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Abstract: The objective of this research was to investigate the potentiality of carrot powder (CP)
utilization at levels 4, 6, or 8% as ingredient of corn snacks and evaluation of the extrusion influence on
functionally important ingredients such as carotenoids (color), polyphenols, fiber, fat, and antioxidant
activity. The influence of ascorbic acid (AA) as an external source at levels 0.5 and 1% on this
particular extrusion was also investigated. A single-screw extruder at two temperature regimes
(135/170/170 ◦C (E1) and 100/150/150 ◦C (E2)) carried out extrusion. The E1 temperature regime
acted favorably on total polyphenol content and crude fiber, but fat preferred the E2 regime. Extrusion,
especially the E1 temperature regime, increased the extractability of carotenoids. Ascorbic acid
degraded during extrusion, but it still provided protection to carotenoids and color attributes of
extrudates. Snacks with increased nutritional and functional value due to carrot powder addition
were successfully produced, which is a starting point for production of a new type of extruded snacks.

Keywords: extrusion; carrot; ascorbic acid; carotenoids; antioxidant power

1. Introduction

The carrot (Daucus carota) is considered a primary vegetable; in many countries, the
consumption of carrots and their related products has increased steadily [1,2] mainly due
to their pleasant flavor and the perceived health benefits related to their vitamins, minerals,
and dietary fiber [2]. Carrots have been shown to contain numerous phytochemicals such
as carotenoids and flavonoids, their type and percentage greatly dependent on the cultivar
and color of the carrots [3]. Besides provitamin A activity, carotenoids may be also beneficial
in preventing major health problems, such as cancer and cardiovascular/coronary heart
diseases, due to their antioxidant activity [4–6]. They also have other physiological roles,
such as cell-to-cell communication, immunomodulatory effects, and UV skin protection [7].
Considering these facts, it is important to enhance carrot utilization where possible, even
in products in which it was not common until now. From this point of view, the application
of extrusion cooking is especially interesting, since extruded products are popular, ready-
to-eat, of crispy texture, and nicely shaped and colored. They are mainly composed of
cereals, which form their structure, bulk and other desired characteristics of the finished
product. [8]. However, they are often regarded as junk food because their composition is
mainly based on carbohydrates and fat. Extrusion cooking is a high-temperature, short-
time (HTST) process, which can apply the required amount of thermal and mechanical
energy to raw materials in a relatively short period of time. The short residence time
should reduce disliked reactions to vitamins, proteins, amino acids, and enzymes [9].
However, high temperatures and shear stresses can accelerate chemical reactions and losses
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of labile functional ingredients [9]. The retention of sensitive bioactive compounds such as
ß-carotene during the extrusion process is a challenge to the food industry [10]. Corn is
often used as a source of corn starch in the production of popular extruded snack foods.
Although corn is a source of lutein and zeaxanthin, it is certainly not enough to satisfy the
needs of health-conscious consumers [8,11]. Extruded snacks fortification to increase the
nutrient content is practiced by many studies [12,13], especially the addition of protein and
fiber rich ingredients; the addition of fruits and vegetables is studied to a lesser extent [14].
The objective of this study was to investigate the addition of different proportions of dry
carrot powder, as well as extrusion cooking on the nutritional and functional properties
of used materials. The potential of carrot parts that cannot be used for other purposes,
such as the peel, is particularly interesting in the context of the use of waste materials.
The addition of carrots to extruded products has been studied by Stojceska et al. [15], but
research focused primarily on dietary fiber, and Kaisangsri et al. [16], but they measured
only total β-carotenoid content. Some studies have presented the influence of extrusion
on carotenoids [17–19], but they did not originate from carrots, or only model substances
were used. Besides carrots, ascorbic acid has also been added to the extrusion mixture
since it is a strong antioxidant, and previous research showed that it can prevent pigment
degradation during extrusion cooking [19,20].

2. Materials and Methods
2.1. Materials

Corn grits, particle size >500 µm (Žito Ltd., Osijek, Croatia). Dried carrots stripes
(proteins 3.37%; crude fiber 4.76%, starch 5.81%, ash 1.91%) (Xinghualianfu food Co. Ltd.,
Xinghua, China). Ascorbic acid (T.T.T. Ltd., Sv. Nedjelja, Croatia).

2.2. Sample Preparation

The proportions of added carrots and moisture content were selected according to
the preliminary studies, in order to achieve extrusion process continuity and products
with satisfying organoleptic properties. Corn grits and carrot powder were mixed in 96:4,
94:6, and 92:8 ratios (dry to dry weight), and AA was also added to mixtures at 0, 0.5, and
1% levels (dry basis). The total moisture of the mixtures was set to 15%, and the mixtures
were put in plastic bags, sealed, and left in the dark for 24 h before the extrusion.

Extrusion experiments were performed using a laboratory single-screw extruder
(model Do-Coder, Brabender 19/20 DN, Duisburg, Germany). Extrusion parameters were
as follows. Temperature profiles, 135/170/170 ◦C and 100/150/150 ◦C; 4:1 compression
ratio screw; screw speed, 100 rpm; feed rate, 15 rpm. The obtained extrudates were air-
dried at ambient temperature overnight, put in plastic bags, vacuum sealed, and stored in
darkness until the analysis.

