.5 35 37.5 22.5 40

7 0.333 0.333 0.333 51.6667 11.6667 36.6667 36.6667 21.6667 41.6667

X1: mixed cereals; X2: mixed seeds; X3: binding agent.

The responses Y were based on the sensory characteristics and the consumer accep-
tance of the gluten-free cereal bars, which are translated by taste (Y1), aroma (Y2), texture
(Y3), appearance (Y4), and overall acceptability (Y5). To produce acceptable gluten-free
cereal bars with desirable sensorial attributes, component proportions were optimized.

2.6. Preparation of Gluten-Free Cereal Bars

Gluten-free cereal bars were made using a cold process as described by Sharma [23]
with slight modifications. The preparation process consisted of mixing the three com-
ponents (cereals; seeds and binder) according to the composition of each type of bar
(energy-rich or fiber-rich), and according to the mixture design (Table 1). All the ingredients
were manually combined in a container. The resulting bar mass was divided into pieces
of 50 g each and stored in a mold. Storage was done at 4 ◦C for 15 min to ensure that the
cereal bars remained stable before being analyzed.

2.7. Gluten-Free Cereal Bars Evaluation
2.7.1. Sensory Analysis

Cereal bars were evaluated for different sensory attributes. A consumer-based hedonic
test was performed by 55 tasters (18–45 years old) on a nine-point hedonic scale (1: dislike,
5: neutral, 9: extremely like). The cereal bars were divided and coded using a random
three-digit number and served to tasters with written instructions for evaluation in terms
of taste, aroma, texture, appearance, and overall acceptability [24].

2.7.2. Proximate Composition and Calorific Value

The moisture content of gluten-free cereal bars was evaluated by ICC 110/1 method [25].
The ash, fat, and protein contents were determined using the AOAC standard methods for
dry matter: 942.05 method for ash and 960.52 method for protein content and 996.01 method
for fat content [26]. The fiber content was measured by the Weende method [27] using a raw
fiber extractor.



Processes 2023, 11, 813 5 of 20

By deducting the amounts of protein, fat, moisture, ash, and dietary fiber from
100% of the dry matter, the amount of carbohydrate was determined. According to
Costantini et al. [28], the calorific value (per 100 g of bars) was estimated using the fol-
lowing energy factors: 9 for fats, 4 for carbohydrate, and 4 for proteins.

2.7.3. Color Assessment

The color of the optimized cereal bars was determined according to the method
described by Djeghim et al. [29] using ColorGrab application (version 3.6.1, 2017, Loomatix
Ltd., Munchen, Germany). A closed polystyrene box (39× 17× 28 cm) was used, integrated
with a 1.2 W 5V white LED to achieve evenly diffused light on the top of the sample, to
ensure color capture was unaffected by ambient light. The color space mode chosen was:
CIE-L*a*b*, as the color space mode where: L* represents brightness, a* represents green
−/red+, and b* represents blue −/yellow+. Color measurements were taken on the same
cereal bar at five different locations.

2.7.4. Antioxidant Properties

Ultrasound-assisted extraction process: The extraction process was conducted as
described by Ayad et al. [30]. One gram of each powdered cereal bar was mixed with 10 mL
of ethanol in screw-cap tubes and sonicated at 40 ◦C for 1 h using ultrasonic cleaning bath
equipment (ultrasons-H, 50/60 Hz, 720W, Ctra. Nll Km: 585.1 Abrera (Barcelona) Spain).
Following extraction and cooling, samples were filtered through Whatman No.1 paper and
subjected to various analyses.

Total phenolic content (TPC) determination: TPC was estimated using the
Folin–Ciocalteu reaction, as described by Singleton and Rossi [31] with minor modifi-
cations. In brief, 0.30 mL of extract and 1.20 mL of Folin–Ciocalteu reagent were combined
(diluted 1:10). After 5 min, 1.50 mL of a 7.50% Na2CO3 solution was added to the mixture,
which was then incubated in the dark for 2 h at room temperature. A UV/Visible spec-
trophotometer was used to measure the absorbance at 765 nm. The TPC was calculated by
extrapolating the calibration curve, which was created by preparing a gallic acid solution
(0–200 µg/mL). The experiment was repeated three times, and the results were reported in
milligrams of gallic acid equivalents per gram of dry weight (GAE mg/g d.w).

Total flavonoid content determination: The total flavonoid content (TFC) of powdered
cereal bars extract was determined by Djeridane et al. [32]. Briefly, one milliliter of a 2%
AlCl3 solution was mixed with one milliliter of extract. The absorbance of the mixture was
measured at 430 nm after 10 min. The total flavonoid content was expressed in milligrams
of quercetin equivalents (mg QE/g d.w). The experiment was carried out three times.

Antioxidant activity: The total antioxidant capacity of the extract was determined
using the phosphomolybdate method described by Prieto et al. [33]. A DPPH assay was
performed according to Ismail et al. [34]. The radical scavenging activity of ABTS was
determined Re et al. [35], and the reducing power (RED) was determined using Oyaizu [36].

2.8. Statistical Analysis

The results presented in this work are expressed as the standard deviation of the mean
of three repetitions unless otherwise stated. Minitab 19 was used to perform statistical
analysis and contour plots on the mixture design (Minitab Inc., State College, PA, USA).
By the estimation of the coefficients of determination R2, the validity of the experimental
design models was determined by calculating the ratio of the sum of the squares of the
calculated responses to the sum of the squares of the measured responses. Optimization
by desirability function approach was also, performed with Minitab Release 19 (Minitab
Inc., State College, PA, USA) The means were compared using the STATISTICA software
version 10′s, one-way ANOVA analysis of variance, followed by the Post hoc-Fisher LSD
test (Stat soft, France). At a significance level of α = 0.05, the letters a, b, c, d, and so on
represent the various groups.
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3. Results and Discussion
3.1. Mixture Design Analysis and Model Fitting

All the models studied in this work (Tables 2 and 3) had acceptable coefficients of
determination and predicted R-squared values. According to Cornell [37], the best model
for experimental designs has a high predicted R-squared value (R2-pred). The observed
R2 values demonstrate that the model can explain total variations in the responses (taste,
aroma, texture, appearance, and overall acceptability). R2- pred of ENPCB ranged from
72.64% for appearance to 86.67% for texture (Table 2). Variations of R2-pred in EPCB
ranged from 90.53% for the aroma to 96.88% for appearance. Variations of R2-pred in
FNPCB responses ranged from 83.60% for taste to 99.64% for appearance, while variations
of R2-pred in FPCB ranged from 68.44% for appearance to 99.66% for aroma (Table 3). This
meant that the chosen model was adequate and representative of the system, and it also
confirmed the existing correlation between the chosen response and factors. In this design,
only linear effects were significant and fitted.

