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Abstract: This study aimed to investigate the impact of chicory root addition (20-40%) and extrusion
conditions (moisture content from 16.3 to 22.5%, and screw speed from 500 to 900 rpm) on bioactive
compounds content (inulin, sesquiterpene lactones, and polyphenols) of gluten-free rice snacks.
Chicory root is considered a potential carrier of food bioactives, while extrusion may produce a wide
range of functional snack products. The mineral profiles were determined in all of the obtained
extrudates in terms of Na, K, Ca, Mg, Fe, Mn, Zn, and Cu contents, while antioxidative activity
was established through reducing capacity, DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS (2,2-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) tests. Chicory root addition contributed to the
improvement of bioactive compounds and mineral contents, as well as antioxidative activities in
all of the investigated extrudates in comparison to the pure-rice control sample. An increase in
moisture content raised sesquiterpene lactones and minerals, while high screw speeds positively
affected polyphenols content. The achieved results showed the important impact of the extrusion
conditions on the investigated parameters and promoted chicory root as an attractive food ingredient
in gluten-free snack products with high bioactive value.

Keywords: chicory root; bioactive compounds; antioxidative activity; gluten free snack; extrusion

1. Introduction

Human nutrition habits have recently been focused on innovative healthy food. The
development of gluten-free foods intended for people suffering from celiac disease, vege-
tarians, or people practicing a gluten-free diet based on rice, buckwheat, amaranth, and
quinoa for some other reason is a technological challenge nowadays. Celiac disease is an
autoimmune disorder that affects about 1% of the world’s population, but a strict gluten-
free diet is practiced by about 10% of the population [1]. Celiac disease might be alleviated
only by adhering to a gluten-free diet [2]. Among gluten-free materials, rice possesses some
advantages: easy digestion, hypoallergenicity, mild taste, and colorlessness [3]. In addition
to the gluten-free composition, rice is an important material in the production of extruded
foods due to its high starch content. However, to improve the nutritional composition of
rice extrudates, which are often enriched with protein or dietary fiber-rich raw materials [4].
Therefore, gluten-free snacks appear to be a promising basis for fortification. The roots
and rhizomes of plants, representing rich sources of bioactive and nutritional valuable
compounds, are attracting the interest of food technologists with the goal of developing
novel functional products.
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Chicory (Cichorium intybus L.) root is a rich source of inulin, oligofructose, polyphenols,
and sesquiterpene lactones, observed as potential carriers of food functionality [5,6]. Inulin,
as non-digestible dietary fiber, is a linear fructose polymer with 3 (2—1) glycosidic linkage,
potentially causing antihyperglycemic and antidyslipidemic effects and improving bowel
movements [7]. Chicory root flour causes different health effects than inulin alone, affecting
cancer prevention, antibacterial and antiviral defense, hypoglycemic and hypolipidemic
response, and antioxidant activity [6]. This statement may be related to the presence of
other bioactive compounds in chicory root, such as sesquiterpene lactones (SLs). SLs,
the bitter compounds from chicory, including dihydrolactucin, lactucin, 8-deoxylactucin,
jacquinelin, dihydrolactucopicrin, and others, are C15 terpenoids that show primarily
anti-inflammatory health benefits [8]. In addition, Perovi¢ et al. [5] highlighted chicory
as a rich source of a variety of phenolic compounds managing antioxidative properties,
including mono- and dicaffeoylquinic acids, chicoric acid, chlorogenic acid, caffeic acid,
and others. Minerals are essential components of the human diet that serve as cofactors in
the various enzyme-controlled reactions that enable the normal functioning of the human
body [9]. Among selected pasture plants, such as dandelion and white clover, chicory
root showed an abundant mineral content [10]. Product enrichment with whole chicory
root flour instead of isolation and implementation of individual bioactive compounds may
prevent the accumulation of by-products. Aiming to produce a rice-based snack with an
improved bioactive profile, chicory root was chosen as an extrudate supplement.

Extrusion is flexible food technology that ensures improved digestibility and high sen-
sory quality of final products [11]. A combination of high temperature and mechanical shear
under pressure during extrusion cooking changes raw materials and modifies the func-
tional properties, nutrient, and phytochemical composition of the food [12]. Several studies
investigated the impact of the extrusion process on the nutritional composition, bioactive
constituents, antioxidant potential, and the physicochemical and functional characteristics
of rice-based extrudates [4,13]. Extrusion affected the investigated phytochemicals in differ-
ent manners in the study of Arribas et al. (phenols increased while lectins and protease
inhibitors were eliminated during extrusion) [4]. Dilrukshi et al. noted that extrusion
also increased the oligosaccharides, while the insoluble fiber content was not significantly
affected during the production of gluten-free extruded snacks fortified with cowpea and
whey protein concentrate [13].

The objective of this study was to define the impact of the extrusion process variables
(moisture content, screw speed, and chicory root flour addition) on the contents of bioactive
compounds (inulin, sesquiterpene lactones, and polyphenols) and minerals, as well as
the antioxidant activity of the obtained snacks. An artificial neural network (ANN) was
employed to generate the dependence on the final product characteristics concerning the
input extrusion process parameters.

2. Materials and Methods

The details of the raw materials” characteristics, the preparations of the blends, the
applied instruments, and the production steps of the rice-based extrudates enriched with
chicory root are presented in a previously published paper [14]. Briefly, a twin-screw
extruder, Biithler BTSK 30/28D (Biihler, Uzwil, Switzerland), was employed to produce
novel gluten-free rice snacks with varying feed moisture (M, 16.3-22.5%), screw speed (SS,
500-900 rpm), and chicory root flour content (P, 20-40%), according to the central composite
design (CCD). The rice-based extrudates enriched with chicory root flour were generated
from five different blends (with 20, 24.1, 30, 35.9, or 40% chicory root), while the control
sample (CS) was obtained from pure rice flour.