2.3. Color Analysis

Triplicate analyses were performed for each sample, and the procedure was previously
described in detail [19]. Total color change of each extruded sample in relation to the color
of raw materials ∆E was also calculated according to the Equation (1):

∆E =

√
(L − L0)

2 + (a − a0)
2 + (b − b0)

2 (1)

where subscript “0” indicates initial color values of the raw material [21].

2.4. Ascorbic Acid Determination

Triplicate analyses were performed for each sample, and the procedure was previously
described in detail [20].
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2.5. Fat and Crude Fiber Determination

Fat content was determined according to the ISO 6492:2001 method [22] and crude
fiber content was determined according to ISO 6865:2000 [23]. Each sample was analyzed
in 3 replications.

2.6. Total Polyphenols Content Determination

Polyphenols were determined according the Folin–Ciocalteu method [24], with modi-
fications; the procedure has previously been described in detail [19].

2.7. Antioxidant Activity (ABTS)

Triplicate analyses were performed for each sample; the procedure has previously
been described in detail [19].

2.8. Carotenoid Determination

Extraction of carotenoids was performed according to the method previously de-
scribed by Kljak et al. [25], with modifications; the procedure has previously been described
in detail [19].

2.9. Experimental Design and Data Analysis

Color analysis data were analyzed using Design expert 6.0.8. software (Stat-Ease, Inc.,
Minneapolis, MN, USA). RSM (response surface methodology) was chosen to build mathe-
matical models using 3-level factorial design. Carrot (variable A) and ascorbic acid levels
(variable B) were set as independent variables, since the chemical composition of mixtures
is the focus of this investigation. Mathematical models were built in terms of coded values:
variable A—4, 6, 8%/−1, 0, 1; and variable B—0, 0.5, 1%/−1, 0, 1. The statistical signifi-
cance of the regression coefficients was determined by analysis of variance (ANOVA) at
95% level. The desirability function was used to determine optimal CP and AA levels in
order to maximize pigment content in the final product. Chemical composition data were
analyzed by Statistica 8 software (StatSoft Inc., Tulsa, OK, USA), using post hoc LSD at
95% level.

3. Results and Discussion
3.1. Ascorbic Acid Degradation

The ascorbic acid (AA) content in raw and extruded samples is shown in Table 1.
The presented values are entirely a consequence of acid addition, since it was not present
in other raw materials. During extrusion, AA degraded to a certain level, but under all
conditions enough quantity of AA was left to preserve other compounds, which was
the primary goal of the AA addition to the extrusion mixture. Degradation was higher
at E1 extrusion temperatures (45–76%) than at lower extrusion temperatures (10–63%).
Similar results were also obtained by other studies [19,20,26]. There are several reasons for
degradation: (1) oxidation [27], (2) loss at the die together with the water evaporation as a
consequence of solubility in water [26], (3) the nature of raw materials [20].

Table 1. Ascorbic acid content before and after extrusion in raw and extruded samples A.

CP
(%)

AA
(%)

Ascorbic Acid
(g kg−1)

Before Extrusion

Ascorbic Acid
(g kg−1)

After Extrusion E1

Degradation
(%)

Ascorbic Acid
(g kg−1)

After Extrusion E2

Degradation
(%)

0 0 n.d. n.d. - n.d. -
0 0.5 4.028 ± 0.017 0.952 ± 0.015 76.36 2.729 ± 0.013 32.25
0 1 7.898 ± 0.025 4.013 ± 0.019 49.19 5.713 ± 0.041 27.66

4 0 n.d. n.d. - n.d. -
4 0.5 4.201 ± 0.057 0.906 ± 0.022 78.43 2.171 ± 0.027 48.32
4 1 8.127 ± 0.229 1.876 ± 0.023 76.91 3.004 ± 0.027 63.04
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Table 1. Cont.

CP
(%)

AA
(%)

Ascorbic Acid
(g kg−1)

Before Extrusion

Ascorbic Acid
(g kg−1)

After Extrusion E1

Degradation
(%)

Ascorbic Acid
(g kg−1)

After Extrusion E2

Degradation
(%)

6 0 n.d. n.d. - n.d.
6 0.5 3.505 ± 0.098 1.120 ± 0.042 68.05 3.082 ± 0.035 12.04
6 1 8.234 ± 0.015 4.448 ± 0.016 45.98 7.405 ± 0.082 10.07

8 0 n.d. n.d. - n.d. -
8 0.5 4.742 ± 0.069 1.655 ± 0.002 65.05 2.871 ± 0.016 39.46
8 1 8.077 ± 0.068 4.358 ± 0.072 45.97 6.437 ± 0.045 20.30

A Contents are the mean ± standard deviation of three repetitions, CP—carrot powder level, AA—ascorbic acid level, E1—135/170/170 ◦C
extrusion temperatures, E2—100/150/150 ◦C extrusion temperatures, n.d.—not detected.