Table 2. Regression equation for the energy cereal bars responses with predicted R-square values.

Energy Non-Puffed Cereal Bars R2 (%) p-Value Energy Puffed Cereal Bars R2 (%) p-Value

Taste = −486X1 − 362X2 + 50X3 84.64 <0.05 * Taste = −424X1 + 345X2 − 58X3 90.70 <0.05 *

Aroma = −313X1 − 300X2 + 4X3 72.72 <0.05 * Aroma = −398X1 + 109X2 − 108X3 90.53 <0.05 *

Texture = −563X1 − 968X2 − 87X3 86.67 <0.05 * Texture = −594X1 + 143X2 + 1X3 92.30 <0.05 *

Appearance = −74X1 − 466X2 + 434X3 72.64 <0.05 * Appearance = −563X1 + 206X2 − 11X3 96.88 <0.05 *

Overall = −565X1 − 674X2 − 10X3 81.86 <0.05 * Overall = −409X1 + 190X2 + 78X3 94.95 <0.05 *

* Significant value in either magnitude or probability (p < 0.05).

Table 3. Regression equation for the fiber-rich cereal bars responses with predicted R-square values.

Fiber-Rich Non-Puffed Cereal Bars R2 (%) p-Value Fiber-Rich Puffed Cereal Bars R2 (%) p-Value

Taste = +50X1 + 1080X2 + 206X3 83.60 <0.05 * Taste = +212.3X1 + 954X2 + 176X3 97.39 <0.05 *

Aroma = −0.3X1 + 141X2 − 19.2X3 95.40 <0.05 * Aroma = +9X1 + 510.4X2 − 96.5X3 99.66 <0.05 *

Texture = −40X1 − 405X2 + 440X3 84.53 <0.05 * Texture = +371X1 + 262X2 + 282X3 94.72 <0.05 *

Appearance = −25.2X1 − 160.6X2 + 295.5X3 99.64 <0.05 * Appearance = +40X1 + 84X2 − 28X3 68.44 <0.05 *

Overall = +9X1 − 42X2 + 419X3 88.07 <0.05 * Overall = +232X1 + 450X2 + 41X3 83.03 <0.05 *

* Significant value in either magnitude or probability (p < 0.05).

Table 2 presents the regression equations, which translates the dependence of the
response to the components of the mixture. According to the results, only the linear effects
of the three components were significant (p < 0.05) for energy-rich cereal bars. Two-way
interaction of cereals × seeds, cereals × binder and seeds× binder showed non-significant
effects (p > 0.05) on all studied attributes for each type of energy-rich cereal bars. As
reported by Bourekoua et al. [38], a significant and positive sign for a factor indicates that
a high concentration of this variable is nearly optimal, while a negative sign for a factor
indicates that a low concentration of this variable is nearly optimal. According to Table 2,
all the sensorial parameters are significantly (p < 0.05) and negatively influenced through
the cereals and the seeds separately (linear terms) for ENPCB, indicating that the presence
of these components in small quantities in the formula are expected to increase sensorial
parameters and consumers acceptance of cereal bars. For bars with puffed cereals, the
cereals generate a main negative effect on all parameters, while seeds generate a linear
positive effect on all responses. The binder generates different effects (negative and positive)
depending on the types of bars.

As shown in Table 3, for fiber-rich cereal bars, cereals generate the main effect (sig-
nificant and positive) on taste and overall acceptability, indicating that the presence of
cereals at high concentration in the formula can improve taste and overall scores of FNPCB,
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while significant and positive effects of cereals are shown on all attributes of fiber-rich bars
with puffed cereals. Binder generates a negative effect on the aroma of FNPCB and the
aroma and appearance of FPCB indicating that the presence of binding agents in small
amounts can improve the aroma and appearance of fiber-rich cereal bars. The presence of
seeds in high quantities can improve scores of all attributes for fiber-rich bars with puffed
cereals (significant and positive main effect), while significant effects with different signs
(positive and negative) are shown for seeds on fiber-rich bars with non-puffed cereals.
Binder generates different effects for fiber-rich cereal bars. Two-way interaction (seeds
and binder) and (cereals and seeds) and (seeds and binder) have non-significant effects
(p > 0.05) on all attributes for the two types of fiber-rich cereal bars.

3.2. Effect of the Mixture’s Components on the Sensorial Parameters and Consumer’s Acceptance

The results of the mixture design for each type of gluten-free cereal bars are shown in
Tables 4 and 5 for energy-rich and fiber-rich cereal bars, respectively. Contour plots of each
sensorial parameter for energy-rich and fiber-rich cereal bars are presented in Figures 1 and 2.

Table 4. Sensory properties of energy-rich cereal bars with puffed and non-puffed cereals based on
mixture design.

