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Abstract: The aim of this study was to determine the potential of Andean Crop Flours (ACF) to
develop muffins suitable for people with celiac disease or gluten intolerance, as these flours do not
contain gluten in their composition. The physico-chemical, rheological, microbiological and sensory
properties of muffins from different blends of the following ACF were evaluated: camote (Ipomea
batatas), oca (Oxalis tuberosa), achira (Canna indica) and mashua (Tropaeolum tuberosum), formulated
with sucrose or sucralose. Wheat muffins with sucrose were used for control purposes. The effect of
5-day storage on color, texture and microbiology was also studied. The use of ACF sharply increased
the amount of total dietary fiber, while fat and protein contents were slightly lower with respect
to the control. Regarding color, formulations with ACF resulted in darker products, showing an
important decrease in L* and b* values while a* increased in all ACF formulations. According to their
rheological properties, all doughs showed an unstructured and viscous behavior, and the mixture of
camote, achira and mashua with sugar was very similar to wheat muffin. On textural parameters,
there was an increasing (p < 0.0) effect on firmness and chewiness noticeable on day 5 in all samples.
The resultant muffins were considered safe products due to low counts of total microorganisms,
molds and yeasts and the absence of Enterobacteria and Staphylococcus aureus during storage. Muffins
with ACF showed good overall acceptability, especially muffins containing sucralose, which obtained
the highest score. This study showed that ACF could be used as an alternative raw material in the
preparation of gluten-free muffins with good nutritional quality, thus providing a useful alternative
for underused crops.

Keywords: Andean agrobiodiversity; camote; oca; mashua; achira; physical properties; dietary
fiber; acceptability

1. Introduction

In the last decade, the food industry has requested the development of products that
may offer alternatives to people with special requirements; for example, people who suffer
intolerance or do not assimilate standard components of foods such as gluten [1,2]. For
centuries, bakery products, especially bread, have been considered one of the primary
foods of society. However, in recent years, bread consumption has decreased considerably
due to changes in eating habits (diets, new trends and food fads). Moreover, the growing
preference for bread substitutes such as breakfast cereals, and other foods with improved
nutritional or functional values [3], has led to a continuous sales growth of foods that
differ from the daily-consumed conventional ones [4,5]. Pastry products are essentially
heat-dried gels made with flour, eggs and sugar (muffins, cupcakes, cakes, chiffons, among
others) and in an infinity of different flavors, colors, sizes and presentations, have been
positioned as foods for mass consumption [6,7]. In addition, muffin dough stands out
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for its versatility, adaptability and easy preparation [8,9]. The main component of these
products is usually wheat flour. However, about 1% of the world population suffers from
a celiac condition, which is an inflammatory disease of the small intestine triggered by
gluten proteins from cereals, particularly wheat, barley and rye [10,11]. In this sense,
some alternative raw materials rich in nutrients from non-gluten cereals, pseudocereals,
legumes, seeds, fruit and vegetables could be used to formulate gluten-free products with
proper physical and sensory properties. However, in the case of whole-grain flours and
other alternative raw materials, they might have limitations from a technological point of
view, since they present changes in the color, aroma, texture, taste and in general in the
appearance of resulting products, thus jeopardizing their acceptability. This is why these
nutrient-rich raw materials are often used in combination with gluten-free starches and
flours [12]. Several studies have focused on replacing gluten in pastry products as muffins
with different ingredients such as squash seed dietary fiber [13], a blend of rice, soy and
corn starch flours [14], black carrot pomade eggless in a rice-based product [15], cowpea
protein isolates in a rice-based product [16], chickpea flour-based batters and muffins [17]
and rice flour, potato starch and amaranth flour in different concentrations to formulate
gluten-free bread [12]. The design of gluten-free muffins, which are so widely demanded
because they are appealing to everyone, is an opportunity to enrich gluten-free foods that
sometimes exhibit a poor nutritional profile [18]. However, despite this wide range of
mentioned possibilities, there is scarce information about the use of blend flours from
Andean crops for the development of gluten-free muffins.