3.2. Fat and Crude Fiber Content

Fat content in the raw and extruded samples is presented in Table 2. Extrusion caused
fat degradation at both extrusion temperatures. Higher degradation occurred at higher
extrusion temperatures, which was also observed by Lin et al. [28]. The difference between
fat content in extrudates obtained at different temperatures was not significant in some
samples. The deterioration of lipids can be attributed to both hydrolytic and oxidative
rancidity, both of which can be affected by extrusion cooking. With an increase in extrusion
temperature, autooxidation of lipid occurs, which might be enhanced by the breakdown
of natural antioxidants and the increasing amount of prooxidant [28]. In this case, the
addition of AA at 1% level promoted lipid degradation compared to the 0.5% level. During
AA degradation, dehydroascorbic acid is formed [29], and it acts as a fat prooxidant. Since
the addition of higher levels of AA resulted in higher levels of dehydroascorbic acid as
well, lipid degradation was increased.

Table 2. Fat and crude fiber content in raw and extruded samples A, B.

Fat (g kg−1) Crude Fibre (g kg−1)

CP
(%)

AA
(%)

Before
Extrusion

After
Extrusion E1

After
Extrusion E2

Before
Extrusion

After
Extrusion E1

After
Extrusion E2

0 0 3.15 b ± 0.07 0.78 a ± 0.01 0.83 a ± 0.01 5.4 y ± 0.1 5.3 y ± 0.1 4.9 x ± 0.1
0 0.5 3.15 b ± 0.07 0.64 a ± 0.01 0.55 a ± 0.00 5.1 y ± 0.1 5.2 y ± 0.1 4.7 x ± 0.1
0 1 3.15 c ± 0.07 0.57 a ± 0.04 0.93 b ± 0.10 5.0 y ± 0.1 5.0 y ± 0.1 4.5 x ± 0.1

4 0 3.55 b ± 0.35 0.36 a ± 0.05 0.84 a ± 0.04 6.8 y ± 0.1 6.7 y ± 0.2 5.5 x ± 0.1
4 0.5 3.45 c ± 0.07 0.54 a ± 0.01 0.96 b ± 0.04 6.3 y ± 0.2 6.2 y ± 0.1 5.3 x ± 0.1
4 1 2.85 c ± 0.21 0.10 a ± 0.11 0.74 b ± 0.07 6.0 y ± 0.1 6.0 y ± 0.1 5.1 x ± 0.2

6 0 3.50 c ± 0.00 0.58 a ± 0.01 0.98 b ± 0.18 7.8 y ± 0.1 7.8 y ± 0.2 6.5 x ± 0.0
6 0.5 3.40 c ± 0.00 1.03 a ± 0.09 1.15 b ± 0.02 7.5 y ± 0.2 7.4 y ± 0.1 6.3 x ± 0.3
6 1 2.95 b ± 0.07 0.74 a ± 0.02 0.95 a ± 0.02 7.0 y ± 0.1 6.8 y ± 0.2 5.6 x ± 0.2

8 0 2.95 b ± 0.21 0.77 a ± 0.00 0.81 a ± 0.14 8.1 z ± 0.1 7.8 y ± 0.1 6.5 x ± 0.2
8 0.5 2.85 b ± 0.21 0.95 a ± 0.08 0.82 a ± 0.11 7.9 z ± 0.2 7.5 y ± 0.1 6.0 x ± 0.1
8 1 3.05 b ± 0.35 0.86 a ± 0.10 0.75 a ± 0.14 6.5 y ± 0.1 6.5 y ± 0.1 5.1 x ± 0.1
A Results are expressed as the mean of three repetitions ± standard deviation. B Means followed by the same letter in the lines are not
statistically different at 5% probability. CP—carrot powder level, AA—ascorbic acid level, E1—135/170/170 ◦C extrusion temperatures,
E2—100/150/150 ◦C extrusion temperatures.

Typically, fibers such as wheat, corn, and rice have been used in food production in
the past, both for their health attributes and technical functions. However, novel sources of
fiber have been discovered and utilized. One of these sources is the by-product fraction of
different types of food processing, especially from fruit and vegetable processing [3]. The
carrots used in this research had a much higher content of crude fiber (47.6 g kg−1) than
corn grits (5.4 g kg−1). Thus, the addition of carrots to corn grits increased the fiber content



Processes 2021, 9, 1367 5 of 13

in extrusion mixtures (Table 2). E1 extrusion temperatures had no influence on crude fiber
content, which is a similar observation to that of Wang and Ryu [30]. However, they did
notice a slight decrease in total fiber content, but this was statistically insignificant. E2 extru-
sion temperatures caused a decrease in crude fiber content, which was also the case in some
other studies involving fruit or vegetable material extrusion [15,19,31]. Stojceska et al. [32]
found that this could be explained by the loss of soluble fiber components, primarily pectic
substances, in the processing water, together with a loss of non-fiber substances.

3.3. Total Polyphenols Content and Antioxidant Activity of Samples

Natural antioxidants are very susceptible to oxidation/degradation under thermo-
mechanical conditions during extrusion; in order to preserve them, different antioxidants
have been studied [14]. Synthetic antioxidants such as BHA (butylated hydroxyanisole),
BHT (butylated hydroxytoluene), PG (propyl gallate), and TBHQ (tert-butylhydroquinone)
have potential health hazards [33]; therefore, increased usage of natural antioxidants is
desirable. Yen et al. [34] successfully protected the natural antioxidants of dried carrots by
adding AA and glucose.