Mixture
Energy-Rich Non-Puffed Cereal Bars Energy-Rich Puffed Cereal Bars

Taste Aroma Texture Appearance Overall Taste Aroma Texture Apparence Overall

1 6.4 ± 1.3 b* 6.1 ± 1.1 bc 5.7 ± 1.2 bc 7 ± 1.4 a 6.2 ± 0.8 b 6.7 ± 1.4 a 6.2 ± 1.4 ab 6.9 ± 1.3 a 7 ± 0.8 a 7.1 ± 1.1 a

2 6.3 ± 1.0 bc 5.8 ± 0.9 c 5.4 ± 1.2 cd 5.6 ± 1.5 c 5.6 ± 1.1 c 5.7 ± 1.2 ab 5.5 ± 0.9 b 5.7 ± 1.2 abc 5.3 ± 1.6 c 5.6 ± 1.5 c

3 5.9 ± 0.5 d 5.7 ± 1.0 c 5.8 ± 1.6 b 5.5 ± 1.6 c 5.7 ± 1.2 c 5.4 ± 1.0 b 5.7 ± 0.8 ab 5.4 ± 0.6 bc 5.6 ± 1.6 bc 5.8 ± 0.8 bc

4 6.1 ± 1 cd 6.1 ± 0.9 bc 5.7 ± 1.2 bc 5.4 ± 1.4 c 6.1 ± 1.1b 6.6 ± 1.4 a 6.7 ± 1.0 a 6.5 ± 1.6 ab 6.8 ± 1.0 ab 6.8 ± 1.0 ab

5 5.4 ± 0.7 e 5.9 ± 0.7 c 5.1 ± 1.5 d 5.7 ± 1.2 c 5.5 ± 0.8 c 5.5 ± 1.6 b 5.6 ± 1.4 ab 5 ± 0.7 c 4.8 ± 1.4 c 5.3 ± 0.9 c

6 6.9 ± 0.9 a 6.5 ± 0.8 ab 6.8 ± 0.9 a 6.5 ± 1.2 b 6.9 ± 0.7 a 5.7 ± 1.6 ab 6.1 ± 1 ab 6 ± 1.5 abc 5.9 ± 1.5 abc 6.2 ± 1.2 abc

7 7.1 ± 0.7 a 6.8 ± 0.6 a 7.2 ± 1.4 a 6.8 ± 0.9 ab 7.3 ± 0.9 a 6.4 ± 1.2 a 5.9 ± 0.9 ab 6.6 ± 1.7 ab 5.8 ± 1.3 abc 5.9 ± 1.1 bc

* Different superscript letters a–e at each column indicate significant differences (p < 0.05).

Table 5. Sensory properties of fiber-rich cereal bars with puffed and non-puffed cereals based on
mixture design.

Mixture
Fiber-Rich Non-Puffed Cereal Bars Fiber-Rich Puffed Cereal Bars

Taste Aroma Texture Apparence Overall Taste Aroma Texture Apparence Overall

1 4.5 ± 1.2 c* 5.5 ± 1 c 4.4 ± 1.2 c 5 ± 1.6 c 4.5 ± 1.2 c 6 ± 1.0 ab 5.4 ± 1.22 ab 6.4 ± 1.2 a 6.2 ± 0.7 a 6.8 ± 1.0 a

2 6 ± 1.0 ab 5.9 ± 0.8 ab 5.1 ± 1.3 b 5.7 ± 1.0 b 5.7 ± 1.3 b 5.3 ± 1.1 b 5.1 ± 1 ab 4.3 ± 0.8 c 5.6 ± 1.4 ab 5.1 ± 0.9 c

3 7 ± 1.0 a 6.1 ± 1.1 a 5.5 ± 1.0 b 6 ± 1.0 b 6.4 ± 1.2 a 5.5 ± 1.4 ab 4.9 ± 1.16 b 4.9 ± 1.4 c 5.2 ± 1.1 b 4.9 ± 1.3 c

4 6 ± 1.6 ab 5.8 ± 1 abc 6 ± 1.4 a 5.8 ± 1.2 b 6.1 ± 1.3 a 4.9 ± 1.5 b 5.1 ± 0.94 ab 4.4 ± 1.1 c 5.2 ± 1.0 b 4.5 ± 1.3 c

5 6.3 ± 1.9 ab 5.6 ± 1.4 bc 5.5 ± 1.7 b 5.8 ± 1.2 b 5.5 ± 2 b 6.6 ± 1.1 a 5.9 ± 0.92 a 6 ± 0.9 ab 5.9 ± 0.9 a 6.3 ± 0.8 ab

6 6.1 ± 1.9 ab 5.7 ± 1.3 bc 6.1 ± 1.3 a 6 ± 1.4 b 6.4 ± 1.3 a 5.8 ± 1.2 ab 5.1 ± 0.76 ab 5 ± 1.6 bc 5.6 ± 1.5 ab 5.3 ± 1.0 bc

7 5.7 ± 2.0 b 5.7 ± 1.5 bc 6.4 ± 1.6 a 6.6 ± 1.4 a 6.4 ± 1.6 a 4.9 ± 0.8 b 4.8 ± 0.96 b 4.5 ± 0.8 c 5.5 ± 1.6 b 4.8 ± 0.8 c

* Different superscript letters a–c at each column indicate significant differences (p < 0.05).

3.2.1. Energy-Rich Gluten-Free Cereal Bars

According to Table 4, the energy-rich gluten-free cereal bars showed sensory rating
scores in the range from dislike to extremely like.

The highest ENPCB scores (p < 0.05) were found in the presence of the three compo-
nents, corresponding to F7 producing bars with the best sensory characteristics, with an
average score of 7.1 for taste and 7.3 for overall acceptability, followed by F6 producing
bars (Table 4 results).

For EPCB, the tasters prefer gluten-free bars made from F1 components followed by
F4 components. The lowest scores (p < 0.05) were obtained in F5 for both energy bars with
puffed and non-puffed cereals, with an average of 5.4 for taste, 5.1 for texture, and 5.5
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for overall acceptability for ENPCB and an average of 5.5 for taste, 5 for texture, 4.8 for
appearance, and 5.3 for overall liking. The disparities in taster ratings results from each
taster’s personal preferences for the product under consideration.
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Figure 2. Contour plots for predicted sensorial attributes for gluten-free fiber-rich cereal bars (FNPCB:
Fiber-rich Non-Puffed Cereal Bars; FPCB: Fiber-rich Puffed Cereal Bars).