Andean crops have historically been a primary source of food for the indigenous
population of countries located throughout the Andes Mountains [19,20]. Ecuador has
an extensive variety of Andean crops, but most of them have been relegated over time
in favor of others which are more profitable or, in turn, due to a lack of knowledge of
their nutritional components, functional and physico-chemical properties, and, therefore,
of their potential use and applications in the food industry [21,22]. Among the ancestral
Andean underutilized crops (in Quechua aboriginal names) are camote (Ipomea Batatas),
oca (Oxalis tuberosa), achira (Canna indica) and mashua (Tropaeolum tuberosum). Despite their
low consumption, these crops could be of interest because of their nutritional composition
(starches, proteins, essential fatty acids), functional properties (for example, as stabilizers)
and absence of gluten [23,24]. Likewise, anthocyanins, qualified as anticancer or antipro-
static agents, have been found in oca and camote, and anaphrodisiac properties have been
attributed to the isothiocyanates in mashua [23,25]. Furthermore, a natural sweetening
effect is observed in oca and mashua when they are exposed to sunlight (caused by the
conversion of starches into sugars), that would allow obtaining sweet products with a
reduced load of added sucrose and even replacing it completely [26]. Furthermore, the
physico-chemical attributes of achira as a gelling agent and stabilizer were used to develop
highly functional products with similar sensorial characteristics to the traditional wheat
bakery ones [27].

Therefore, Andean crops could be added to improve processing or to produce specialty
and novelty products. These products will often present an increased nutritive value,
becoming a good alternative as raw materials in the food industry, mainly in bakery and
pastry making, where wheat flour is the most used ingredient because of its excellent
bakery capacities.

So, the objective of the present study was to develop gluten-free muffins from for-
mulations of underutilized flour blends of Andean crops as a model cake system. A
characterization of the muffins was conducted in terms of physicochemical, sensory prop-
erties and microbiological stability, in order to evaluate the behavior of flour blends and
their capacities. Muffins with commercial wheat flour were also elaborated for comparison.



Agronomy 2021, 11, 1642 3 of 22

2. Materials and Methods
2.1. Andean Crops Flours (ACF)

Camote (Ipomea Batatas), oca (Oxalis tuberosa), achira (Canna indica) and mashua (Tropae-
olum tuberosum) were purchased in a local market (Ambato, Ecuador). Andean crops were
separately washed with water, drained and cut into slices of approximately 2 mm and
dried at 60 ◦C for ~24 h until moisture was constant. Dried slices were then milled in an
industrial cereal mill (Inox Equip IE1, Riobamba, Ecuador) to obtain the respective flours.
Flours were hermetically packed in polyethylene bags at room temperature until later use.
The resulting flours showed the following characteristics: camote flour (C) (moisture 6.2%;
fat 0.37%; protein 4.65%; fiber 11.19%; ashes 3.24% and carbohydrates 74.35%), oca flour
(O) (moisture 16.4%; fat 1.06%; protein 1.63%; fiber 5.33%; ashes 3.04% and carbohydrates
72.54%), mashua flour (M) (moisture 18.87%; fat 0.59%; protein 9.12%; fiber 9,6%; ashes
4.94%; and carbohydrates 56,89%) and achira flour (A) (moisture 5.94%; fat 0.63%; protein
4.80%; fiber 11.51%; ashes 8.04% and carbohydrates 69.08%). Commercial wheat flour
(W) (moisture 12.7%; fat 2.7%; protein 10.2%; fiber 2.7%; ashes 0.65%; and carbohydrates
71.05%) was used as a control.

2.2. Batter Formulation and Baking Procedure

Four gluten-free muffin formulations were prepared with 35% of Andean crop flours
(ACF) and 65% of a mix of sunflower oil, skim yogurt, eggs, sweetener (powdered sugar or
commercial sucralose) and baking powder (1%), as shown in Table 1. The control muffins
(C) were elaborated with wheat flour (it was used as a reference because this kind of muffin
is the most widely known and consumed). The ingredients were individually weighed
using an electronic scale (Model V-350, ACCULAB, NY, USA).

Table 1. Muffin formulations prepared with Andean crops flours (ACF).