The addition of carrot powder increased the total polyphenol content (Table 3).
Polyphenol content in raw samples with the addition of AA was not determined, since
the Folin–Ciocalteu reagent reacts with AA [35]. Total polyphenol content decreased after
extrusion in samples without the addition of AA, wherein E2 extrusion temperatures
increased degradation. During extrusion, phenolic compounds may undergo decarboxy-
lation due to higher melt temperature and moisture content, which may promote the
polymerization of phenols, leading to a reduced extractability and antioxidant activity [36].
E1 extrusion temperatures favored Maillard reactions whose products also might react
with the Folin–Ciocalteu reagent. Additionally, extrusion can cause the liberation of bound
phenolics from cell wall structural components [37], which was, in this case, promoted
by high extrusion temperatures. Extrudates containing AA showed much higher levels
for total polyphenol content than samples without AA, but it cannot only be explained
by the reaction of AA and the Folin–Ciocalteu reagent, because AA degraded more at
higher extrusion temperatures (E1) (Table 1), contrary to the polyphenols. The correlation
between polyphenols and antioxidant activity is very high (R2 = 0.9921; R2 = 0.9969) at
both extrusion regimes, which is not always the case because antioxidant activity strongly
depends on the reaction mechanism of the antioxidant and free radical and on structural
conformation of the antioxidant [38].

Table 3. Polyphenols and antioxidant activity in raw and extruded samples A,B.

Polyphenols (gGAE kg−1) Antioxidant Activity (mmolTE kg−1)

CP
(%)

AA
(%)

Before
Extrusion

After
Extrusion E1

After
Extrusion E2

Before
Extrusion

After
Extrusion E1

After
Extrusion E2

0 0 0.729 c ± 0.016 0.513 b ± 0.028 0.412 a ± 0.010 1.212 y ± 0.007 0.880 x ± 0.020 0.885 x ± 0.029
0 0.5 * 1.411 b ± 0.010 0.846 a ± 0.004 30.932 z ± 0.351 4.068 y ± 0.050 2.552 x ± 0.007
0 1 * 2.393 b ± 0.014 1.813 a ± 0.022 44.699 z ± 0.877 7.657 y ± 0.070 5.434 x ± 0.042

4 0 0.752 b ± 0.042 0.707 b ± 0.005 0.485 a ± 0.025 2.061 z ± 0.056 1.763 y ± 0.052 0.953 x ± 0.049
4 0.5 * 1.329 b ± 0.036 0.907 a ± 0.032 30.188 z ± 0.702 4.099 y ± 0.021 2.165 x ± 0.021
4 1 * 1.629 a ± 0.029 2.012 b ± 0.035 51.644 z ± 0.526 5.955 x ± 0.007 6.635 y ± 0.030

6 0 0.822 c ± 0.041 0.751 b ± 0.025 0.541 a ± 0.017 2.044 z ± 0.025 1.738 y ± 0.035 1.121 x ± 0.028
6 0.5 * 1.486 b ± 0.027 1.042 a ± 0.039 30.436 z ± 0.351 4.568 y ± 0.011 3.276 x ± 0.035
6 1 * 1.970 b ± 0.022 1.664 a ± 0.018 54.249 z ± 0.00 6.549 y ± 0.011 5.221 x ± 0.035
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Table 3. Cont.

Polyphenols (gGAE kg−1) Antioxidant Activity (mmolTE kg−1)

CP
(%)

AA
(%)

Before
Extrusion

After
Extrusion E1

After
Extrusion E2

Before
Extrusion

After
Extrusion E1

After
Extrusion E2

8 0 1.010 c ± 0.032 0.871 b ± 0.036 0.629 a ± 0.002 2.110 y ± 0.050 2.324 z ± 0.035 1.495 x ± 0.042
8 0.5 * 1.493 b ± 0.022 1.234 a ± 0.027 31.428 z ± 0.656 4.844 y ± 0.077 3.807 x ± 0.040
8 1 * 1.937a ± 0.002 2.227 b ± 0.023 55.861 y ± 1.227 7.454 x ± 0.063 7.191 x ± 0.042

A Results are expressed as the mean of four repetitions ± standard deviation. B Means followed by the same letter in the lines are not
statistically different at 5% probability. * not determined. CP—carrot powder level, AA—ascorbic acid level, E1—135/170/170 ◦C extrusion
temperatures, E2—100/150/150 ◦C extrusion temperatures.

3.4. Carotenoids Content in Raw and Extruded Samples

Lutein and zeaxanthin are the main carotenoids in corn; their concentration varies
depending on genotype: 0–28 µg/g lutein and 0.01–8.1 µg/g zeaxanthin [39]. Carrot addi-
tions to corn grits did not increase lutein and zeaxanthin content in raw extrusion mixtures
(Table 4). E1 extrusion temperatures increased determined lutein content, especially in
samples containing AA. An increase in lutein content was also observed in extrudates
obtained at E2 temperatures compared to raw mixtures, to a much lesser extent than at
E1 temperatures, but still statistically significant. A similar effect was observed in the
previous research on the influence of pumpkin powder addition to corn grits [19], but
the stability of lutein depended upon the source of lutein. Corn lutein was very stable at
high extrusion temperatures, as in this case, while pumpkin lutein was very susceptible
to high temperatures, and better results were obtained at lower extrusion temperatures.
An increase in lutein content in extruded samples can be explained by the increased ex-
tractability of carotenoids because of the macromolecular structure destruction at high
temperatures and pressures in the extruder.

