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Abstract

The design and development of gluten-free foods requires a comprehensive understanding of the behavior of
the raw materials to attain the same cooking and nutritional quality as gluten-based food. The objective of this
study was to determine the optimal hot-air drying conditions for elaboration of cassava flour to be used in a
gluten-free pasta formulation. The results showed that the operational conditions to minimize the hot-air
drying time (57 min) to produce cassava flour with higher water holding capacity was 57 °C at 3m/s. Then,
the optimal formulation for the pasta was found to be cassava (26 g/100 g), amaranth flour (12 g/100g), and
carboxymethyl cellulose (0.23g/100g), which maximized the A,, (0.160), moisture content (3.10g/100g),
hardness (5.02N), and protein content (9.30g/100g), and it is used for the sensorial analysis, which

showed that an earthy taste was the main problem with consumer satisfaction.
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INTRODUCTION

Celiac disease (CD) is an autoimmune enteropathy that
causes failure to thrive during the first few years of life
and is the result of an anomalous reaction with the
gluten present in some cereals, such as wheat, oats,
and barley; this reaction damages the small intestine
walls, affecting the absorption of all nutrients (Barker
and Liu, 2008). CD affects 0.3—1.0% of the world popu-
lation and it is believed to be present in up to 1 in 100
individuals. Females are more commonly affected than
males (ratio 2:1), and in general, only approximately
10-15% of those affected are clinically diagnosed
(Ferreira et al., 2016).

One of the main problems of CD is that it has few
medical treatments. One of the existing medical treat-
ments is the consumption of cyclosporine, interleukin-
10, alemtuzumab, cladribine, CHOP (a combination of
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doxorubicin, cyclophosphamide, vincristine, and pred-
nisolone) (Evans and Sanders, 2012); however, the only
way to manage the disease is by following a strict
gluten-free diet, which requires the consumption of nat-
urally gluten-free cereals, such as rice, maize, sorghum,
and pseudocereals (amaranth, quinoa, and buckwheat)
(Giuberti et al., 2015; Marti and Pagani, 2013).

The development of gluten-free foods must aim to
satisfy the needs of individuals with CD. In addition,
gluten-free food development must be based on
CODEX STAN 118-1979, which establishes the
maximum amount of gluten that can be present in
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a gluten-free food. The maximum amount of gluten in a
gluten-free food cannot be higher than 20 mg/kg, while
in a gluten-reduced food, this amount can vary between
20 and 100 mg/kg (Remes-Troche et al., 2018).

However, the design and development of gluten-free
foods requires new raw materials with functions similar
to traditional materials. Most gluten-free products have
poor cooking quality and they are nutritionally inferior
in minerals and biocompounds. For these reasons, the
main focus has been to improve the nutritional and
sensory quality of gluten-free products (Marti and
Pagani, 2013). One interesting option for the develop-
ment of gluten-free foods is cassava; according to
Aristizabal and Sanchez (2007), cassava is the fourth
most important food product after rice, wheat, and
corn, and it had a worldwide production of close to
170 million tons during 2014. One of the alternatives
for the processing of cassava is drying, which aims to
eliminate the water present in the food through the use
of hot air to stabilize the raw material by reducing
water activity (Ay) (Kumar et al., 2012). In this sense,
several authors have reported the use of drying for the
processing of cassava (Charmongkolpradit and
Luampon, 2017; Pornpraipech et al., 2017; Precoppe
et al., 2016). Cassava has been used to develop bread
(Jensen et al., 2015; Shittu et al., 2007), cookies
(Lertworasirikul and Tipsuwan, 2008; Saeleaw and
Schleining, 2011), soup (Wongsagonsup et al., 2014),
and snacks (Fiorda et al., 2015). Additionally, other
raw materials have been reported to be useful in
gluten-free food production. For example, Machado
et al. (2015) used quinoa and amaranth flour in bread
making. In the same way, Mifarro et al. (2012)
reported the use of legume flours, such as pea, chick-
pea, and soya flour, in the formulation of gluten-free
bread. Menga et al. (2017) developed a gluten-free
pasta based on rice flour and incorporated chia
(Salvia hispanica L.) for its thickening and nutritional
properties. Additionally, the use of carboxymethyl cel-
lulose (CMC) and xanthan gum has been reported as
texture improvers in gluten-free products (Mohammadi
et al., 2014).

Pasta is a traditional food product widely consumed
because of its convenience, palatability, and easy trans-
portation, handling, cooking, and storage properties.
According to Tudorica et al. (2002), in recent years,
pasta has become popular because of its nutritional
properties related to a low glycemic index. Ingestion
of low glycemic index foods decreases hunger and
increases satiety in short-term human intervention stu-
dies. However, the main constituent in the sensorial and
physical properties of pasta is gluten. According to
Marti and Pagani (2013), a high protein content and
“strong” gluten (viscoelasticity) are needed to process
semolina to produce a pasta with optimal cooking
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properties. However, during the last decade, people
with CD and others who prefer to eliminate gluten
from their diets for health reasons have been consum-
ing gluten-free pasta (Marti and Pagani, 2013). Finally,
there are some reports of the use of cassava to obtain
gluten-free pasta (Fiorda et al.,, 2013; Lateef et al.,
2004). Considering this background, the objective of
this study was to determine the optimal hot-air drying
conditions for elaboration of cassava flour to be used in
a gluten-free pasta formulation.