2.1. Inulin Determination

Then, 1 g of the ground sample was extracted with 10 mL of distilled water for 1 h in
an agitation water bath (80 °C), which continued with 30 min of ultrasonication (ATU Ultra-
sonidos, Valencia, Spain). After centrifugation (10,000 rpm, 15 min; Eppendorf Centrifuge
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5804R, Eppendorf, Wien, Austria), the supernatant was precipitated with four volumes of
pure acetone (Avantor®, Radnor Township, PA, USA), overnight at 4 °C. The precipitates
were redissolved in a water bath (80 °C) for 1 h, with an additional 30 min sonication. Ap-
propriate dilutions of the samples were filtrated (0.45 um pore size, regenerated cellulose
from Agilent Technologies, Santa Clara, USA) prior to chromatographic analysis. The detec-
tion and quantification of inulin were determined by applying a high-performance liquid
chromatographic method with the evaporative light-scattering detection (HPLC-ELSD)
method developed and validated by Perovi¢ et al. [15]. This HPLC-ELSD analysis (16 min)
has been performed by isocratic elution with water as a mobile phase and optimized
detector parameters (the temperature of the evaporator was 80 °C, the temperature of the
nebulizer was 80 °C, the gas flow rate was 1.3 standard liters per minute, and the detector
gain was 1). The proposed method was carried out using a cation exchange Rezex™ RSO-
Oligossacharide Ag+ (Phenomenex, Aschaffenburg, Germany) column (4%, 12 pm particle
size, 200 x 10 mm).

2.2. Sesquiterpene Lactones (SLs) Content

The most represented SLs from chicory root: lactucin, lactucopicrin, di-hydrolactucin,
and di-hydrolactucopicrin were extracted according to the procedure of Schmidt et al. [16].
The extraction was carried out by shaking with 95% Ethanol (Zorka Pharma-Hemija DOO,
Sabac, Serbia) for 24 h at room temperature, with a ratio of sample:extraction agent = 1:10.
The defatting of ethanolic extract with the n-heptane was carried out in a separatory
funnel. The defatted ethanolic extract was further extracted with ethyl acetate to obtain a
concentrated extract of sesquiterpene lactones. The evaporated extracts (under a stream
of nitrogen) were dissolved in 2 mL of extractant (25:1:24 = methanol:formic acid:distilled
water), placed in an ultrasonic bath for 10 minutes, filtered through 0.22 um filters (PVDE,
Millipore, Burlington, US), and subjected to chromatographic analysis.

The chromatographic analyses were carried out on a Luna C18 column (250 x 4.6 mm,
5 mm particle size; Phenomenex, Macclesfield, UK). Water/formic acid (99:1, v/v) and
acetonitrile were used as the mobile phases A and B, respectively, with a flow rate of
1 mL/min. The linear gradient started at 0 min-5% B; 20 min-80% B, for separation; at
25 min-95% B, 30 min-95% B; wash; and back to initial 35 min—-5% B, 40 min-5% B. The
injection volume was 20 pL. Chromatograms were recorded at 254 and 320 nm.

The HPLC-DAD-ESI/MSn analyses were carried out using an Agilent HPLC 1200
system (Agilent Technologies, Waldbronn, Germany) coupled to a mass detector in series.
The HPLC system consisted of a binary capillary pump (model G1376A), an autosam-
pler (model G1377A), a degasser (model G1379B), a sample cooler (model G1330B), and
a photodiode array detector (model G1315D) was controlled by ChemStation software
(v.B.0103-SR2). The mass detector was a Bruker model UltraHCT (Bremen, Germany) ion
trap spectrometer equipped with an electrospray ionization interface (ESI) and controlled
by Bruker Daltonik Esquire software (v.6.1) (Bruker Daltonik GmbH, Bremen, Germany).
The ionization conditions were 350 °C and 4 kV, for capillary temperature and voltage,
respectively. The nebulizer pressure and nitrogen flow rate were 65.0 psi and 11 L/min, re-
spectively. The full-scan mass covered the range of /z from 100 to 1000. Collision-induced
fragmentation experiments were performed in the ion trap using helium as the collision gas,
with voltage ramping cycles from 0.3 to 2 V. The mass spectrometry data were acquired in
the negative ionization. MS™ was carried out in the automatic mode on the more abundant
fragment ion in MS®™~1).

2.3. Mineral Elements

Mineral content analysis was performed on the Varian spectra AA 10 (Varian Techtron
Pty Limited, Australia). Na*, K*, CaZ, Mg2+' Fe3*, Mn%* Zn?* and Cu?* content in
the extrudates and control samples were determined following the standard SRPS EN
ISO 6869/2008 [17]. A mixture of air and acetylene gas was used in all experiments.
Cathode lamps were used for radiation. The sensitive wavelengths for the detection of
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the investigated elements were: 330.3 nm for Na*, 404.4 nm for K*, 422.6 nm for Ca%t,
202.6 nm for Mg2+, 248.3 nm for Fe3*, 279.5 nm for Mn2*, 213.9 nm for Zn?*, and 324.7 nm
for Cu?*.

2.4. Total Phenolic Content and Antioxidant Capacity

The sample (5 g) was poured with 12.5 mL of ethanol:water mixture (80:20, v/v)
and extracted for 15 min in an ultrasonic bath at 40 °C, centrifuged (3000 rpm /10 min)
(Centrifuga Tehtnica, Zelezniki, Slovenia), and the supernatant was evaporated to dryness
in a stream of nitrogen at 40 °C on the Reacti-Therm I device (Thermo Fisher Scientific,
Waltham, MA, USA). The dry residue was stored at —18 °C until analysis of the fraction of
free polyphenolic compounds (Free PPs). The separated solid phase (precipitate) was used
for determining the fraction of bound polyphenolic compounds (Bound PPs).

Bound PPs were released using alkaline hydrolysis with reflux (20 min). The precipi-
tate was transferred to a flat-bottom flask and hydrolyzed using 50 mL of methanol, 5 mL
of potassium hydroxide:water (1:1, w/w), and butyl-hydroxytoluene (BHT). The cooled
hydrolysates were filtered through a Biichner funnel through qualitative filter paper (What-
man, Grade 4 Chr, Maidstone, Great Britain), and the filtrate was transferred to a separation
funnel. The hydrolysate was initially neutralized with an HCI concentration of 6 mol/L,
and protein precipitation was carried out with NaCl. The liquid-liquid extraction proce-
dure was performed using a separatory funnel with 50 mL of the diethylether:ethylacetate
(1:1, v/v). The water—-methanol layer was extracted two more times, and the collected frac-
tions were then evaporated on a rotary vacuum evaporator. The evaporated residue was
dissolved using an ethanol:water mixture (80:20, v/v), after which the polyphenol content
was determined on a Multiscan GO microtiter plate reader (Thermo Fisher Scientific Inc.,
Waltham, MA, USA).