For energy non-puffed cereal bars (ENPCB), the contour plots showed an increasing
trend for all attribute scores (taste, aroma, texture, appearance, and overall acceptability)
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for the entire surface until the lower binder content. The lower values of sensorial scores
were found in the region of higher cereals content (Figure 1).

Concerning energy puffed cereal bars (EPCB), for taste, aroma, appearance, and overall
acceptability, an optimal zone was observed at around 20 g of seeds (minimum quantity
of seeds) and the maximum amount of binder. For the texture, a large optimal zone was
noted, with the highest score values, in the center and increasing in the amount of binder
until the maximum. The lowest scores for sensory attributes were located in the region
with the maximum amount of cereals and seeds (Figure 1).

Many studies have pointed in the same direction as this study.
Samakradhamrongthai et al. [14] indicated that the highest scores for high-energy cereal
bars were observed for formulations with a low content of cereals and a high content
of sweeteners. As suggested by Srebernich et al. [39] and Kaur et al. [9], manufacturing
cereal bars using various cereals and seeds including, puffed rice, quinoa, flaxseed and
almond can provide a distinctive sensorial attribute with a high preference by consumers.
Consumers prefer and value bars made with polysaccharide sugary materials [40].

3.2.2. Fiber-Rich Gluten-Free Cereal Bars

The sensory rating scores for the high-fiber gluten-free cereal bars (Table 5) ranged
from dislike to extremely like. Table 5′s findings show that the presence of the three
components produced the highest scores for FNPCB, which correspond to F3 producing
bars with the best sensory characteristics, with an average score of 7 for taste, 6.4 for texture,
6.6 for appearance, and 6.4 for overall acceptability. The lowest scores (p < 0.05) were
found for F1 with an average score of 4.5 for taste, 4.4 for texture, 5 for appearance, and
4.5 for overall bar acceptability. For FPCB, tasters liked the texture and appearance of the
gluten-free bars made by the component of F1, with an average score of 6.4 for texture
and 6.2 for appearance. The lowest scores (p < 0.05) were obtained for F4 and F7 with an
average score of 4.9 for taste.

Regarding fiber-rich non-puffed cereal bars (FNPCB), for taste and aroma, an optimal
zone was observed at the level of the central region, with the best scores attributed by
tasters, moving towards higher levels in cereals content and lower levels in seeds. The
optimum range for texture, appearance, and overall acceptability was noted at around 35 g
binder (lower binder levels) through the maximum cereal mixture levels for acceptability
and appearance. The region with the lowest levels of cereals had the lowest values of taster
scores for all sensory attributes studied (Figure 2).

Regarding fiber-rich puffed cereal bars (FPCB), the best taste and aroma scores for
fiber-rich bars were found in the area with the highest seed levels. An optimal zone for
each parameter was observed on the side with the minimum amount of cereals for texture,
appearance, and overall acceptability (Figure 2). The lowest notesweare found in the central
region and rise to low binder levels.

The different components of each formula have different effects on the sensory param-
eters of the fiber-rich bars. The form of the cereals used (puffed or non-puffed), the nature
of the bonds between the different ingredients, and the presence of psyllium grains with a
typical taste are all factors that influence consumer preference.

3.3. Optimization

A multi-criteria optimization analysis using the desirability function was used to
maximize the sensory attributes for each type of bar, with determination of the desirability
indices di for each response (di = 0 least desirable; di = 1 most desirable). If the desirability
indices are close to 1, the response parameter is optimum. Indeed, by considering all
sensory attributes, the optimal mixture obtained by the desirability function that allowed
for better sensory characteristics in cereal bars is as follows: 37.5 g of cereals, 22.5 g of seeds,
and 40 g of binder for energy non-puffed cereal bars with a desirability value of D = 0.91.
A quantity of 35.42 g of cereals, 20.07 g of seeds, and 44.51 g of binder for energy puffed
cereal bars with a desirability value of D = 0.84. 54.57 g of cereals, 10.43 g of seeds, and 35 g
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of binder for fiber-rich non-puffed cereal bars with a desirability value of D = 0.83. 50 g of
cereals, 15 g of seeds, and 35 g of binder for fiber-rich puffed cereal bars with a desirability
value of D = 0.76.

3.4. Characteristics of Optimal Gluten-Free Cereal Bars

In addition to sensory characteristics, the four cereal bars manufactured according
to the optimal formulation for each type of bar were distinguished by their chemical
composition and calorific value, color, and antioxidant properties.

3.4.1. Chemical Composition and Calorific Value

The chemical composition of the cereal bars including, moisture, protein, fat, ash,
dietary fiber, and carbohydrate of each type of gluten-free cereal bars is presented in Table 6.
Calorific values are also calculated.

Table 6. Chemical composition and calorific value of gluten-free cereal bars.

Sample Moisture (%) Protein
(%)

Fat
(%)

Ash
(%)

Fiber
(%)

Carbohydrate
(%)

Calorific Value
(kcal/100 g)

ENPCB 3.76 ± 0.82 c 16.13 ± 0.01 a 6.08 ± 0.02 a 2.02 ± 0.00 a 2.95 ± 0.12 c 69.06 395.48

FNPCB 8.83 ± 0.31 a 8.81 ± 0.00 c 1.2 ± 0.01 b 2.05 ± 0.01 a 8.56 ± 0.05 b 70.55 328.22

EPCB 1.83 ± 0.23 d 15.33 ± 0.00 b 6.9 ± 0.02 a 1.8 ± 0.00 b 1.6 ± 0.02 d 72.54 413.59

FPCB 6.11 ± 0.72 b 8.16 ± 0.02 c 0.8 ± 0.03 c 1.25 ± 0.01 c 9.63 ± 0.04 a 74.05 336.02

ENPCB: Energy Non-Puffed Cereal Bars; FNPCB: Fiber-rich Non-Puffed Cereal Bars; EPCB: Energy Puffed Cereal
Bars; FPCB: Fiber-rich Puffed Cereal Bars. Different superscript letters a–d at each column indicate significant
differences (p < 0.05).