MATERIALS AND METHODS
Materials

Cassava tubers (variety Manihot esculenta coffee
blanca), amaranth, CMC, egg white powder, sunflower
oil (Lloreda, Colombia), and traditional gluten contain-
ing pasta (Doria, Colombia) used as a control for the
sensory analysis were obtained from a local market in
Medellin, Colombia. Cassava tubers were selected,
cleaned, and disinfected with a solution of
CITROSAN (Diken International, Mexico) at 0.30 ml/
100 ml per kg of sample. Once disinfected, the cassava
tubers were peeled and cut into slices of 2.00 £ 0.25 mm
using a food processor (Javar, model Cheff-z, Colombia)
and frozen at —2042°C until use and analysis.
The enzyme xylanase (Veron© 191S, AB Enzymes,
Germany) was kindly supplied by a local food formula-
tion and product development laboratory in Medellin,
Colombia. Veron© is an enzyme family of xylanase that
has been incorporated into bakery products and pasta to
improve dough properties and has positive effects on the
texture. Different authors have reported the use of
the Veron© enzyme, either as an additive or as an
improver of the properties of the dough or the properties
of gluten-free products (Ognean et al, 2011;
Tsatsaragkou et al., 2014). The activity of the enzyme
was 1000 U/g formulation (Giannone et al., 2016).

Proximate analysis of cassava tuber

The proximate analysis of the raw cassava tuber con-
sisted of moisture content and protein and ash meas-
urements, which were performed using the AOAC
(2002) methods. The total starch content was measured
according to the AACCI (1999a) Methods 76-13.01.
All assays were performed in triplicate (n=3) and
expressed as the mean =+ standard deviation.

Drying kinetics of the cassava slices

Hot  air-drying  processing of the cassava
slices. Cassava samples were cut into slices
2.00 £0.25mm thick and put into a rectangular plate
homogenously covering a drying area of 12.70 cm?.
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The drying process was performed in a hot-air dried
tunnel (DIES, model TS 120, Colombia) using a com-
bination of two temperatures (43-57°C) and two air
velocities (2.70-3.80m/s) based on a 2’+star experi-
mental design. The change in the weight was measured
online using a balance (Traveler Ohaus, TA502, New
Jersey, USA) with a precision of £0.01 g. The moisture
ratio (MR) was calculated according to

X, — X,
MR, = ——= (1)
Xo— X,

where X, is the moisture content at any time (g water/g
dry basis), X, is the moisture content at equilibrium
(g water/g dry basis), and X is the initial moisture con-
tent (g water/g dry basis). The values of X, are rela-
tively small compared to X, or X,. Thus, (X,—X,)/
(Xo—X,) can be simplified to (X,/X,) (Duarte et al.,
2017). To obtain the effective diffusion (D,z) under dif-
ferent air flow rates and temperatures, the solution for a
diffusion equation with convective boundary conditions
in a slab of thickness 2L without edge effects is given by
the following expression (Luikov, 1968)

<x}1) exp< 2 Legt)

2)

4sin A,
MR = Z 20, + sm(2ﬂun)

where 4, is the n root of

n /bn D
é}f

where D, is the effective diffusion coefficient and £k, is
the surface convective coefficient. From the previous
expression, we can obtain the following average mois-
ture in the sample

> sin A
- MR=4>"— " o5,
n; 27+ sin(2y) )

Dt
xexp( 22 eff)

n L2
It is a well-established fact that for longer times, the
expression can be truncated to the first term (n=1)

D gt
cos(A) exp (—,1% szf )

()

(4)

4sin A4

l-MR=—"—"F"—7+—
221 4 sin(24y)

where A; is the first root of equation (3). The preexpo-
nential factor is also simplified, considering that the
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initial value for MR must be 1

MR:l—exp( pE: ig”) 6)

Thus, the process kinetics depend on two param-
eters, D,yand k,,, which are included in ;. To compute
A1, the following approximation based on Yovanovich
(1996) was used

T

o1+ (35 24%,,)]1 * ™

m

Iy =

The mass transfer coefficient can be obtained from
the Sherwood number (Sh=k,,L/D.g). In this experi-
ment, the appropriate expression for Sherwood (Sh) is
unknown. However, it is well established that in forced
convection, Sk is a function of the Reynolds number
(Re) and Schmidt number (Sc)

Sh = aRe™Sc" ®)

kmL ;OvairL " 128 "
=a ©9)
Deyy Iz PD.fy

Considering that the magnitudes of the physical
constants vary less than the velocity, the previous
expression was simplified to consider how k,,
varies with the air flow rate, as given in
equation (10)

Vairs

kn,=ax ve (10)

artrr

where a and b will be obtained from the fit of equation
(10) by nonlinear regression of the MR data from all
experiments.

The diffusion coefficient is temperature dependent.
The Arrhenius expression is used to model this
dependence

E,
Doy = Dy exp( RT) (11)

where D is the so-called preexponential factor and E,
is the activation energy (J/mol K).

Thus, the model for the drying kinetics is depend-
ent on four parameters: two associated with the
bulk diffusion in the sample, Dy and E,, and two asso-
ciated with the convective mass transfer coefficient,
a and b.