2.4.1. Free and Bound Polyphenols

Singleton and Rossi [18] described a procedure for determining the content of polyphe-
nols based on their reaction with the Folin—Ciocalteu reagent, which was modified for
96-well microtiter plates [19].

2.4.2. Antioxidant Capacity

The antioxidant capacity, expressed as mg Trolox equivalent (TE) per g of dry sample
(mg TE/g), was determined by the 2,2-diphenyl-1-picrylhydrazyl method (DPPH) de-
scribed by Gironés-Vilaplana et al. [20], 2,2'-azino-bis-3-ethylbenzothiazoline-6-sulphonic
acid method (ABTS) adapted for microtiter plate [21], and reducing capacity (RC) method
detailed by the Oyaizu [22]. All of the tests were carried out in triplicate, both for the free
(DPPHF, ABTSE, RCF) and bound (DPPHB, ABTSB, RCB) polyphenolic fractions.

2.5. Artificial Neural Network

Three multi-layer perceptron (MLP) models, which have three layers (input, hidden,
and output), were applied to model the ANN for the prediction of inulin, lactone, mineral,
and polyphenol content and antioxidant activity as a function of moisture content, screw
speed, and chicory root content. Before ANN computation, the database was normalized
to improve the result accuracy of the ANN model. The normalization of the data was
performed according to the min—-max normalization criteria [23].

The Broyden-Fletcher—Goldfarb—Shanno (BFGS) algorithm was applied to solve un-
constrained nonlinear problems during the optimization of the ANN models.

The exploratory data for ANN were randomly separated into training, cross-validation,
and testing data (with 60%, 20%, and 20% of the experimental database, accordingly). A
sequence of diverse topologies was employed, in which the number of hidden neurons
ranged from 3 to 10, and the training process of the network was run in 100,000 repetitions
using random weights and biased initial values. The optimization process was accom-
plished based on error minimization during the ANN validation cycle. The successful
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training was completed when the learning and the cross-validation curves approached
zero [23-26].

Coefficients related to the hidden layer (weights and biases) were introduced into
matrices W; and B;. Similarly, coefficients related to the output layer were described in
matrices W and B,. The neural network model (Y) can be represented using a matrix
notation [23]:

Y:fl(Wz-fz(Wl'X+Bl)+Bz) (1)

where, f1 and f; are transfer functions in the hidden and output layers, respectively, and X
is the matrix of input variables.

ANN models and global sensitivity analysis of the obtained results were completed
using Statistica 10.0® software (StatSoft, Tulsa, OK, USA).

Local Sensitivity Analysis

Yoon'’s local sensitivity formula for the developed ANN model was used to evaluate
the relative influence of the input parameters on output variables based on the weight
coefficients of the developed ANN models [27].

n

Y (wix - wy)
RI;(%) = —*=2 -100% @)
Y X (wi - wy)
i=01k=0

where: w—weight coefficient in ANN models; i—input variable; j—output variable;
k—hidden neuron; n—number of hidden neurons; and m—number of inputs.

2.6. Statistical Analysis

The central composite design generated 20 snack formulations with six repetitions in
the central point (samples 2, 4, 9, 14, 19, and 20). All of the experiments were performed in
appropriate replications, and the results are presented as mean + SD. The determination of
the differences between the means and the samples was conducted using one-way ANOVA
and Tukey’s multiple range test (p < 0.05). Statistical data processing was carried out using
the statistical package XLSTAT 2020.5.1 (Addinsoft, New York, NY, USA).

3. Results and Discussion
3.1. Inulin Content

Up to now, the recommended daily intake of inulin has not been defined, and no
toxic effect caused by high doses of inulin has been reported. Inulin can be used as a food
ingredient and is most often labeled as “dietary fiber” on the packaging of the product,
while mentioning the “bifidogenic effect” is also legal in several countries [28].

The inulin content in the analyzed samples varied from 3.29% to 10.10% (Table 1), while
inulin was not detected in the control sample made from rice flour. Similarly, Radovanovic
et al. reported an inulin content of 5.23-18.23% after the addition of Jerusalem artichoke
(30-80%) into buckwheat extrudates [29].
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Table 1. Inulin and sesquiterpene lactones (SLs) contents in extrudates and control sample (CS).