Moisture Content

The results of moisture showed significant differences (p < 0.05) between all cereal bars
(Table 6). The highest values were noted for FNPCB with a moisture of 8.83 ± 0.31%, This
result is very close to the value obtained by Kaur et al. [9] with 8.53% from cereal bars made
with quinoa, flaxseed and fruits, and comparable to the results found by Souza et al. [41]
with the moisture content of 7.19–8.24% from cereal bars with pseudo-cereals. FPCB showed
a value of moisture of 6.11 ± 0.72% following by 3.76 ± 0.82% for ENPCB. The energy-rich
bars with puffed cereals presented the lowest moisture with a value of 1.83 ± 0.23%. In
comparison to the energy bars, the fiber-rich bars have the highest moisture content. The
presence of fiber-rich bars containing psyllium and chia seeds, which have high absorption
rates, could explain the findings [42,43].

Energy-rich bars with puffed cereals present low moisture content (p < 0.05) compared
to energy-rich bars with non-puffed cereals, likewise, fiber-rich bars with puffed cereals
show low moisture content (p < 0.05) compared to fiber-rich bars with non-puffed cereals.
According to Huang et al. [17], the puffing process of various grains (millet, barley, rice,
wheat) causes a decrease in the moisture content of the puffed grains due to the high
temperatures during the explosion, allows water to escape from grains. All gluten-free
cereal bars, in general, have low moisture content compared to results of Agbaje et al. [12],
with the moisture content of 11.35–18.73% from cereal bars with glutinous rice, syrup, fruits
and black cumin seeds. This parameter is an indicator of the condition of cereal bars and is
crucial in determining product shelf life. The lower moisture content prevents microbial
growth and is essential in preservation and marketing. Inadequate moisture control can
result in non-conforming products and waste on production lines [9,44].

Protein Content

The table results show a significant difference (p < 0.05) between the four types
of gluten-free cereal bars. Energy-rich cereal bars have the highest protein values, with
16.13 ± 0.01% for non-puffed cereal energy bars and 15.33± 0.00% for puffed cereal energy-
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rich bars. There is no statistically significant difference between the two fiber-rich gluten-
free bars, with 8.81 ± 0.00% for bars with non-puffed cereals and 8.16± 0.02% for bars with
puffed cereals. The protein content in energy-rich bars in this study, are higher compared to
those reported by Kaur et al. [9] for gluten-free cereal bars made from quinoa. This is related
to the composition of cereal bars in peanut butter and almonds. The peanut butter content
of energy-rich cereal bars may explain their high protein content. According to Bettane
and Khadraoui [18], the protein content of peanut butter is 26%. Almonds contain 21.1% of
protein, according to [20]. Fiber-rich bars have a lower protein content than energy-rich
bars due to their composition; psyllium and syrup date are known for their low protein
content (1% for psyllium and 2% for date syrup) [45,46].

Despite having high protein levels, energy-rich bars are not considered protein bars
because of the high content of fat. According to Degaspari et al. [47] and Sharma et al. [23],
cereal bars with approximately 17 g of protein and low-fat content are considered as protein
bars. Although there was no significant effect of explosion puffing on the total protein
content of fiber-rich bars, there was a significant decrease in the protein content of energy
bars. Other authors Huang et al. [17] reported that the puffing process had no effect on
millet protein content, but it did result in a significant decrease in protein solubility.

Fat Content

The results of the fat content of gluten-free cereal bars (Table 6) showed non-significant
differences (p > 0.05) between the two types of energy-rich bars (with puffed and non-puffed
cereals) and present the highest fat content compared to fiber-rich cereal bars (6.90 ± 0.02%
for energy-rich bars with puffed cereals and 6.08 ± 0.02% for energy-rich bars with non-
puffed cereal). These contents are related to the composition of cereal bars with peanut
butter and almonds. As reported by Bettane et al. [18] and Benallouache et al. [20], peanut
butter contains 48.4% of fat and almonds have a fat content of 53.4%. Fiber-rich cereal
bars present the lowest fat content with 1.2 ± 0.01% for FNPCB and 0.8 ± 0.0% for FPCB.
The fiber-rich bars’ low-fat content is linked to their low-fat ingredient composition (millet
with 4.1% and psyllium with 1% lipids) [46,48]. These results are inferior to those obtained
by Shaheen et al. [49] who reported 2.16–8.07% fat content of date-based fiber enriched
fruit bar. Fiber-rich bars with puffed cereals show low fat content compared to those with
non-puffed cereals. As reported by Huang et al. [17], the puffing process of millet and other
cereals decreased significantly the fat content of grains. Kaur and Singh [50] attributed
the reduction in fat content to the formation of amylose-fat complexes and the subsequent
decomposition into fatty acids and monoglycerides after the heat treatment of puffing.

González et al. [51] reported that nutritional deficiencies in celiac patients may be
due to gluten-free products available on the market. To achieve a viscoelastic gluten-like
texture, these products are made with highly refined flours and additional fat and sugar.
To improve presentation and palatability, gluten-free products are typically high in fat.
Gluten-free cereal bars high in fiber and low in lipids could be an excellent choice for
improving celiac patients’ nutritional status.

Fiber Content

The results of the fiber content of different cereal bars are presented in Table 6. The
fiber composition of the gluten-free bars differs significantly (p < 0.05). The gluten-free bars
with the highest fiber values have 9.63 ± 0.04% for FPCB following by 8.56 ± 0.05% for
FNPCB. The fiber content of energy bars with non-puffed cereals is 2.95 ± 0.12%, while
energy bars with puffed cereals has the lowest fiber content with 1.60 ± 0.02%. Fiber
content of fiber-rich cereal bars in this study are consistent with those obtained by Silva de
Paula et al. [52] with 8.4% of fiber from cereal bars enriched with dietary fiber by addition
of 10% of linseed flour to the formula. The presence of psyllium, which is considered a
dietary fiber with 80.15% of total fiber, and thus the composition of cereal bars in chia
seeds which is rich in fiber, is strongly linked to the fiber content of bars considered high
in fiber [46,48]. According to the European Parliament and the Council Regulation (2006,
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No. 1924/2006), if 100 g of a product contain at least 3 g of fiber, the product is considered
a source of fiber, and if 100 g of a product contain at least 6 g of fiber, it is considered to be
rich in fiber [53]. Based on the results of this study, only cereal bars (FNPCB and FPCB) are
considered rich in fiber as already proposed in our starting hypothesis for this work.