Cassava flour characterization

The cassava flour was obtained by milling the dried
cassava slices using a hammer mill model TRF 300
(TRAPP, Brazil) for Smin. Characterization of the
flour consisted of particle size analysis, apparent dens-
ity, water activity, water holding capacity (WHC), oil
holding capacity (OHC), and color. All assays were
performed in triplicate (n=23) and expressed as the
mean =+ standard deviation.

Particle size analysis. A sieve shaker (Pinzuar, PS 32,
Colombia) was used to separate the flour into six frac-
tions according to the sieve mesh size. One hundred
grams of sample were sieved using U.S. standard
sieves (Prufsieb, Germany) No. 45 (355um), No. 50
(300 um), No. 60 (250 um), No. 80 (180 um), No. 100
(150 um), and No. 140 (106 um) over 15 min.

The particle size distribution was obtained by weigh-
ing the retained sample in each sieve, and then the per-
centage with respect to the total mass was calculated.
The mean overall diameter of the flour particles was
calculated by

d

g =24

> m

where d, (um) is the mass mean diameter, d (um) is the

average diameter, and m (g) corresponds to the mass
retained on the sieve (Fellows, 2000).

(12)

Apparent density. Apparent density was determined
according to Osorio et al. (2014). Briefly, 5.0 g of the
cassava flour was placed into a 25ml graduated glass
cylinder and the flour was tapped manually by lifting
and dropping the cylinder until a negligible difference in
the volume was observed. The mass (m) and the appar-
ent (tapped) volume (V) of the flour were used to cal-
culate the flour density (g/ml).

Water activity (a,). The a,, was measured in a water
activity meter (AQUALAB, model 3TE, USA) using
1.0 g of sample at 254+2°C (Osorio et al., 2014).

WHC. The WHC was measured according to Duarte
et al. (2017) with some modifications. One gram of cas-
sava flour was mixed with 10 ml of distilled water and
shaken for 2min before being incubated for 20h at
25°C. The mixture was then centrifuged at 314 x g
(radius of rotor 70mm) for 30min. Finally, the
volume of the supernatant was measured. The results
were expressed as ml of water/g of sample.

OHC. The OHC was obtained by mixing 1 g of sample
with 10ml of vegetable oil (PREMIER sunflower oil,

Ramirez et al.

Colombia, density=0.90g/ml) for 2min at 25°C.
Then, the oil mixture was centrifuged at 314 x g
(radius of rotor 70mm) for 30 min. The supernatant
volume was measured (Duarte et al., 2017). The results
were expressed as ml of oil/g of sample.

Color determination. The cassava flour color was mea-
sured according to Pasqualone et al. (2016). Then, the
color parameters 1, a*, b* were determined. For color
determination, an X-RITE, model SP62S, USA, was
used, with illuminant D65 at 10° for reference. For
the color analysis, 3 g of cassava flour sample was used.

Formulation, elaboration, and characterization
of cassava flour-based pasta

Cassava flour-based pasta was prepared using cassava
flour (26, 28, or 30g/100 g), amaranth flour (12, 14, or
16g/100g), CMC (0.21, 0.23, or 0.25g/100g), egg
powder (2.10g/100 g), enzyme Veron © 191 S (0.03 g/
100 g), and water (ranging between 51.64g/100g and
59.64g/100 g) (Table 4). The water was added while
the dough was forming, until the desired texture was
achieved.

The different mixtures determined by the different
contents of the cassava flour, amaranth flour, and
CMC were blended for 10min. Then, the dough was
sheeted between two rolls of a pasta machine (Marcato,
Atlas 180, Italy) until a thin sheet was formed. The
dimensions of the obtained pasta were as follows:
width 1cm, thickness 0.2cm, and length 15cm.
Finally, the sheet was cut into strips of 15cm and
dried at 55°C for 4 h.

The different pastas obtained from each formulation
were characterized in terms of water activity, moisture
content, hardness, protein content, and color.

The moisture content and protein content were
measured according to AOAC (2002), and the water
activity was determined according to Osorio et al.
(2014).

A texture analysis was performed according to
Mirhosseini et al. (2015) with some modifications.
A TA-XT2i Texture Analyzer (Stable Micro Systems
Ltd, Godalming, Surrey, UK) fitted with a 50 kg load
cell was used and a PerSpex cutting probe was used.
The pasta sample was placed centrally under the 2 mm
compression tip with a speed of 2mm/s. The test was
applied to five samples per formulation. A force—
distance curve was used to determine the hardness of
the dried gluten-free pasta.

The color of the pasta was measured according to
Pasqualone et al. (2016). Three grams of milled dried
gluten-free pasta was put into the cell and analyzed
using a colorimeter (X-RITE, model SP62 S, USA).
The results were expressed in the CIELAB space as
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L* (lightness; 0 = black, 100 = white), a* (4+a =redness,
—a =greenness), and b* (+b=yellowness, —b =blue-
ness) values (Islas-Rubio et al., 2014).

Once these results were obtained, the optimal pasta
formulation based on multiobjective optimization that
maximized the water content, water activity, hardness,
and protein content was determined and analyzed with
respect to the gluten content and the acceptability of
the final product, which was tested by means of a sen-
sory analysis.