CCD Design

SLs
S.No M, v, P, Inulin, Lactucin, Lactucopicrin, Dihydrolactucin, Dihydrolactucopicrin,
% rpm % % ugl's ugl's ugl/s uglg
1 21.2 820 35.9 552 +0.26 € 7.354+0.89°¢ 4.15 + 0.49 8h 4.15 + 0.49 8h 9.79 + 0.97h
2 19.4 700 30.0 7.26 £0.16¢ 429 +0.56 274 +0.34 2.64 + 0.34 de 5.09 4 0.57 de
3 17.6 820 35.9 7.15 4 0.06 ¢ 913 +0.93f 461+ 041N 461 +041h 9.47 +£0.86M
4 19.4 700 30.0 7.55 +0.41°¢ 435+ 0.47 272 £0.29 ¢ 2.62 +0.29 de 497 +0.43 e
5 21.2 820 24.1 428 +042° 192 +021b 1.13 + 0.13 2P 1.13 + 0.13 2P 245 +0.25P
6 225 700 30.0 9.17 £ 0.18 8 497 + 0524 2.89 4+ 0.12¢ 2.89 4+ 0.12 ¢ 5.68 & 0.46 <f
7 19.4 900 30.0 839 +0.14f 477 +0.614 2.53 +0.23 de 2.53 +0.23 de 4.76 £ 0.51 cde
8 17.6 820 24.1 5.64 +1.05°¢ 3.97 4+ 0.38 «d 1.64 + 0.16 ¢ 1.64 + 0.16 b€ 3.68 4 0.33 bed
9 19.4 700 30.0 7.77 £0.55¢ 453+ 0.50<d 2.50 + 0.36 de 2.50 + 0.36 de 5.05 + 0.48 de
10 21.2 580 24.1 418+ 049" 3.12 + 0.43 bc 1.94 + 0.20 <@ 1.94 + 0.20 d 4.16 £ 0.53 cde
11 16.3 700 30.0 536 +£0.10°¢ 5.05+0.574 2.22 + 0.4] cde 222 + 0.41 de 4.54 + 0.40 cde
12 19.4 700 40.0 9.49 +£0.69 8 728 £0.75¢ 418 £0.52h 418 £ 0.52h 8.61 4 0.76 81
13 19.4 500 30.0 7.61 +0.64 ¢ 0.51 +£0.122 0.56 +0.102 0.56 +£0.102 049 +£0.092
14 19.4 700 30.0 7.66 £ 0.66 © 442 4+0.34¢<d 2.62 + 0.44 de 2.62 + 0.44 de 5.14 + 0.55 de
15 17.6 580 241 658 +0.14¢ 216 +£0.23° 152 +£0.17 b 152 +£0.17 b 3.28 +0.39 b
16 21.2 580 35.9 423 +0.03P 872 +0.88f 552 +0.641 552 +0.641 12.39 £ 0991
17 17.6 580 35.9 10.10 + 0.27 " 4.64 4+ 0.634 33840398 3384039 5.38 £0.67 ¢
18 19.4 700 20.0 3.29+0.022 6.40 +£0.72¢ 2.86 + 0.38 ¢f 2.86 +0.38 f 721407818
19 19.4 700 30.0 742 £0.64° 446 +0.54<d 2.63 + 0.40 de 2.63 + 0.40 de 522 +0.72 de
20 19.4 700 30.0 759 +1.31°¢ 445+ 047 2.60 + 0.48 de 2.60 + 0.48 de 4.97 + 0.68 d¢
CS 18.0 800 00.0 n.d. n.d. n.d. n.d. n.d.
CV 2.87 1.93 3.31 1.98 1.93
CCD—central composite design; S.no.—Sample number; M—moisture content; SS—screw speed; P—chicory root
flour content; SLs—sesquiterpene lactones; CS—control sample; n.d.—not detected; CV—coefficient of variation
for six central points (samples 2, 4, 9, 14, 19, and 20). Values in the same column marked with different letters
were statistically significantly (p < 0.05) different (Tukey HSD test).

The intake of 8-10 g of inulin per day may reduce the level of triglycerides, cholesterol,
and LDL cholesterol [30]. Furthermore, consuming 5-15 g of inulin per day for several
weeks has been shown to have prebiotic activity [31]. Considering these facts, it is notable
from Table 1 that most of the gluten-free chicory-enriched extrudates designed within this
study might cause some health effects.

The influence of M, V, and P were calculated using Yoon's local sensitivity formula
(Equation (1)), while the relative influence of these variables on the inulin content is shown
in Figure 1.

12 12 12

—~ 10 —~ 10 — 10

E\c, 8 C\\O, E\i 8
o 2 =

g4 E 4 g

2 2 2

0 0 0

15 17 19 21 23 400 500 600 700 800 900 1000 15 20 25 30 35 40 45
M(%) V(rpm) P(%)

Figure 1. Influence of extrusion conditions (M—moisture content; V—screw speed; P—chicory root
content) on inulin content.

The content of inulin decreases at higher moisture values (M > 19%, Figure 1), similar
to the research of Ferreira et al. [32]. Namely, higher moisture content can encourage
the dissolution of inulin, which makes it more exposed to shear forces and degradation
during extrusion. Therefore, there is a noticeable decrease in the content of inulin when the
moisture content is higher than 19% (Figure 1). Similar to obtained results, Sharma and
Gujral [33] point out that a moisture content of up to 17% does not harm the content of
dietary fibers, such as inulin.
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The increase in screw speed showed a slightly decreased tendency for the inulin con-
tent (Figure 1), probably due to the intensified shear forces responsible for the degradation
of inulin [34]. Similar conclusions were drawn by Tsokolar-Tsikopoulos et al. in a study
examining the properties of expanded products with the added inulin [35].

The inulin content increased with the addition of chicory root (Figure 1), confirmed
with a high positive correlation (r = 0.72, p < 0.05). This was expected, considering that
chicory root is one of the richest sources of inulin [5,36]. Similarly, a significant increase in
the inulin content (p < 0.05) was recorded in buckwheat-based extrudates with the addition
of Jerusalem artichoke root rich in inulin [29].

3.2. Sesquiterpene Lactones (SLs)

Chicory sesquiterpene lactones have been reported to possess considerable biological
activities and have been used in traditional medicines for centuries. Moreover, foods rich
in SLs might be considered to be part of a healthy, balanced diet [37]. There is a noticeable
lack of scientific studies that analyzed the content of SLs in food products, as well as the
influence of processing conditions on the content of these bioactive compounds. Kulkarni
et al. examined the influence of extrusion cooking on the bioavailability of the sesquiterpene
lactone artemisinin, concluding that adjusting the pH (slightly acidic environment) can
contribute to the preservation of this bioactive compound [38].

The presences of SLs in the extrudates were within the following ranges: 0.51-9.13 ug/g
for lactucin, 0.56-5.52 pg/g for lactucopyrin, 0.49-12.39 ug/g for dihydrolactucin, and
0.00-4.07 nug/g for dihydorolactucopicrin (Table 1). Sample 16 contained the highest con-
centrations of all of the examined SLs (Table 1), which was expected considering that this
sample had the highest proportion of chicory root (40%). The control sample did not contain
any of the analyzed SLs.

The effect of the M, V, and P variables was evaluated using Yoon's local sensitivity
formula, and the relative influence of these variables on the sesquiterpene lactone content
is shown in Figure 2.

Increased moisture content had a positive effect on the content of all of the examined
SLs (Figure 2), probably due to the facilitated release of SLs from the complexes. Similarly,
moisture affected the solubility of artemisinin, a bioactive compound containing a sesquiter-
pene ring, thereby increasing its bioavailability [38]. Aberham et al. [39] examined the
stability of sesquiterpene lactones (such as absinthe) in an aqueous environment, showing
that the aqueous solutions of the lactone were stable for up to 6 months.

A screw speed up to 700 rpm caused an increase in SLs, while a further increase in V
(above 700 rpm) negatively affected the content of the lactones (Figure 2). It is assumed that
the higher screw speeds cause stronger shearing, frictional forces, and heating, whereby
the partial or complete degradation of the analyzed lactones can occur. Screw speeds of
700 rpm and lower probably cause the release of lactones from the complexes, causing an
increase in their bioavailability.