Table 4. Carotenoids content in samples before and after extrusion A.

CP
(%)

AA
(%)

Lutein
mg kg−1

before E

Lutein
mg kg−1

E1

Lutein
mg kg−1

E2

Zeaxanthin
mg kg−1

before E

Zeaxanthin
mg kg−1

after E1

Zeaxanthin
mg kg−1

after E2

9-cis-β-Carotene
mg EβC kg−1

before E

9-cis-β-Carotene
mg EβC kg−1

E1

9-cis-β-Carotene
mg EβC kg−1

E2

0 0 32.8 ± 2.5 87.7 ± 2.4 38.7 ± 1.8 32.8 ± 2.6 42.9 ± 2.5 28.2 ± 2.6 n.d. n.d. n.d.
0 0.5 31.6 ± 2.1 85.9 ± 1.9 46.4 ± 2.1 39.3 ± 1.9 71.0 ± 2.2 49.5 ± 2.1 n.d n.d n.d
0 1 32.6 ± 2.8 84.5 ± 1.7 48.4 ± 2.9 41.8 ± 2.1 49.2 ± 1.6 39.3 ± 2.4 n.d. n.d. n.d.

4 0 21.7 ± 1.9 36.7 ± 2.5 31.1 ± 2.6 25.3 ± 3.0 29.0 ± 2.3 21.5 ± 2.5 0.52 ± 0.00 n.d. n.d.
4 0.5 23.7 ± 2.5 87.7 ± 2.3 43.4 ± 2.7 32.4 ± 3.0 32.8 ± 2.6 38.9 ± 1.5 0.30 ± 0.10 1.13 ± 0.03 0.48 ± 0.16
4 1 21.8 ± 1.2 53.9 ± 2.1 28.6 ± 2.2 32.4 ± 2.5 30.9 ± 2.3 29.2 ± 1.6 0.56 ± 0.10 0.31 ± 0.02 0.36 ± 0.02

6 0 21.2 ± 2.0 52.0 ± 1.7 22.9 ± 2.5 19.1 ± 2.0 24.4 ± 2.7 22.3 ± 2.0 0.44 ± 0.00 0.44 ± 0.02 0.59 ± 0.02
6 0.5 29.6 ± 2.0 70.2 ± 2.1 30.5 ± 2.8 41.4 ± 2.8 49.6 ± 2.5 28.6 ± 1.9 0.34 ± 0.10 1.29 ± 0.20 0.81 ± 0.02
6 1 21.3 ± 2.3 90.0 ± 1.8 21.5 ± 1.3 27.1 ± 2.1 35.0 ± 2.3 21.9 ± 2.2 0.33 ± 0.10 1.64 ± 0.03 0.85 ± 0.02

8 0 16.7 ± 3.0 39.9 ± 2.5 30.3 ± 1.7 25.9 ± 2.7 25.8 ± 1.6 36.2 ± 1.9 0.74 ± 0.05 0.79 ± 0.10 1.00 ± 0.02
8 0.5 25.0 ± 2.6 59.4 ± 1.5 36.9 ± 1.9 34.0 ± 2.6 38.6 ± 2.0 34.9 ± 2.1 0.77 ± 0.10 0.74 ± 0.02 1.38 ± 0.01
8 1 28.8 ± 2.3 75.0 ± 2.4 46.0 ± 2.3 40.8 ± 1.9 27.8 ± 2.3 43.2 ± 2.5 0.67 ± 0.15 1.15 ± 0.02 0.95 ± 0.01

A Contents are the mean ± standard deviation of three repetitions, CP—carrot powder level, AA—ascorbic acid level, E1—135/170/170 ◦C
extrusion temperatures, E2—100/150/150 ◦C extrusion temperatures, n.d.—not detected.

Zeaxanthin content was also increased by E1 extrusion temperatures, except in the
sample containing 8% of carrot powder and 1% of AA, but this can be attributed to the
sample inhomogeneity. A higher increase was observed in samples without the addition of
carrot powder. Lower extrusion temperatures had a variable impact on zeaxanthin content.

The only isomer of β-carotene detected in the samples was 9-cis-β-carotene (Table 4),
since the raw material used in this research was dried carrot. The all-trans isomer was lost
during the drying process and/or during storage primarily due to thermal degradation
and isomerization [1]. Viacava et al. [40] observed the increase in β-carotene-cis-isomers
due to extrusion, but they applied relatively low extrusion temperatures (63 and 109 ◦C,
respectively), with the intention to induce wounding stress in carrots, not to produce
ready-to-eat puffed snacks as a final product. Kaisangsri et al. [16] observed a decrease in



Processes 2021, 9, 1367 7 of 13

β-carotene content in carrot pomace/corn mixtures during extrusion and concluded that
starch acts as a protector of β-carotene, but only when carrot pomace is added in relatively
low amounts (5%).