The gluten content was determined according to the
AOAC  (2012) using a  commercial  Kkit,
RIDASCREEN® gliadin (R-Biopharm, Darmstadt,
Germany). Basically, 2.50ml of Radiscreen® gliadin
was added to 0.25g of homogenized sample, and the
two were mixed for 40 min at 50 °C. Then, the sample
was allowed to cool to room temperature. Next, 7.50 ml
of ethanol (80%) was added and the sample was mixed
for 1h at 25°C. Then, the sample was centrifuged at
658 x g (radius of rotor 70mm) for 10min, and the
supernatant was collected in Eppendorf tubes of
10ml. Finally, the samples were diluted according to
the kit instructions, and the absorbance of each
ELISA plate was measured in a microplate reader
(Rayto, model RT-2100C, China) at 450 nm.

The sensory analysis was performed on pasta that
was cooked wusing a methodology described by
Larrosa et al. (2015) with some modifications
of AACCI (1999b) Method 66-50. Basically, 25g of
pasta was cooked in 250 ml of distilled boiling water
for 10 min. After cooking, the samples were cooled by
soaking in cold water for 1 min, and the excess water
was removed with a paper towel. After that, the pasta
was served for the sensory evaluation. The sensory
analysis of the pasta was performed based on
NTC3929 (NTC, 2009) approved by ISO6564:2005.
The panelists measured the attributes related to differ-
ent tastes, such as bitter, metallic, astringent, salty,
earthy, umami, sweet, cereal, and starch, and these
attributes were measured on a scale ranging from 0
to 5, where 0 corresponds to absence of some of the
different tastes defined before, 1 is a very weak pres-
ence of some tastes, 2 is the weak presence of some
tastes, 3 is the moderate presence of some tastes, 4 is
strong, and 5 is an intense presence of some of the
tastes. The analysis was conducted with six trained pan-
elists: five women and one man, with ages between 40
and 55 years. The sensory study was conducted in the
Food Sensory Analysis Laboratory at the Universidad
de Antioquia, Colombia.

Statistical analysis

Two experimental statistical designs were applied: one
for optimizing the cassava drying conditions to obtain
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a suitable flour and the second to optimize the pasta
elaboration.

For cassava drying, an experimental design based on
central composite 2% with 4-star points and a replicate
in the central point (ten experiments) was used
(Table 1). Two factors, the air-drying temperature
(45-55°C) and airflow rate (2.70-3.30m/s), with two
levels (—1, 1) and a significance level of 95% were
used. The optimization of the drying conditions to
get a product that then will be converted to cassava
flour was based on minimizing moisture and A,,
while maximizing the WHC, diffusion coefficient, and
brightness.

For the pasta making optimization, a surface
response methodology with a Box—Behnken design
using three factors with two levels, cassava flour (26—
30¢g/100 g), amaranth flour (12-16g/100 g), and CMC
(0.21-0.25g/100 g), was used (Table 4). The water activ-
ity, moisture content, hardness, protein content, and
color were the response variables and were investigated
using a response surface methodology and fitting the
experimental values to the following second-order
equation

2 2 2
Y=by+ ) biXet ) biXi+ ) byXiX; (13)

=1 i=1 i<j=1

where Y is the response variable, by is a constant, b; are
model coefficients linked to a linear effect, b; are the
coeflicients related to the quadratic effect, b; are
the constants for the interaction effect, and X; and X;
are the variables. The data and RMS were analyzed and
performed using STATGRAPHICS Centurion XVI
software (Statistical Graphics Corporation, Version
16.0.07, Rockville, USA).

Table 1. Experimental conditions applied to study the
effect of drying condition on cassava flour using a 22 plus
star points design

Run  Air temperature (°C) Air flow rate (m/s)
1 50.0 0 3.4 1.4
2 45.0 —1 3.3 1
3 50.0 0 3 0
4 55.0 1 2.7 —1
5 571 1.4 3 0
6 50.0 0 3 0
7 45.0 —1 2.7 —1
8 55.0 1 3.3 1
9 42.9 —-1.4 3 0

10 50.0 0 2.6 -1.4




RESULTS AND DISCUSSION
Proximal analysis of the cassava tubers

The proximal analysis of the cassava tubers showed
that the moisture content was 63.80 g of water/100 g
of sample, the starch content was 82 g/100 g of sample
(dry basis), the protein content was 3.30g/100g of
sample (dry basis), and the ash content was 2.67 g/
100 g (dry basis).

The moisture value obtained in this work was very
close to that reported by Vega et al. (2018), who found
a moisture value for cassava of 59 g of water/100g of
sample. Furthermore, this moisture value is higher than
that of other tubers, such as Andean potatoes, the
water content of which can vary from 72 to 82g of
water/100g of sample (Calliope et al., 2018), but
lower than other non-Andean tubers such as the
Alocasia indica tuber, the moisture content of which is
approximately 42.8g/100g of sample (Basu et al.,
2014).

The starch content in the cassava was higher than
that reported for Andean potatoes and other kinds of
tubers, such as Dioscorea pyrifolia, for which Elmi
Sharlina et al. (2017) reported a starch content of
26.64 g of starch/100g of sample. The higher starch
content has a direct relationship with the dry matter
content, which, as previously mentioned, was higher
than that of the Andean potatoes. Finally, Adekunle
et al. (2016) determined a carbohydrate content of
73% for the cassava variety ADP 3.