The addition of chicory root caused an increase in the content of all SLs, followed by
high positive correlations (r = 0.65 to 0.75, p < 0.05). These results were expected due to the
fact that chicory root is rich in SLs [40].
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Figure 2. Influence of extrusion conditions (M—moisture content; V—screw speed; P—chicory root
content) on sesquiterpene lactones content.

3.3. Total Phenolic Content and Antioxidant Capacity

Although selective and sensitive high-performance liquid chromatography provides
reliable information about individual polyphenols, for more numerous samples predicted
by the experimental design, the application of rapid and low-cost alternative methods
was recommended [41]. The content of free and bound polyphenolic compounds ranged
from 16.83-36.87 mg GAE/g d.m. and 4.12-9.06 mg GAE/g d.m., respectively (Table 2).
Similar free and bound polyphenols value ranges were also noted in the purple potato
and dry pea flour extrudates investigated by Nayak et al. [42]. Moreover, the extrusion of
different sorghum genotypes also showed higher content of free polyphenols compared to
bounded polyphenolic compounds [43]. As anticipated, the control sample recorded lower
values of Free PPs and Bound PPs compared to extrudates supplemented with chicory root
(8.39 mg GAE/g d.m. of free polyphenols and 2.45 mg GAE/g d.m. of bound polyphenolic
compounds) (Table 2). This trend can be justified by the fact that chicory root is a rich
source of polyphenols. According to Nwafor et al. [44], the most abundant polyphenols in
chicory roots are coumaric, caffeic, chlorogenic, and protocatechuic acids.
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Table 2. Contents of free (Free PPs) and bound (Bound PPs) (poly) phenolics (PPs), and the antioxidant capacity tests for both free and bound (polyphenolics) by the

DPPH and ABTS methods. Total reducing capacity (RC) test for free (RCF) and bound phenolics (RCB) for extrudates and the control (CS).

CCD Design
S.No M, v, P, Free PPs, Bound PPs, DDPHE, DDPHB, ABTSE, ABTSB, RCE, RCB,
o % rpm % mg GAE/g d.w. mg GAE/g d.w. mmol TE/g d.w. mmol TE/g d.w. mmol TE/g d.w. mmol TE/g d.w. mmol TE/g d.w. mmol TE/g d.w.
1 21.2 820 35.9 3326+ 0.64 1 8.13 + 0.06 8 0.79 + 0.00 ©f8 0.05+0.00f 400.17 + 28.52 ¢f8 80.41 4 3.26 b¢ 91.99 + 7.06 8 454+000h
2 19.4 700 30.0 27.12 4+ 0.13 ¢f8 6.96 + 0.11 def 0.61 + 0.07 cde 0.03 +0.004 356.28 + 12.64 cdef 71.28 + 3.69 b¢ 79.54 + 4.16 <defg 397 +000f
3 17.6 820 35.9 36.87 + 0.98 1 9.06 +0.328 1.03 + 0.00 0 0.06 £ 0.008 473.69 + 12.97 gh 96.47 4+ 15.02 108.97 +2.71 8 514 +0.01]
4 19.4 700 30.0 27.01 + 0.02 f8 6.57 & 0.24 def 0.62 £ 0.07 «de 0.03 £+ 0.00 4 347.23 + 11.54 cdef 70.79 + 1.29 be 79.1 £ 3.15 cdefg 3.76 +0.00 f
5 21.2 820 24.1 23.11 4+ 0.54 <d 5.51 + 0.12 bed 0.54 + 0.09 bed 0.02 £0.00°¢ 313.69 =+ 2.69 bede 65.97 + 13.06 b¢ 60.12 + 7.56 bedef 3.11 +0.004
6 225 700 30.0 20.47 4 0.06 © 425+ 0.57b¢ 0.48 + 0.01 be 0.01 £0.00" 289.36 + 24.56 bed 61.17 4 4.15b¢ 51.89 4+ 2.61 b¢ 2.83+0.00¢
7 194 900 30.0 2455 + 0.69 de 6.05 + 0.09 de 0.55 + 0.01 bed 0.02 £0.00°¢ 316.16 =+ 5.25 bede 67.69 4 5.50 be 62.06 =+ 2.97 bede 3.09 +0.004
8 17.6 820 241 26.98 + 0.39 8 6.90 + 0.25 def 0.60 + 0.00 de 0.03 + 0.00 4 340.17 + 23.69 bede 89.33 + 16.58 b¢ 77.14 + 9.88 bedefg 347 £0.01°¢
9 194 700 30.0 26.68 + 0.21 ©f8 6.85 =& 0.04 def 0.63 £ 0.00 «de 0.03 + 0.00 4 353.69 + 16.87 cdef 69.79 + 2.58 be 77 47 + 1.65 cdefs 3.86+0.02f
10 21.2 580 24.1 20.81 £ 0.03 ¢ 441 +0.39"bc 0.48 + 0.07 be 0.01 £0.00" 279.36 + 21.49 be 62.09 4 7.28 b¢ 53.71 & 8.63 bed 2.9140.00°¢
11 16.3 700 30.0 28.54 4+ 0.03 & 7.01 + 0.03 def 0.66 + 0.02 cde 0.04 +0.00¢ 374.63 + 13.64 def 75.87 £ 2.14 b¢ 84.65 4 9.23 defg 3.94+000f
12 19.4 700 40.0 36.14 + 0.87 894 + 0.018 0.91 + 0.01 8" 0.06 +0.008 49821 + 14.36 1 91.63 4 2.41 bc 103.89 4+ 1.47 8 469 +0.021
13 19.4 500 30.0 25.77 + 0.36 def 6.13 + 0.68 de 0.56 & 0.00 bed 0.03 +0.00 324.61 + 2.57 bede 67.48 +2.11 be 71.62 + 9.46 bedef 3.51 + 0.00 ©
14 19.4 700 30.0 27.36 + 1.06 °f& 7.16 £ 0.01 def 0.61 4 0.00 e 0.03 +0.00 4 351.98 + 2.65 cdef 72.24 + 5.79 be 78.73 + 2.65 cdefg 3.924+0.00f
15 17.6 580 241 23.55 + 0.28 4 5.81 + 0.08 <de 0.53 + 0.03 bed 0.02 £+ 0.00 © 301.21 =+ 14.65 bed 65.26 + 1.36 bc 62.35 + 7.45 bede 3.1540.00 4
16 21.2 580 35.9 32.05 4+ 0.43h 8.01 + 0.09 f& 0.71 4 0.03 def 0.05+0.00 f 395.27 4 14.57 ¢f8 78.25 + 11.69 b¢ 91.43 + 6.93 ¢f8 415+0.038
17 17.6 580 35.9 34.56 + 0.91 bt 832401118 0.84 & 0.01 f8h 0.04 +0.00°¢ 436.11 + 23.14 f8h 81.24 + 6.54 bc 96.36 + 5.87 8 469 +0.001
18 19.4 700 20.0 16.83 4+ 0.07 b 412 +0.08" 0.39 4+ 0.00° 0.01 +0.00° 254.96 + 6.43P 57.37 +£0.12° 45.62 +2.32° 1.87 £0.03b
19 19.4 700 30.0 26.96 + 0.13 °f& 6.87 4 0.21 def 0.61 £ 0.06 «de 0.03 +0.004 352.21 + 17.61 cdef 70.06 + 5.69 b¢ 78.14 + 0.39 cdefg 3.69+0.00f
20 19.4 700 30.0 27.08 £ 0.09 8 6.99 + 0.56 def 0.62 + 0.00 cde 0.03 + 0.004 353.28 + 29.64 cdef 70.31 + 6.91 b¢ 80.11 =+ 5.28 cdefg 3.76 +0.04f
CS 18.0 800 00.0 839 +0.112 24540352 0.11 +0.012 0.00 & 0.002 85.73 £ 0.972 35.36 4+ 1.052 14.85 + 0.41 2 0.76 £ 0.012
cv 0.82 2.84 1.68 0.00 0.85 1.28 1.21 2.81