Several studies have found that the gluten-free diet contains less dietary fiber than the
gluten-containing diet. Based on data from surveys of German CD patients. Vici et al. [54]
found that fiber content in male CD patients was significantly lower than in all patients.
Mariani et al. [55] discovered that adolescents with CD consume less fiber than healthy
adolescents. As a result, it is critical to select and develop foods, such as cereal bars that are
enriched with dietary fiber, to correct deficiencies and restore nutrient supply. Furthermore,
non-celiac consumers may benefit from fiber-rich cereal bars because high-fiber foods
have a number of human health benefits, including a lower risk of coronary heart disease,
diabetes, obesity, and certain types of cancer [56].

Puffing affected differentially the fiber content of cereal bars. For energy bars with
puffed cereals, fiber content had decreased, while an increase in fiber content is observed for
FPCB. Patel et al. [57] reported that fiber content of puffed kodo millets has decreased after
puffing process. As indicated by Mishra et al. [16], puffing process improves the digestibility
of starch as it involves gelatinization of starch and degradation of dietary fibers. The puffing
process can be affected by factors such as puffing method and endosperm type.

Ash Content

The values of ash content of gluten-free cereal bars are shown in Table 6. According to
the finding, there is no difference (p > 0.05) between the two types of bars with non-puffed
cereals, with 2.05 ± 0.008% for fiber bars and 2.02 ± 0.00% for energy bars. These findings
present the highest values (p < 0.05) of ash content compared to bars with puffed cereals
(1.80 ± 0.00% for EPCB and 1.25 ± 0.01% for FPCB). This difference is probably linked to
the puffing process, which causes mineral matter loss. These results are in conformity with
those found by Mendes et al. [58] and Kaur et al. [9] for gluten-free cereal bars. Bars with
puffed cereals show the lowest ash contents compared to bars with non-puffed cereals. As
indicated by Delost-Lewis et al. [59], ash content of millet was decreased under different
puffing conditions. The puffing process causes a loss of ash content of grains.

Carbohydrates

The findings regarding carbohydrates of different gluten-free cereal bars (Table 6) show
high content of carbohydrates for all cereal bars with 74.05% for FPCB followed by 72.54%
for EPCB and 70.55% for FNPCB followed by 69.06% for ENPCB. These results conform with
the study of Souza et al. [41] for gluten-free cereal bars made with pseudo-cereal cultivars
(68.33–71.57%), and the study of Samakradhamrongthai et al. [14], for bars made with mixed
cereals, mixed fruits and sweeteners with a maximum carbohydrate value of 64.26 g/100 g.
Freitas and Moretti [60] also indicated a high carbohydrate content of cereal bars made with
puffed rice and fruits. In addition, the composition of cereal bars in syrup with high content
of sugars as a binding agent can contribute to the high content of carbohydrates [12,14,45].
Gluten-free bars with puffed cereals present the highest carbohydrates, comparing to those
with non-puffed cereals (p < 0.05). As reported by Patel et al. [57] and Schlinkert et al. [61],
the puffing process causes an increase in carbohydrates content of cereal grains.

Calorific Value

The results of calorific values of optimal gluten-free cereal bars are presented in Table 6.
According to the results, all cereal bars are considered rich in energy with high-calorie con-
tents (413.59 kcal/100 g for energy bars with puffed cereals followed by 395.48 kcal/100 g)
for energy bars with non-puffed cereals. The calorific value of energy cereal bars in
this study was higher than the value found by Carvalho [62] with 337.37 kcal/100 g
from the bar made with Baru pulp and almond. The fiber bars with puffed cereals have
336.02 kcal/100 g and the fiber bars with non-puffed cereals have the lowest calorific
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value with 328.22 kcal/100 g. Energy bars present the highest values of calories because
of the composition of energy bars by peanut butter (588 kcal/100 g), raisins, and almonds
as indicated by Bettane andKhadraoui [18]. The gluten-free bars studied as fiber-rich
bars are also sources of energy because of their compositions in syrup date. According
to Sharma et al. [23], cereal bars with a minimum of 200 kcal/100 g are considered as
energy-rich bars. Other authors [52] investigated linseed-enriched fibrous cereal bars and
discovered that manufactured fibrous bars are also energy-rich, with energy values greater
than 300 kcal/100 g. This is consistent with the findings of this study. Bars with puffed
cereals present the highest calorific values. These results are comparable with those found
by Samakradhamrongthai et al. [14] from cereal bars with high calorific values composed
of puffed rice.

Macronutrient and energy intake are generally insufficient for celiac patients, not only
at diagnosis, but also while on a gluten-free diet. This could be related to the emphasis
on gluten avoidance, which frequently overlooks nutritional quality. Furthermore, the
dietary-therapeutic approach should encourage the use of gluten-free products that are
naturally high in energy and have high nutritional quality [54]. Cereal bars are becoming
increasingly popular as they have been better characterized as a good source of energy
and fiber.

3.4.2. Color of the Optimal Gluten-Free Cereal Bars

The results of color parameters of gluten-free energy bars and gluten-free fiber-rich
bars are shown in Table 7. All the color values showed significant differences among cereal
bars (p < 0.05), according to Table 7. The L* parameter represents the lightness, and it
presents low values for all cereal bars (36.9 for FNPCB, 31.0 for EPCB, 29.1 for ENPCB
and 30.1 for FPCB) due to the dark brown color of the date syrup used as the binding
agent. The darkest color is found for fiber bars made with non-puffed cereals. This is
strongly linked to the presence of dark-colored psyllium and chia seeds. All the bars for the
parameter a* are significantly different (p < 0.05), but relatively close with a color trending
toward green. This is most likely due to the presence of green-colored millet. The fiber
bars have the highest value in parameter b* (10.4), compared to 4.3 for the energy bars with
non-puffed cereals.