The protein content obtained was lower than the
protein content determined by Adekunle et al. (2016),
who found that this value was 6 g/100 g for sweet cas-
sava variety ADP 3. This was higher than the protein
content of the cassava used to feed poultry, which was
approximately 1.0-3.0g/100g (Morgan and Choct,
2016). However, the protein content of the cassava
was lower than that reported for Jerusalem artichoke
(Helianthus tuberosus), with 9.99 g protein/100 g of sam-
ple (Rubel et al., 2018). Furthermore, Ceballos et al.
(2006) found that the variation of crude protein of cas-
sava roots analyzed in different countries of the world
ranged from 0.95 to 6.42%.

The ash content for cassava was higher than that
reported for the Andean potatoes, but lower than the
close to 7g/100 g reported by Adekunle et al. (2016) for
the sweet cassava variety ADP 3.

Other values of proximal analyses have been
reported by Anyanwu et al. (2015). They found that
moisture, starch, and protein contents in cassava root
in Nigeria were 70, 24, and 1%, respectively. In general,
cassava has similar or higher yields than typical tuber
crops, such as many varieties of Andean potatoes.
Thus, cassava is an attractive crop for starch or flour
production.

Ramirez et al.

Hot air drying of cassava slices considering the
convective boundary condition

Stored samples (—20 °C) were unfrozen at 4°C for 24 h
and then left at room temperature for 5h before drying.
Because all of the samples had the same freezing treat-
ment, we assumed that for all samples, the cells of the
cassava slices were equally affected by the ice crystals
and the cellular damage was the same for all the sam-
ples. This damage is an advantage, because it favors the
diffusion processes, as reported by Ramirez et al.
(2011).

Figure 1 presents curves obtained from the drying
process of the cassava slices. The results of the effective
diffusion by second Fick’s law model are summarized in
Table 2. One of the most important considerations in
obtaining the D,z values was to account for the effect of
convection as a boundary condition because the prod-
uct experienced an air flow rate (v,;,) during the drying
process, and this was considered using equation ().
Through nonlinear regression of all of the experimental
MR, the values for a and b were found to be 3.40 and
0.80, respectively. On the other hand, the fit for the
Arrhenius equation showed a Dy of 2.09 x 107> m?/s
and E, of 66kJ/mol K. The Dy value reported here is
higher than that reported for yacon 5.04 x 10~/ m?/s
using an air rate of 1.5m/s (Shi et al., 2013). The acti-
vation energy value obtained in this work was
higher than that obtained for yacon by Shi et al.
(2013) (30 kJ/mol K) but within the range reported by
Falade et al. (2007) for yam (59.94-69.45 kJ/mol K).

Since D, is a material parameter, it should not vary
with the air effects or the air flow rate. The contribution

# Runi © Run2 w Run3 & Run4 @ Run5 o© Run6
# Run7 ¢ Run8 & Rung9 ¥ Runi10
1.0
0.8
0-6-%
o
T | g
04| Gh
e
0.2 - g,
D";
*{amm«—o—ai
4L
0.0 -
50 100 150 200 250 300
Time (min)

Figure 1. Cassava drying curves at different air
temperature and flow rate based on the different
experimental design runs.
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Table 2. Effective diffusion (D) values obtained by
second Fick’s law model including convective boundary
condition effects

Effective
Processing  diffusion Sum of

Run  time (min) (m?/s) R? square error

1 122 451x107® 0995 0.021

2 92 3.06x107° 0.999 0.031

3 92 451x107® 0.999 0.028

4 77 6.56x 107 0.995 0.047

5 57 7.65x107® 0.999 0.048

6 67 451x107® 0.998 0.047

7 227 3.06 x107® 0.992 0.023

8 67 6.56x107® 0.994 0.056

9 257 2.60x107® 0.992 0.024
10 197 451x107® 0.993 0.024

of the convective air flow is considered in the model

formulation, which decouples the estimation of D

from the surface effects. The response surface analysis
indicated that the air flow rate did not have a significant
effect on D,; This confirms the assumptions in the
model proposed for the drying kinetics. The statistical
analysis shows that only the temperature had a signifi-
cant effect on D, presenting an R* of 99.98% and an
R%-adjusted of 99.98% with a significance of 95%.
Finally, the surface response can be represented by
the following equation

Doy x 107%(m?%s) = 17.47 + 0.87 x T+ 0.0127°
(14)

From Table 2, it is possible to note that D, ranged
from 2.60 x 107 to 7.65 x 10~° m?/s, where the lowest
value was obtained at processing conditions of 42.9°C
and 3m/s, and the highest value was obtained at
57.1°C and 3.0m/s. The results are out of the range
presented for vegetables in Saravacos and Maroulis
(2001) with a range between 2.20x 107'* and
3.05 x 1077 m?/s but are in the range presented for leg-
umes (2.06 x 107" to 1.07x 107 m?/s) and cereal
(8.33 x 1072 to 4.04 x 10~® m?/s) products (Saravacos
and Marouli, 2001).