CCD—<central composite design; S.no.—Sample number; M—moisture content; V—screw speed; P—chicory root flour content; PPs—polyphenols; DDPHF—DPPH antioxidant activity
of free polyphenolic fraction; DDPHB_DPPH antioxidant activity of bound polyphenolic fraction; ABTSF—ABTS antioxidant activity of free polyphenolic fraction; ABTSB—ABTS
antioxidant activity of bound polyphenolic fraction; RCF__reducing capacity of free polyphenolic fraction; RCB—reducing capacity of bound polyphenolic fraction; GAE—gallic acid
equivalent; TE—trolox equivalent; d.w.—dry weight; CS—control sample; CV— coefficient of variation for six central points (samples 2, 4, 9, 14, 19, and 20). Values in the same column
marked with different letters were statistically significantly (p < 0.05) different (Tukey HSD test).
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The measurement of the antioxidant activity of the biological samples largely depends
upon the free radical or the oxidants used in the assays and the degree and type of antiox-
idants. Hence, it is important to use different antioxidant assays instead of relying on a
single assay to assess and compare the antioxidant activity of the extrudates. Synergistic
effects and concentration may also change the results that are not observed when the
individual constituents are tested.

The antioxidant activity against DPPHe radicals in the fraction of free polyphenolic
compounds was in the range of 0.39 mmol TE/g d.m. to 1.03 mmol TE/g d.m., while in
the fraction of bound polyphenolic compounds, the activity was recorded in the range
of 0.01 mmol TE/g d.m. to 0.06 mmol TE/g d.m. (Table 2). The control sample noted
0.11 mmol TE/g d.m. for DPPHF and 0.00 mmol TE/g d.m. for DPPHB. The highest
antioxidant activity was determined in sample 3, containing 35.9% chicory root (1.03 and
0.06 mmol TE/g d.m for DPPHF and DPPHB, respectively).

The antioxidant activity against ABTS+e radicals was in the range of 254.96 mmol
TE/g d.m. up to 498.21 mmol TE/g d.m. for the ABTSF, i.e., of 57.37 mmol TE/g d.m. up
to 96.47 mmol TE/g d.m for the ABTSB. The control sample recorded 85.73 mmol TE/g
d.m. and 35.36 mmol TE/g d.m. for ABTSF and ABTSB, respectively.

The reducing capacity was in ranges of 45.62-108.97 mmol TE/g d.m. for RCF, i.e,,
1.87-5.14 mmol TE/g d.m. for RCB (Table 2), while the control showed 14.85 mmol TE/g
d.m. for RCEF i.e., 0.76 mmol TE/g d.m. for RCB (Table 2).

The gluten-free chicory-enriched snacks were reported to have higher antioxidant
capacity when compared to the control sample. Chicory root addition positively contributed
to the increased antioxidative capacity, which is confirmed by the high positive correlations
between the chicory root content and antioxidative capacity (R% = 0.89; 0.80; 0.94; 0.82; 0.90,
and 0.92 for DPPHF, DPPHB, ABTSF, ABTSB, RCEF, and RCB, respectively). The addition
of polyphenolic-rich materials also improved the extrudate’s antioxidant capacity in the
studies of Vallée et al. [45] and Igual et al. [46], when compared to the control samples.

The impact of the M, V, and P variables was computed using Yoon’s local sensitivity
formula, and the relative influence of these variables on the total phenolic content and
antioxidant capacity is shown in Figure 3.

Increased moisture negatively affected the content of polyphenolic compounds (Figure 3).
High moisture content possibly favors the decarboxylation of phenolic acids [46]. Moreover,
the polymerization of polyphenolic compounds can occur during extrusion, reducing its
extractability and, consequently, the antioxidant activity [47]. Similar observations were noted
by Yagci and Gogiis [48], where the content of polyphenolic compounds decreased with the
increasing moisture content of corn-based extrudates enriched with broccoli flour.

The increase in the screw speed raised the content of PPs (Figure 3), probably due to
the release of polyphenolic compounds from the matrixes [49]. Furthermore, high screw
speeds (400 rpm) may accelerate the formation of products of non-enzymatic browning of
the phenolic structure [50]. Moreover, the increase in screw speed could shorten the time of
exposure of polyphenolic compounds to thermal destruction, due to which they remain
largely preserved, as noted by Natabirwa et al. [51].