Table 7. Color parameters of gluten-free cereal bars.

Sample L* a* b*

ENPCB 29.1 ± 1.96 c 5.4 ± 0.74 c 4.3 ± 0.51 d

FNPCB 36.9 ± 0.98 a 6 ± 1.01 b 9.4 ± 1.87 b

EPCB 31 ± 1.65 b 6.8 ± 1.02 a 6.9 ± 0.83 c

FPCB 30.1 ± 1.13 bc 6.2 ± 0.8 b 10.4 ± 1.33 a

ENPCB: Energy Non-Puffed Cereal Bars; FNPCB: Fiber-rich Non-Puffed Cereal Bars; EPCB: Energy Puffed Cereal
Bars; FPCB: Fiber-rich Puffed Cereal Bars. Different superscript letters a–d at each column indicate significant
differences (p < 0.05).

3.4.3. Antioxidant Properties of the Optimal Gluten-Free Cereal Bars

The results of TPC, TFC, and antioxidant activities of gluten-free energy bars and
gluten-free fiber-rich bars are shown in Table 8. Overall, as can be seen from the above
findings (Table 8), the highest (p < 0.05) TPC and TFC as well as antioxidant activities were
found in gluten-free fiber-rich bars, while the lowest was reported in gluten-free energy
bars. The TPC and TFC levels ranged from 4.97 ± 0.015 to 7.86 ± 0.024 mg GAE/g d.w,
and from 0.34 ± 0.004 to 0.72 ± 0.004 mg QE/g d.w, respectively for cereal bars. The high
content of phenolic compounds in cereal bars may be explained by their enrichment with
functional ingredients. Chia seeds and Psyllium are used in gluten-free fiber-rich bars,
while almond, raisin, and date syrups are used in gluten-free energy bars. According to
recent research, the dual nutritional properties and health benefits of those ingredients in
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gluten-free products are associated with their high levels of antioxidant phytochemicals,
the most abundant of which are polyphenols and flavonoids [63–66]. Food polyphenols
have sparked the most public interest in the development of polyphenols due to their high
presence in a variety of foods, including vegetables, fruits, seeds, and beverages. They do
not typically provide energy to the human body, but they do provide numerous health
benefits through biological activities such as antioxidants and anti-inflammation [67].

Table 8. Total phenolic content (TPC), total flavonoid content (TFC), and antioxidant activities of
different gluten-free bars.

Sample TPC (mg
GAE/g d.w)

TFC (mg QE/g
d.w)

TAC (mg
AAE/g d.w)

DPPHEC50 (mg
d.w/mL)

ABTSEC50 (mg
d.w/mL)

FRAP A0.5 (mg
d.w/mL)

ENPCB 4.97 ± 0.02 d 0.42 ± 0.02 b 3.58 ± 0.09 c 15.96 ± 0.15 b 3.15 ± 0.01 b 29.48 ± 1.04 a

FNPCB 7.86 ± 0.02 a 0.72 ± 0.01 a 4.58 ± 0.01 a 7.36 ± 0.10 d 2.86 ± 0.06 c 13.38 ± 0.43 c

EPCB 5.70 ± 0.04 c 0.41 ± 0.00 b 2.65 ± 0.04 d 18.56 ± 0.37 a 4.04 ± 0.11 a 21.73 ± 1.17 b

FPCB 7.33 ± 0.07 b 0.34 ± 0.00 c 4.16 ± 0.03 b 10.39 ± 0.05 c 3.31 ± 0.11 b 7.71 ± 0.47 d

ENPCB: Energy Non-Puffed Cereal Bars; FNPCB: Fiber-rich Non-Puffed Cereal Bars; EPCB: Energy Puffed Cereal
Bars; FPCB: Fiber-rich Puffed Cereal Bars. Different superscript letters a–d at each column indicate significant
differences (p < 0.05).

To determine the antioxidant properties of various gluten-free bars in this study, four
chemical tests were used: the phosphomolybdenum method (TAC), the DPPH method,
the ABTS method, and the ferric-reducing antioxidant power (FRAP). All gluten-free bars
had high antioxidant activity, according to the assay methods. The TAC of the different
bars tested was within the range of 2.65 ± 0.04 and 4.58 ± 0.012 mg AAE/ g d.w, which
ranked as the highest capacity and was attributed to FNPCB. Besides, this fiber-rich bar
was also found to be more effective in DPPH (EC50 = 7.36 ± 0.102 mg d.w/mL) and ABTS
(EC50 = 2.86 ± 0.057 mg d.w/mL) scavenging activities compared to other bars. According
to the listed data in Table 8 gluten-free fiber-rich bars had the highest ferric-reducing power
capacities (A0.5 = 7.71 ± 0.4711 mg d.w/mL for FPCB and A0.5 = 13.38 ± 0.43 mg d.w/mL
for FNPCB), comparable to that reported for the gluten-free energy bars. Interestingly,
previous research has shown that Psyllium’s functional properties, combined with its
gel-forming ability, make it a promising ingredient for use in food products. It is worth
noting that psyllium’s ability to bind with water is advantageous in the production of
gluten-free products, as is the fact that it can be easily added to food formulations without
changing the product’s flavor perception [42,64]. Psyllium has medicinal properties because
it contains polysaccharides, ash, protein, fat, and flavonoid, which can help with a variety
of diseases such as cholesterol reduction, constipation prevention, cancer cell improvement,
and obesity reduction. Psyllium is a polysaccharide with both soluble and insoluble
fiber properties, and both soluble and insoluble fibers are more beneficial to humans [21].
Further research studies, on the other hand, revealed that incorporating chia seeds into food
products, particularly the development of gluten-free products, can be beneficial to people
suffering from celiac disease [28,43,66]. Psyllium and Chia seeds contain a high amount of
dietary fiber and antioxidants derived from phenolic compounds. It has been discovered
that high soluble fiber content in foods can contribute to a lower risk of developing various
chronic diseases, such as metabolic diseases (obesity, diabetes, and dyslipidemia) [64,66].
In the same vein, almonds, when incorporated into the diet, have been reported to reduce
colon cancer risk in rats and increase HDL cholesterol while reducing LDL cholesterol
levels in humans [63,68,69]. Furthermore, numerous studies have revealed the powerful
free radical scavenging abilities of almonds, raisins, and date products such as date syrup.
Date syrup is a high-energy food rich in carbohydrates and a good source of minerals,
but it also contains a very complex mixture of other saccharides, amino and organic acids,
polyphenols, and carotenoids with significant antioxidant potential [63,65,70,71].
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Puffing had varying effects on the TPC and TFC and antioxidant activities in vari-
ous cereal bars. Because antioxidants are heat-sensitive substances, heat treatment can
reduce polyphenol antioxidant activity. However, phenolic compound content does not
always translate into antioxidant activity. Whole foods, such as bars, are thought to have
complicated matrices, which leads to a variety of results that are difficult to explain [72].