Considering the processing time, which was defined
as the time required to dry cassava until it reached the
equilibrium moisture, the highest processing time was
obtained for run 7 (45°C and 2.70m/s), 9 (42.9°C and
3m/s), and 10 (50°C and 2.60 m/s) with 227, 257, and
197 min, respectively. In contrast, the shortest process-
ing time was obtained in run 5 (57.1°C and 3.0m/s)
with 57 min.
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Cassava flour elaboration and characterization

Each of the dried samples under the 10 different air
temperature and air flow rate conditions was milled
and transformed into cassava flour. The average diam-
eter of the flour particles (D,) ranged from 228 to
248 um with a mean value of 236 £6um for the 10
experiments. According to CODEX STAN 152-1985
(2008), the particle size required to emulate a product
based on wheat flour must be 212 um. The particle size
values reported in our work were used by Dayakar Rao
et al. (2016) to produce a product based on sorgo flour
(particle size ranging from 152 to 251 pm).

For each flour sample obtained under the 10 condi-
tions associated with the experimental design, the water
activity, moisture content (g/100g), apparent density
(g/ml), WHC (g of water/g of flour), and OHC (g of
oil/ g of flour) were measured (Table 3). For example,
water activity was affected by temperature and air flow
rate. The response of this variable can be represented
by a linear model with R* 84.18% and an R*-adjusted
of 79.66%, which is not representative of the real data

ay, = 0.5679 — 0.0068 x T+ 0.0563 x vy (15)

The moisture content, apparent density, WHC, and
OHC were not significantly affected by the drying con-
ditions (p>0.005). The moisture content ranged
between 7.61g/100g at 45°C and 3.30m/s to 4.61 g/
100 g at 55°C and 2.70 m/s. The mean value obtained
for all of the experimental runs was 5.91£0.84 g/100.
The highest apparent density was 0.49 at 50°C and
3.40m/s, while the lowest was 0.41 at 55°C and
3.30m/s. The mean value calculated from the 10 runs
was 0.45+0.02. Finally, the WHC and OHC were mea-
sured. In general, the values ranged between 0.44 and
0.51 g of water/g of flour with a mean value for the 10
runs of 0.48+0.02g of water/g of flour. The WHC
value reported for cassava was lower than those
reported for wheat, and the values were approximately
0.56-0.66 g/g (Duyvejonck et al., 2012) and an inclusive
upper value of 1.24¢g/g was reported by Kaur et al.
(2014). WHC is a good measurement to determine the
flour performance, and lower WHC values (<0.51 g/g)
indicate that the flour performs well for cookie making
(Duyvejonck et al., 2012).

The results of the statistical design analysis indicated
that neither the temperature nor the air flow rate were
significant factors for the L*, a*, and b* parameters
(Table 3). A global analysis considering the 10 runs
performed showed a mean value of 54.46+5.65 for
L*, a mean value of 0.374+0.28 for a*, and a mean
value of 7.24+0.84 for b*. For example, Kaur et al.
(2014) reported mean values of L*, a*, and b* of 93.45,



Table 3. Cassava flour properties measured for each run at the end of drying process

Color parameters

Mean

Moisture
content

diameter
(nm)

OHC

WHC (g water/

g flour)

Apparent

b*

a*

(g oil/g flour)

density (g/ml)

(9/1009)

Water activity

Run

0.89+0.21a 6.38+0.21a

48.93 +£0.55a
48.15+8.43a
50.24 £5.64a
47.62+2.15a

248
238
230
232
237
235
228
240
236
239

0.48+0.19a 4.33+0.13b

0.492+0.010a

6.11+0.84b
7.61+0.06a

0.430 +0.004b

1

6.45+0.94a

0.09+0.03d

457 £0.23a,b
433+0.14 b

0.51£0.11a

0.454+0.010b,c
0.467 +0.008b

0.463 +0.002a

2
3
4
5
6
7
8
9
10

5.60+0.67a

0.46 +0.09b

0.45+0.04a

5.41+0.76b,c
4.61+0.18c

0.388 +-0.003d

7.36+0.28b

0.83+0.03a

0.458 £0.001b,c  0.47 +0.10a 455+0.11a,b

0.432+0.002d

0.339+0.011f

7.80+0.13b,c
7.60+0.27b,c

0.27+0.12c
7.44+£0.77b

53.86 +1.29a,b

4.444+0.11b

0.48 +0.09a

5.98+0.07b

0.341 +0.000f

0.16+0.00c, d

54.21 £1.27a,b

4.58 +0.07a,b
4.80+0.22a,b

0.460+0.003b,c  0.48+0.05a
4.27+0.08 b

0.435+0.003d

5.53+0.93b

0.379 +£0.002e

0.23+0.08c, d
0.26 +0.04c

59.98 +4.88b,c

0.46 +0.05a

5.47 +0.07b

0.400 +0.002¢c

7.89+0.62b,c
7.44+0.57b

58.77 £5.37b,c
63.46 £4.92c

0.408 £0.001e 0.44+0.03a

5.62+0.64b

0.373+0.002e

0.12+0.07c, d
0.45+0.11b

0.431+0.020d 0.50£0.04a 4.76+£0.19a

0.449+£0.001c

6.96 +0.07a

0.428 +0.010b

8.411+0.47c

59.24 +2.30b,c

4.83+0.41a

0.50+0.14a

5.82+0.15b

0.403 +0.004c

OHC: oil holding capacity; WHC: water holding capacity.