Chicory root supplementation contributed to an increase in polyphenolic compounds
(Figure 3) due to the richness of chicory root in polyphenolic compounds [5]. High positive
correlations were determined between chicory root and polyphenolic contents (r = 0.92 for
Free PPs and r = 0.86 for Bound PPs, p < 0.05). The control sample made from pure rice
flour was indigent in polyphenolic content due to the loss of these compounds during rice
milling [52].

The increase in the screw speed and chicory root content had a positive effect on the
antioxidant and reduction capacity of the extruded products (Figure 3). Such extrusion
conditions increased the polyphenolic content of the extrudates, which are directly related
to the antioxidative activity and reducing capacity, while moisture showed the opposite
effect [53].
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Figure 3. Influence of extrusion conditions (M—moisture content; V—screw speed; P—chicory root
content) on polyphenols (PPs) content and antioxidative activity. Index F represent fraction of free
polyphenols, and index B represents fraction of bound polyphenols.

3.4. Mineral Elements

Chicory root might be a relevant ingredient in foods due to the notable presence of
minerals. These elements have been considered important traits for a balanced diet [5].
Chicory root proved to be rich in K, Na, Ca, and Mg, while significant amounts of Fe, Zn,
Mg, and Cu were also noted (Table 3). These results are in agreement with those reported
by Nwafor et al. [44] and Zarroug et al. [54].
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Table 3. Mineral contents in extrudates and control sample (CS).
CCD Design
S.No. l://:’ r}YIIn OZ’ Ca K Mg Na Fe Mn Zn Cu
1 21.2 820 35.9 639.29 + 1.32] 224272 +432F  501.48 £ 0989  2076.30 & 3.03] 5413 +0.261 7.36 & 0.06 9e 15.75 + 0.22 1 3.75+0.09f
2 19.4 700 30.0 53407 +£1.048 229248 +3.13" 51278 +0.83f8 156249 +2.76° 33.63+0.13¢ 6.91 +0.11bcde 14774 0378hi 283 + .03 bede
3 17.6 820 35.9 42790 +1.124 215961 £2599 51425 +1.01f 135871 +2.024 28.41 +0.11°¢ 6.40 & 0.09 be 15.59 + 0.45 227 +0.11 be
4 19.4 700 30.0 53551 +2.018  2290.68 £324" 53955 +076f  1561.92 +2.14° 35.25 +0.27 ¢ 6.93 £ 0.09bcde 1476 4+ 05180 295 + .09 bede
5 21.2 820 24.1 48327 +1.00f 221495 +£2.11¢ 53414+ 1124 139847 4+ 1.984 31.04 £ 0314 6.90 =+ 0.07 bede 11.21 + 0.20 be 226+ 0.21be
6 225 700 30.0 556.71 + 0.98 1 254448 + 2.27 54594 +1.22%  1700.58 4 2.04 f& 3447 + 044 ¢ 6.53 =+ 0.10 bed 15.60 + 0.111 2.78 4 (.17 bede
7 19.4 900 30.0 53390 +1.038  2565.08 £3.01k  533.04 £0.995%  1702.68 +£2.15f8 35.18 £ 0.34°¢ 6.84 + (.12 bede 15.48 + 0.27 hi 3.15 + .23 def
8 17.6 820 24.1 41743 £1.15¢ 207044 +1.09¢ 48720 £0.73¢ 124216+ 1.72¢  26.05 & 0.25 b¢ 6.07 +0.07 b 14.50 + 0.35 8h 229 +031b
9 19.4 700 30.0 531.03+1.028 229379 + 156" 50863 +1.01f¢  1560.18 +1.84° 36.34 £ 0.61°¢ 6.91 +0.09bcde 1501 +0.198h 2,88 + (.14 bede
10 21.2 580 24.1 482.28 +0.89 224059 + 1.48f  510.00 £ 094 172949 +£2018  26.25 4 0.23bc 6.43 4+ 0.10 be 10.72 £ 0.29 b 3.07 + 0.19 def
11 16.3 700 30.0 563.83 + 1.17 1 252692 £ 3221 53487 +1.045  1693.07 187  36.02+056¢ 6.44 4+ (.11 be 11.32 £ 0.35 bc 2.63 + 0.09 bed
12 19.4 700 40.0 71351 £2.09K  3018.60 £ 4.02™ 52652+ 0.730  2074.80 & 2.90] 51.11 £ 0.72h 7.32 +0.07 ¢ 13.30 + 0.27 ¢ 3.75+0.07f
13 19.4 500 30.0 555.55 +1.230 252585+ 3.121 564.65 + 1.121 1668.48 + 1.78 ¢ 36.62 + 0.45°¢ 6.59 =+ (.12 bede 12.48 4+ 0.41 de 2.96 + (.08 cdef
14 19.4 700 30.0 53215+ 1.118 228553 +£2.12h 55290 +1.01f6  1560.16 + 1.09 ¢ 36.77 + 0.37 ¢ 6.90 + 0.15bcde 1491 4+ 0.6180N 2.8 + .11 bede
15 17.6 580 24.1 47251 +099¢  2260.06 +1.878 52293 +0958"  1381.76 + 1.23 4 24214 0.22b 6.87 + .07 bede 12.16 + 0.37 2.43 + (.12 bed
16 21.2 580 35.9 644.01 £ 2.011 277722 + 2350 493604+ 0.84°d  1899.85+2.34h 46.03 + 0.48 8 7.09 + 0.09 cde 1412 + 059 f8 376 + 021
17 17.6 580 35.9 64334 +1.92) 282491 +247™ 50718 +£1.01¢f 202711 £ 2761 43.99 + 0.58 & 7.29 +0.11 de 14.20 + 0.63 8 349 +0.31¢f
18 19.4 700 20.0 38594 + 1350 183595+ 1.03P 42724 +£0.78° 114593 +1.03P 4178 +£0.33f 6.81 & .08 bede 12.60 + 0.43 de 3.08 + 0.19 def
19 19.4 700 30.0 532.69 +1.228 229536 +2250 50646 +1.17f¢  1560.14 + 1.54°© 35.45 + 0.28 ¢ 6.92 + 0.07bcde 1468 4+ 05280 282 + (.11 bede
20 19.4 700 30.0 53335+ 1.248  229332+211h 52888 +0.72f8 156228 +1.86°¢ 35.14 +0.31°¢ 6.93 + .08 bede 14.47 + 04780 298 4 (.10 bede
CS 18.0 800 00.0 43.82 +£0.262 934.98 + 0.89 380.18 + 0.45 2 56.10 + 0.37 @ 342 +0414 479 +0.07 2 9.91 +0.062 1.08 +0.052
Ccv 0.29 0.15 3.58 0.07 3.09 0.18 1.27 2.25