In this research, 9-cis-β-carotene was detected only in raw samples containing carrot
powder, but the concentrations were very low. E1 extrusion temperatures increased the
amount of 9-cis-β-carotene in all samples except in the sample with 4% of carrot powder
without the addition of AA, which is contrary to the results presented in the previous
research [19]. The same isomer originated from pumpkin significantly decreased dur-
ing extrusion. Knoackert et al. [41] observed an increase in cis-isomers of β-carotene
during high pressure homogenization of carrot puree, while high pressure did not have
a significant influence on the all-trans form, thermodynamically the most stable form.
E2 extrusion temperatures also increased 9-cis-β-carotene content compared to raw sam-
ples, but the increase was much lower than at E1 temperatures. A statistically significant
increase can be observed only in samples with an addition of 6 and 8% of carrot powder
with the addition of AA. On the other hand, Qiu et al. [42] demonstrated that β-carotene was
more stable at lower heating temperatures. AA had positive influence on 9-cis-β-carotene
stability at both extrusion temperatures, which is also confirmed by the positive influence
on color attributes of the samples. Yen et al. [34] also observed a positive influence of AA
on β-carotene content during the storage of dried carrot.

3.5. Color of the Extrudates

Color is an important physical property and quality factor directly related to the
acceptability of food products [21]. It is also directly connected to the chemical compounds
that affect the color of the products, such as pigments and some non-specific compounds
including products of Maillard browning. Alam et al. [43] observed that the addition of
raw materials rich in fiber enhance Maillard reactions during extrusion. In general, higher
extrusion temperatures (E1) resulted in lower L* values (darker color of the extrudates)
compared to lower extrusion temperatures (E2) (Figure 1). This can be explained by the fact
that higher temperatures favor Maillard reactions [44]. The influence of the additives (inde-
pendent variables in this case) on L* value is described by quadratic mathematical models:

L* E1 = 77.23 − 0.25 × A + 2.35 × B − 0.50 × A2 − 0.012 × B2 + 0.10 × AB (2)

L* E2 = 79.00 − 0.083 × A − 0.20 × B + 0.24 × A2 − 0.87 × B2 + 0.65 × AB (3)

The model for E1 extrusion temperatures (Equation (2)) is statistically significant
(Table 5) and has excellent correlation with the experimental data (R2 = 0.9453). On the
contrary, the model for E2 (Equation (3)) has poor correlation (R2 = 0.6667) and is not
significant at p < 0.05 level (Table 5); however, compared to all other mathematical models
that have been attempted to fit the data, this one had the best correlation. As can be seen
in Table 6, the addition of carrot powder did not have a statistically significant influence
on L* at E1 extrusion temperatures, but the addition of AA had a positive linear influence.
This means that AA reduced browning reactions at high temperatures. At E2 extrusion
temperatures, AA caused an increase in L* values at 0.5% level, but at 1.0% level caused
a decrease (Figure 1), so AA addition had a significant quadratic influence (Table 6). The
carrot powder did not show any significant influence on L* at lower temperatures.
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Table 5. Analysis of variance results for fitted models of product properties *.

Response Source df Sum of Squares Mean Squares F-Value p-Value

L* E1

Regression
Lack of fit
Pure error
Residual

Total

5
3
4
7

12

34.42
1.99

8.00 × 10−4

1.99
36.41

6.88
0.66

2.00 × 10−4

0.28

24.22
3315.49

0.0003
<0.0001

L* E2

Regression
Lack of fit
Pure error
Residual

Total

5
3
4
7

12

4.08
2.04

1.72 × 10−4

2.04
6.13

0.82
0.68

4.30 × 10−4

0.29

2.80
1581.44

0.1060
<0.0001

a* E1

Regression
Lack of fit
Pure error
Residual

Total

5
3
4
7

12

2.58
0.70

4.52 × 10−3

0.71
3.29

0.52
0.23

1.13 × 10−3

0.10

5.11
207.27

0.0272
<0.0001

a* E2

Regression
Lack of fit
Pure error
Residual

Total

5
3
4
7

12

9.86
0.67

0.014
0.68

10.54

1.97
0.22

3.47 × 10−3

0.097

20.30
64.00

0.0005
0.0008

b* E1

Regression
Lack of fit
Pure error
Residual

Total

5
3
4
7

12

74.95
3.41

4.80 × 10−3

3.41
78.37

14.99
1.14

1.20 × 10−4

0.49

30.75
9476.88

0.0001
<0.0001

b* E2

Regression
Lack of fit
Pure error
Residual

Total

5
3
4
7

12

44.80
4.30

1.32 × 10−3

4.31
49.11

8.96
1.43

3.30 × 10−3

0.62

14.57
4348.19

0.0014
<0.0001

∆E E1

Regression
Lack of fit
Pure error
Residual

Total

5
3
4
7

12

122.46
16.41

8.80 × 10−4

16.41
138.86

24.49
5.47

2.20 × 10−4

2.34

10.45
24857.04

0.0038
<0.0001

∆E E2

Regression
Lack of fit
Pure error
Residual

Total

5
3
4
7

12

236.05
37.64

9.20 × 10−4

37.64
273.69

47.21
12.55

2.30 × 10−4

5.38

8.78
54544.89

0.0063
<0.0001

* significant at p < 0.05; df—degrees of freedom; E1—135/170/170 ◦C extrusion temperatures, E2—100/150/150 ◦C extrusion temperatures

Table 6. Degree of significance (p-values) of the polynomial regression model coefficients corresponding to each response *.