Results are presented as mean =+ standard deviation using n=3 samples.

a,b,c: different letters mean that there were significant differences (p < 0.05) between treatments for the average.
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0.30, and 9.46, respectively, for wheat flour. This sug-
gests that the L* value was lower than that reported for
wheat. Therefore, the cassava flour is less white than
wheat flour. The values of b* shown in Table 3 are
similar to those reported by Fiorda et al. (2013) for a
cassava starch.

Considering all of the measurements performed on
the cassava flour obtained from cassava dried at differ-
ent temperatures and air flow rates and considering that
the drying conditions only affected the processing time,
D.;and A, optimization of the drying process based
on these variables indicated that the best drying condi-
tions were those of run 5 (57.1°C and 3.0m/s).
Therefore, the cassava-based pasta was created with
cassava flour obtained under the conditions of run 5.

Analysis of different formulations for
cassava-based pasta

The 15 different pasta formulations based on
cassava (C), amaranth flour (A), and CMC were cre-
ated based on a Box—Behnken experimental design, and
the results for the water activity, moisture content,
hardness, protein content, and color parameters
(L, a, and b) for each experimental run are presented
in Table 4.

In general, the water activity results were independ-
ent of the formulation used and had an average value of
0.150. The results of the statistical design analysis for
water activity indicated that only the cassava flour con-
tent had a significant effect (p<0.05). This effect was
positive when the cassava flour increased from 26 to
30g/100g. Notably, the polynomial model obtained
to represent the water activity response presented an
R? and R*-adjusted below 30%.

The moisture content ranged between 2.11g/100g
and 5.10g/100g. The lowest value was obtained for
run 2, while the maximum moisture content was
obtained for run 15. Based on this, the obtained
model presented an R? of 61% and an R*-adjusted of
54%, which suggested that the model is not represen-
tative of the data. Cassava flour played an important
role in keeping the moisture content in the pasta. In
general, the values of the water activity and moisture
content were below those obtained in commercial pasta
(with gluten), which has a water activity of 0.57 and
moisture content of 10.83g/100g. This behavior is
because the pasta has a lower water absorption capacity
in comparison with pasta containing gluten. In this
sense, the gluten content in the pasta guarantees a
higher moisture retention (Yazar et al., 2017). Finally,
the moisture values reported for gluten-free pastas
oscillate between 10 and 13% (Rodrigues et al., 2016;
Zandonadi et al., 2012), and these values are higher
than those shown in Table 4. In terms of a,,
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Makdoud and Rosentrater (2017) reported a value of
0.59 for a gluten-free pasta based on quinoa, amaranth,
and rice flour. According to the authors, the values
reported are in the range of those obtained for com-
mercial gluten-free pastas (0.57-0.62), which are higher
than those obtained in this work.

The hardness of the dried pasta ranged from 1.82 to
5.02 N for the formulations corresponding to run 2 and
run 6, respectively. These results are similar to those
reported by Bouasla et al., (2016) who determined the
hardness was between 3.76 and 4.94 N for a pasta made
with rice flour. However, the hardness values shown in
Table 4 are lower than the value of the commercial
pasta, which is 18.33N; this may be because the
starch present in the cassava flour generates less cap-
acity to support the structure, since it directly affects
the texture of the pasta, producing a product with lower
hardness (Granito et al., 2003). However, the hardness
of the pasta made with cassava flour can be increased
with a higher concentration of CMC in the formu-
lation, which is in relation to that reported by Chillo
et al. (2007).

The statistical analysis of the experimental design
showed that only the combination of amaranth flour
and CMC affected the hardness of the pasta, but the
model based on the values of R*-adjusted <25% was
not representative of the data.

The protein content did not vary much among
the runs, and it had an average value of 9.24+0.43 g/
100 g. The range of the protein content varied from
8.4 (run 9) to 10.0g/100g (run 4), which suggested
that the amaranth flour played an important role in
increasing the protein content. The Amaranthus species
have been described as protein sources with values
between 12 and 16%, higher than wheat (10%), corn
(10%), and rice (7%) (Arcila and Mendoza, 2006);
besides, it has been demonstrated that the protein con-
tent of amaranth is 1.94, higher than the 0.54 found for
wheat flour (Yanez et al., 1994). As shown in Table 4,
the protein values for the pasta developed in this inves-
tigation ranged between 8.4 and 10%. These values are
similar to those reported by Bouasla et al. (2016), who
determined the protein content between 8.25 and 12%
for a gluten-free pasta made with rice flour. Mariotti
et al. (2011) quantified values of protein between 8.51
and 10.79% for a gluten-free pasta made with corn
flour, rice flour, and pea protein isolate.

The statistical analysis reflected the importance of
cassava, amaranth, and the combination of both in
the protein content response. The amount of CMC
was not significant for the pasta protein content
(p>0.05). In addition, the quadratic component of
cassava and the linear component of amaranth were
significant factors. This finding suggests the presence
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of an optimal cassava flour value of 28 g/100 g and an
optimal amaranth value of 16g/100 g for a maximum
protein content. The model that represents the behavior
of the protein content (P) is as follows

P=-4827+413xC+02x A—0.08 x C*
(16)

where R? and RZ-adjusted were 93.67 and 91.38%,
respectively. Thus, to get the maximum content of pro-
tein (10.00 g/100 g), it is necessary to use the formula-
tion from run 4.