CCD—<central composite design; S.no.—Sample number; M—moisture content; SS—screw speed; P—chicory root flour content; CS—control sample; CV—coefficient of variation for six

central points (samples 2, 4, 9, 14, 19, and 20). Values in the same column marked with different letters were statistically significantly (p < 0.05) different (Tukey HSD test).
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The mineral contents in the obtained extrudates ranged within the following limits:
385.94-713.51 mg/kg for Ca, 1835.95-3018.60 mg/kg for K, 427.24-564.56 mg/kg for
Mg, 1145.93-2076.30 mg/kg for Na, 24.21-54.13 mg/kg for Fe, 6.07-7.36 mg/kg for Mn,
12.16-15.75 mg/ kg for Zn, and 2.26-3.76 mg/kg for Cu. The achieved values of minerals
are close to those corresponding to the recommended daily allowance (RDA) of 1000 mg
for Ca, 3500 mg for K, 350 mg for Mg, 2400 mg for Na, 15 mg for Fe, 5 mg for Mn, 15 mg
for Zn, and 2 mg for Cu [55].

The influence of the M, V, and P variables was calculated utilizing Yoon's local sensi-
tivity formula, and the relative influence of these variables on the mineral content is shown
in Figure 4.
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Figure 4. Influence of extrusion conditions (M—moisture content; V—screw speed; P—chicory root
content) on mineral content.
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Moisture increase had a positive effect on the mineral content (Figure 4). Similar
observations were made by Danbaba et al. [56], who investigated the mineral content of
rice extrudates supplemented with peas. The increase in mineral content in the extrudates
might be due to their accumulation in the water [57].

Increasing the screw speed negatively affected the mineral content, except Zn (Figure 4).
Increased screw speed can promote the binding of zinc ions with fibers (such as inulin)
more efficiently, which might preserve this element during extrusion [58]. Screw speeds
above 700 rpm resulted in increased Mg (Figure 4), which is potentially a consequence of the
destruction of anti-nutritive compounds (such as tannins and phytates that build insoluble
complexes with minerals), which favorably affects the availability of minerals [59].

Chicory root improved the mineral content of the extrudates when compared to the
control sample (Figure 4). This observation might be related to the richness of chicory roots
in minerals [5]. Positive correlations were noted between chicory root addition and all of
the investigated minerals (r = 0.64 to 0.92, p < 0.05). The decreased content of Mg after the
addition of more than 30% chicory root may be related to fibers (inulin), which might act as
chelating agents, interfering with the extraction of Mg [60].

3.5. Artificial Neural Network

The optimal numbers of neurons in the hidden layers were chosen according to ANN
performance (network MLP) with the aim of reaching high values of R%. The quality of the
ANN models was tested through the coefficient of determination (R?), which should be
close to 1 [61].

The optimal number of neurons in the hidden layer for inulin content prediction was
four (MLP 3-4-1 network), according to the highest value of R2 (0.97). The optimal network
was constructed using the BFGS 1000 algorithm, while the activation functions in hidden
and output layers were exponential and identical functions [23-26]. A similar R2 value (up
to 0.94) of the ANN model was noted in the study of Pandiselvam et al. [62] during the
analysis of the extrusion conditions (screw speed, barrel temperature, and formulation) on
different product characteristics.

The optimal number of neurons in the hidden layer for antioxidant activity prediction
was three (MLP 3-3-8 network), according to the high values of R2 (0.87, 0.81, 0.85, 0.82, 0.91,
0.66, 0.83, and 0.78, for the prediction of Free PPs, Bound PPs, DDPHF, DDPHB, ABTSF,
ABTSB, RCE and RCB, respectively). The optimal network was constructed using the BFGS
57 algorithm, while the activation functions in hidden and output layers were hyperbolic
tangents and identical functions [23-26]. The R2 values obtained within this study follow
the results of Pandey et al., who investigated the antioxidant activity and the total phenolic
contents of raw banana and defatted soy composite extrudates (R2 = 0.99 and R2 = 0.96,
respectively) [63].

The optimal number of neurons in the hidden layer for sesquiterpene lactones pre-
diction was nine (MLP 3-9-4 network), according to the high values of R2 (1.00, 0.99, 0.99,
and 0.99, for prediction of lactucin, lactucopyrin, dihydrolactucin, and dihydorolactucopy-
rin, respectively). The optimal network was constructed using the BFGS 771 algorithm,
while the activation functions in hidden and output layers were hyperbolic tangents and
identical functions [23-26]. This study represents one of the first investigations in the ANN
prediction of the SLs content in extruded food, while high R2 values indicate the excellent
predictive performance of the ANN model.

The optimal number of neurons in the hidden layer for mineral content prediction
was nine (MLP 3-9-8 network), according to the high values of R2 (0.99, 0.99, 0.92, 0.99,
0.99, 0.95, 0.99, and 0.99, for the prediction of Ca, K, Mg, Na, Fe, Mn, Zn, and Cu content,
respectively). The optimal network was constructed using the BFGS 1000 algorithm, while
the activation functions in hidden and output layers were hyperbolic tangents and identical
functions [23-26]. Kothakota et al. noted R2 up to 0.99 during the ANN prediction of
mineral content (Ca, P, and Fe) in enzymatic milled rice [64].
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4. Conclusions

The extrusion process conditions (moisture content, screw speed, and chicory root content)
affected the bioactive profile and antioxidant activity of rice-based chicory-enriched snacks.

Increased moisture content contributed to an increase in SLs and minerals, while high
screw speed enhanced the polyphenol content. Chicory root addition contributed to the
improved bioactive features of the obtained snacks, compared to the control sample in
terms of inulin, SLs, and polyphenols, as well as antioxidant activities. Mineral content
was also positively influenced by chicory root addition.

The achieved results presented the important impact of extrusion on the bioactive
profile of the obtained snacks and promoted chicory root as an attractive food ingredient
in terms of functionality. Furthermore, the consumers” acceptability of novel gluten-free
chicory snacks will be the goal of future investigation.
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