Source L* E1 L* E2 a* E1 a* E2 b* E1 b* E2 ∆E E1 ∆E E2

A 0.2826 0.7167 0.1934 0.7816 0.2849 0.5585 0.2110 0.0360
B <0.0001 0.3983 0.0033 <0.0001 <0.0001 0.0007 0.0066 0.0008

A2 0.1651 0.4879 0.2473 0.1143 0.0358 0.8741 0.1980 0.0983
B2 0.9706 0.0321 0.5142 0.1251 0.0099 0.0011 0.0046 0.0743
AB 0.7120 0.0463 0.3072 0.0045 0.1335 0.0559 0.6236 0.2402

* significant at p < 0.05.
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The mathematical models for a* values:

a* E1 = 2.28 + 0.19 × A − 0.57 × B + 0.24 × A2 + 0.13 × B2 − 0.17 × AB (4)

a* E2 = 2.36 − 0.037 × A + 1.14 × B − 0.34 × A2 + 0.33 × B2 − 0.64 × AB (5)

The mathematical models for a* values (Equation (4), R2 = 0.7849; Equation (5),
R2 = 0.9355) show acceptable correlation to experimental data at E1 extrusion temper-
atures and excellent correlation at E2 temperatures. An analysis of variance for both
models (Table 5) shows that the models are statistically significant, although the lack of fit
is also significant. The addition of AA at higher extrusion temperatures had a significant
negative linear influence, and it caused faster degradation of the red color. On the other
hand, at E2 extrusion temperatures, it had a positive linear influence and it caused the
preservation of red pigments (Figure 1). The interaction between variables also had a
significant negative influence at lower extrusion temperatures.

The mathematical models for b* values:

b* E1 = 38.41 − 0.33 × A + 3.11 × B − 1.09 × A2 − 1.47 × B2 + 0.59 × AB (6)

b* E2 = 44.80 − 0.20 × A + 1.85 × B − 0.078 × A2 − 2.51 × B2 + 0.90 × AB (7)

Both mathematical models for b* values (Equation (6), R2 = 0.9565; Equation (7),
R2 = 0.9123) have excellent correlation to experimental data, and analysis of variance
shows high statistical significance (Table 5). At E1 extrusion temperatures, the addition
of carrots had a significant quadratic influence on b* values, and AA also had a positive
linear and negative quadratic influence.

On the other hand, at E2 extrusion temperatures, carrots did not have a significant
influence, but AA had the same effect as it was already mentioned at E1 temperatures
(Table 6; Figure 1). The positive influence of AA on preserving both a* and b* color values
during extrusion was shown by Obradović et al. [19] during the extrusion of pumpkin
powder and corn grits. Similar results were also obtained by Maga and Kim [45] with the
addition of citric acid.

The mathematical models for total color change ∆E:

∆E E1 = 6.88 − 1.62 × A − 3.48 × B + 1.76 × A2 + 1.93 × B2 − 0.98 × AB (8)

∆E E2 = 1.61 − 1.30 × A − 3.61 × B + 1.98 × A2 + 5.72 × B2 + 0.60 × AB (9)

Considering the significant influence of AA on L*, a*, and b* parameters, it is logical
to assume that it also influences total color change ∆E. This is confirmed by the math-
ematical models (Equation (8), R2 = 0.8818; Equation (9), R2 = 0.8625) and analysis of
variance (Table 5). At higher extrusion temperatures, AA had a significant negative linear
and positive quadratic influence on total color change (Table 6), so it reduced pigment
destruction and browning reactions. Carrot powder did not have a significant influence.
On the other hand, at E2 extrusion temperatures, both carrots and AA addition had a
significant negative linear influence on total color change.

The optimal levels of CP and AA obtained by the RSM desirability function are given
in Table 7. To maximize pigment content, preserve desirable red color, and minimize un-
wanted Maillard browning, the optimal solution is established and experimentally verified
(Table 8). According to previous research [15,46,47], the addition of higher levels of CP than
8% is not desirable, since non-starchy materials rich in fibers, such as vegetables, cause a
decrease in expansion and consequently low acceptability of the product. Ascorbic acid
has been shown as an important factor in pigment and color preservation, but levels higher
than 0.5% are not recommended since it can promote browning and pigment degradation.
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Table 7. Optimal levels of CP and AA obtained by RSM.

Parameter Optimal Levels

CP (%) 8
AA (%) 0.5

Desirability 0.609

Table 8. Validation of optimal color parameters obtained by RSM.