3.4.4. Sensorial Characteristics of the Optimal Gluten-Free Cereal Bars

Hedonic tests were used to assess the level of appreciation for gluten-free cereal bars.
A variable number of intermediate categories are used, with scales ranging from “very
much like” to “neutral” to “dislike” The tasters select the category that corresponds to their
level of appreciation for each sample. The Table 9 depicts the results of the hedonic test of
optimums gluten-free cereal bars.

Table 9. Sensorial characteristics of optimums gluten-free cereal bars.

Sample Taste Aroma Color Texture Appearance Overall

ENPCB 7.23 ± 1.44 b 7.26 ± 1.77 b 6.23 ± 1.87 c 6.46 ± 1.59 b 6.46 ± 1.32 b 7.05 ± 1.10 b

FNPCB 5.12 ± 1.60 d 5.15 ± 1.84 d 5.67 ± 1.60 d 5.64 ± 2.06 d 5.19 ± 1.82 c 5.73 ± 1.76 d

EPCB 7.92 ± 1.18 a 7.75 ± 1.28 a 7.56 ± 1.32 a 7.25 ± 1.68 a 7.33 ± 1.52 a 7.85 ± 1.19 a

FPCB 6.31 ± 1.68 c 6.07 ± 1.51 c 6.42 ± 1.71 bc 5.91 ± 2.20 cd 6.33 ± 1.97 b 6.31 ± 1.69 c

ENPCB: Energy Non-Puffed Cereal Bars; FNPCB: Fiber-rich Non-Puffed Cereal Bars; EPCB: Energy Puffed Cereal
Bars; FPCB: Fiber-rich Puffed Cereal Bars. Different superscript letters a–d at each column indicate significant
differences (p < 0.05).

The ANOVA on the ratings of the selected sensory attributes (taste, aroma, color,
texture, appearance, and overall acceptability) confirms the significant difference (p < 0.05)
between the various gluten-free cereal bars and validates the ranking results. In general,
all gluten-free bars, and according to tasters, are acceptable in terms of taste. Energy bars
with puffed cereals are rated the highest across all sensory attributes, with an average
score of 7.92 for taste, 7.75 for aroma, 7.25 for texture, and 7.85 for overall acceptability,
followed by energy bars with non-puffed cereals, which have an average score of 7.23 for
taste, 7.26 for aroma, 6.46 for texture, and 7.05 for overall acceptability. The fiber bars with
non-puffed cereals are the least liked by tasters, with an average taste score of 5.12, aroma
score of 5.15, texture score of 5.64, and overall acceptability score of 5.73. Fiber bars with
puffed cereals are accepted by tasters with an average acceptability score of 6.31 but remain
less appreciated compared to energy bars. Indeed, increasing the fiber content of cereal
foods has negative effects on the organoleptic level [73]. The disparity in taster scores is
most likely due to the subjects’ preferences for the sweet taste produced by peanut butter,
almond seeds, and raisins. The crispiness produced by puffed cereals can influence taster
preferences, for that, energy puffed cereal bars are the most popular among tasters.

As reported by Mishra et al. [16] and Subramani et al. [74]. Puffing is a simple
processing method that improves the textural and sensory qualities of cereals while causing
minimal changes in the nutrient composition of the processed product.

Physical, structural, and chemical changes occur in the grains during the puffing
process. Grain puffing causes starch gelatinization, volume gain, and textural changes.
Furthermore, puffing produces volatile compounds and pleasant flavors while increasing
carbohydrate and protein digestibility and technical functioning

Puffing has an impact on the product’s acceptable taste and aroma. Puffed grains can
be used in snack foods such as cereal bars as a ready-to-eat pre-cooked material. Consumer
demand is increasing for puffed food due to various health benefits, such as weight loss.
One of the most crucial qualities of cereal bars is texture, and puffing produces an ideal
aerated, porous, and crispy texture [75,76].
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4. Conclusions

Energy-rich bars (ERB) and fiber-rich bars (FRB) with puffed and non-puffed cereals
were developed using combinations of mixed cereals, seeds and binding agents. It was
found that ERB contained more protein and total fat than FRB, whereas FRB are a richer
source of fiber than ERB. Moreover, ERB have the highest calorific values (395 kcal/100 g
and 414 kcal/100 g for non-puffed and puffed bars, respectively). FRB are also a source
of valuable calories (about 330 kcal/100 g). The calorific value of FRB is maintained and
contributed to a healthy diet as a result of the psyllium and chia seeds addition. The
antioxidant properties of the gluten-free bars indicated that both ERB and FRB are high
in antioxidants, with the FRB having higher phenolics content and antioxidant capacity
than ERB. Sensory analysis revealed that puffed energy bars were the most preferred by
consumers. Fiber bars made from non-puffed cereals came in last place. Considering all
the parameters investigated, especially FRB bars with puffed cereals present a sensory-
appreciated food with nutritional benefits for the celiac consumer’s health.
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