The above can be explained by the protein richness
of amaranth flour, the grains of which have 15g/100 g
of protein, 60g/100g of starch, and 8g/100g of fat.
Moreover, amaranth flour is a source of thiamine,
niacin, riboflavin, and folic acid, and dietary minerals
including calcium, iron, magnesium, phosphorus, zinc,
copper, and manganese. These minerals interact with
CMC to form a complex that may help generate the
formation of a network similar to that formed by
gluten, as it has been shown that the complex between
proteins and CMC is useful in the formation and sta-
bilization of food systems (Cardenas-Hernandez et al.,
2016; Chillo et al., 2007; Koupantsis et al., 2014;
Sciarini, 2011).

The color analysis showed that L*, a*, and b* were
not influenced by the cassava, amaranth, or CMC
content. The range of data reported for L* was
between 74.93 and 79.51, which was higher than
that obtained for commercial pasta, which had an
L* value of 58.24. Additionally, the range present in
our pasta was higher than that reported by
Mirhosseini et al. (2015) for gluten-free pasta based
on pumpkin flour (approximate range of 52—68) and
Fiorda et al. (2013) for a gluten-free pasta based on
cassava starch.

For component a*, the obtained values ranged
between 3.33 and 5.59, which is in the range reported
by Mirhosseini et al. (2015) (0.94-11.4). However, the
value calculated in our work is lower than that of com-
mercial pasta (a* =7.70). In the case of component b*,
the range obtained in our pastas varied from 16.57 to
20.42, which was below that obtained for commercial
pasta (Durum wheat) (b* =30.55).

The multiobjective optimization showed that the
pasta formulation based on 26 g/100 of cassava, 12 g/
100 g of amaranth, and 0.23g/100g of CMC (run 6)
maximized the water activity (0.16), moisture content
(3.10g/1000 g), hardness (5.02N), and protein content
(9.30 g/100 g) of the dried pasta. The pasta created with
this formulation was used to perform gluten content,
proximal and sensorial analyses.
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Gluten content in cassava-based pasta
formulated from run 6

Cassava, amaranth, CMC, egg powder, enzymes, and
water are all ingredients that are categorized as glu-
ten free. However, the actual gluten content was
26.1 mg/kg. Even though 26.1 mg/kg of gluten is a
low value, according to normative standards, the
pasta developed in this research cannot be considered
a gluten-free product, because the gluten content of
gluten-free labeled products must be lower than
20mg/kg. Therefore, the pasta produced by this
research can be considered a reduced gluten product
because the gluten content is between 20 and 100 mg/kg.

The presence of gluten is due to the in-processing
lines used for the amaranth, which typically are also
used to produce ingredients based on wheat, resulting
in cross contamination of the amaranth flour.
This contamination is typical and has been reported

by Lopez et al. (2010), who studied the gliadin content
in more than 32 products categorized as gluten free.
They found that nine of the products had higher
gluten values than allowed by the normative.

Sensorial analysis of pasta

The sensorial analysis was performed to evaluate the
taste obtained in cassava flour-based pasta (Figure 2).
In Figure 2 it can be observed that the most relevant
taste descriptors present in the pasta were fish and
cereal flavor with a value of 3; and earthy, umami,
and fish taste with 2.5. The presence of these tastes is
due to the main ingredient, cassava, which is a tuber.
The cereal taste may be related to the incorporation of
amaranth flour (Pastor et al., 2007). Finally, the umami
taste is typically present in food with a high content of
amino acids and protein (Yu et al., 2018), which is the
case for pasta, and ingredients such as egg powder and

Musty taste

Salty taste

Earthy taste 4

Fish taste

Umami taste

Sweet taste

Cereal taste

Astringent taste

Metallic taste

Bitter taste

/> General qualification

Fish residual taste

Figure 2. Result of sensorial analysis performed to evaluate the taste obtained in cassava flour-based pasta.
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amaranth flour can contribute to the umami taste.
Additionally, the panelist performed a general quality
evaluation, which obtained a qualification of 2, which
means that the main flavors present in the cassava-
based pastas were fish and earth, being both flavors
characteristic of tubers such as artichoke and cassava
(De Santis and Frangipane Teresa, 2018; Oladiran
et al., 2018). A recommendation to avoid these flavors
is the incorporation of masking flavors.

CONCLUSION

In general, the different combinations of air tempera-
ture and air flow rate affected mainly water activity and
the moisture content of the flour; however, techno-
logical properties such as WHC and OHC were not
strongly affected, and therefore, the optimization of
the dehydration process was only based on the condi-
tion that allowed us to minimize the dehydration time,
which was attained at 57 min with 57 °C and an air flow
rate of 3.0m/s.

Cassava flour has great potential to be used—-
coupled with other protein rich flours—as an ingredient
in gluten-free pasta. The results showed that the pastas
produced with cassava flour were comparable to com-
mercial pastas in terms of the protein content, but their
hardness, water content, and water activity were lower
than those typically reported for gluten-free pastas.
Additionally, the sensory analysis indicated that the
main problem with this product is the earthy taste of
cassava.
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