Color Parameters Predicted Values Obtained Results

L* E1 76.48 78.23
a* E1 2.71 2.58
b* E1 36.99 36.38
L* E2 79.16 80.05
a* E2 1.99 1.89
b* E2 44.53 44.87

4. Conclusions

Color attribute responses were dependent on carrot powder and ascorbic acid levels.
Although ascorbic acid degraded partially during extrusion, it had a positive influence on
the color of the extrudates and carotenoid content. Extrusion caused fat degradation; higher
extrusion temperatures (E1) and ascorbic acid addition at 1% level promoted degradation.
Low extrusion temperatures increased fiber and polyphenol degradation.

Snacks with increased nutritional and functional value due to carrot powder addition
were successfully produced, which is a starting point for production of a new type of
extruded snacks.

Author Contributions: Conceptualization, V.O. and J.B.; methodology, V.O.; software, V.O.; valida-
tion, Ð.A.; formal analysis, V.D.-U., V.O. and A.J.; resources, A.J. and Ð.A.; writing—original draft
preparation, V.O.; writing—review and editing, J.B.; supervision, D.Š. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hiranvarachat, B.; Suvarnakuta, P.; Devahastin, S. Isomerisation kinetics and antioxidant activities of β-carotene in carrots

undergoing different drying techniques and conditions. Food Chem. 2008, 107, 1538–1546. [CrossRef]
2. Du, W.X.; Avena-Bustillos, R.J.; Breksa, A.P., III; McHugh, T.H. Effect of UV-B light and different cutting styles on antioxidant

enhancement of commercial fresh-cut carrot products. Food Chem. 2012, 134, 1862–1869. [CrossRef]
3. O’Shea, N.; Arendt, E.K.; Gallagher, E. Dietary fibre and phytochemical characteristics of fruit and vegetable by-products and

their recent applications as novel ingredients in food products. Innov. Food Sci. Emerg. Technol. 2012, 16, 1–10. [CrossRef]
4. Eggersdorfer, M.; Wyss, A. Carotenoids in human nutrition and health. Arch. Biochem. Biophys. 2018, 652, 18–26. [CrossRef]
5. Rodriguez Concepcion, M.; Avalos, J.; Bonet, M.L.; Boronat, A.; Gomez-Gomez, L.; Hornero-Mendez, D.; Limon, M.C.;

Meléndez-Martínez, A.J.; Olmedilla-Alonso, B.; Palou, A.; et al. A global perspective on carotenoids: Metabolism, biotech-
nology, and benefits for nutrition and health. Prog. Lipid Res. 2018, 70, 62–93. [CrossRef]

6. Martins, N.; Ferreira, I.C.F.R. Wastes and by-products: Upcoming source of carotenoids for biotechnological purposes and
health-related applications. Trends Food Sci. Technol. 2021, 62, 33–48. [CrossRef]

7. Lavelli, V.; Zanoni, B.; Zaniboni, A. Effect of water activity on carotenoid degradation in dehydrated carrots. Food Chem. 2007,
104, 1705–1711. [CrossRef]

8. Anton, A.A.; Fulcher, R.G.; Arntfield, S.D. Physical and nutritional impact of fortification of corn starch-based extruded snacks with
common bean (Phaseolus vulgaris L.) flour: Effects of bean addition and extrusion cooking. Food Chem. 2009, 113, 989–996. [CrossRef]

9. Hirth, M.; Leiter, A.; Beck, S.M.; Schuchmann, H.P. Effect of the extrusion cooking process on the retention of bilberry anthocyanins
in starch based food. J. Food Eng. 2015, 125, 139–146. [CrossRef]

10. Ying, D.Y.; Cheng, L.J.; Chibracq, G.; Sanguansri, L.; Oiseth, S.K.; Augustin, M.A. The format of ß-carotene delivery affects its
stability during extrusion. LWT Food Sci. Technol. 2015, 60, 1–7. [CrossRef]

http://doi.org/10.1016/j.foodchem.2007.10.026
http://doi.org/10.1016/j.foodchem.2012.03.097
http://doi.org/10.1016/j.ifset.2012.06.002
http://doi.org/10.1016/j.abb.2018.06.001
http://doi.org/10.1016/j.plipres.2018.04.004
http://doi.org/10.1016/j.tifs.2017.01.014
http://doi.org/10.1016/j.foodchem.2007.03.033
http://doi.org/10.1016/j.foodchem.2008.08.050
http://doi.org/10.1016/j.jfoodeng.2013.10.034
http://doi.org/10.1016/j.lwt.2014.09.034


Processes 2021, 9, 1367 12 of 13

11. Cueto, M.; Farroni, A.; Shoenlechner, R.; Schleining, G.; Buera, P. Carotenoid and color changes in traditionally flaked and
extruded products. Food Chem. 2017, 229, 640–645. [CrossRef]

12. Prabha, K.; Ghosh, P.; Abdullah, S.; Rosmin, M.J.; Krishnan, R.; Rana, S.S.; Pradhan, R.C. Recent development, challenges, and
prospects of extrusion technology. Future Foods 2021, 3, 100019. [CrossRef]

13. Bhat, N.A.; Wani, I.A.; Hamdani, A.M.; Gani, A. Effect of extrusion on the physicochemical and antioxidant properties of value
added snacks from whole wheat (Triticum aestivum L.) flour. Food Chem. 2019, 276, 22–32. [CrossRef]
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