Ingredients (%) Control CAMa OAMa CAMe OAMe

Wheat 33.02 - - - -
Camote - 14.86 - 15.74 -

Oca - - 14.86 - 15.74
Achira - 14.86 14.86 15.74 15.74

Mashua - 3.30 3.30 3.50 3.50
Sunflower oil 4.72 4.72 4.72 5.00 5.00

Eggs 23.58 23.58 23.58 24.99 24.99
Skim Yogurt 32.08 32.08 32.08 33.98 33.98

Bakery powder 0.94 0.94 0.94 1.00 1.00
Sweetener - - - - -

sugar 5.66 5.66 5.66 - -
sucralose - - - 0.06 0.06

Control: muffin with wheat flour and sugar, CAMa: muffin with camote, achira, mashua flours and sugar, OAMa:
muffin with oca, achira, mashua flours, and sugar, CAMe: muffin with camote, achira, mashua flours, and
sucralose, OAMe: muffin with oca, achira, mashua flours, and sucralose).

For the elaboration of the muffins, dry and liquid components were mixed in a food
processor (Thermomix TM, Wuppertal, Germany), at 1 r.p.m. for 45 s. The dough was
divided in 20 g portions and placed into the muffin mold; cooking was carried out in
an oven (Zucchelli Mini Fanton, Medley, FL, USA) at 140 ◦C for 15 min. Then, muffins
were cooled at room temperature for one hour and packed individually in heat-sealed
food-grade plastic bags until analysis.

2.3. Proximate Analyses

Proximate composition (moisture, ash, protein, and fat) was evaluated following
the official AOAC methods 2005 [28]. The determination of dietary fiber was carried
out by the enzymatic-gravimetric method using a commercial kit (TDF-100A, Sigma-
Aldrich, Darmstadt, Germany) (AOAC 985.29, 1997) [29]. Total carbohydrate content was
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determined by difference. All determinations were performed in triplicate using three
samples for each treatment.

2.4. Energy Value

Calorie content was estimated ×100 g, as the overall sum of calories of the individual
components is the energy value for each component: fat (×9 kcal/g), protein (×4 kcal/g),
carbohydrate (×4 kcal/g) and fiber (×2 kcal/g) contents. Values were estimated by the
Atwater system.

2.5. pH, Acidity and Water Activity

The pH of muffins was measured using a digital pH-meter (HANNA HI 9126, RI,
USA). The acidity was determined by titration with NaOH 0.1N, using phenolphthalein as
an indicator according to the methodology described in AOAC (2005) [28]. Water activity
(aw) was determined using an aqueous activity meter (Aqualab 3rd Series, Decagon Devices
Inc., Pullman, WA, USA), by the dew point method. All tests were carried out in triplicate.

2.6. Moisture

Moisture content was performed in the unbaked dough and after baking to evaluate
moisture loss. Moisture was determined by drying in a stove at 105 ◦C ± 2. For each
measurement, approximately 3 ± 0.001 g of the crumb was used. Moisture loss during
baking was calculated by difference.

2.7. Specific Volume (Vs)

Specific volume was determined as the ratio of volume and weight (cm3/g) according
to AACC Method 10-05.01. The height of the muffins was measured using a digital caliper
from the bottom to the highest top. Four muffins of each formula were analyzed.

2.8. Texture Profile Analysis (TPA)

Crumb texture analysis was performed in a texturometer (PRO CT3 BROOKFIELD,
Scarsdale, NY, USA) equipped with the TA4/1000 probe. For the determination, two slices
2 cm high from the middle part of each muffin were obtained. Slices were subjected to a
deformation of 20% at a speed of 1 mm/s [13]. The parameters evaluated were Hardness
(peak maximum force on the first compression, N), Cohesiveness (the ratio of positive areas
in the two compression cycles representing the work required to compress the food for a
second time as compared with that which was necessary to compress it for the first time,
dimensionless), Springiness (the height that the food recovers after the first compression,
mm) and Chewiness (the product of hardness × cohesiveness × springiness, N × mm).
Ten measurements were performed for each sample. Analyses were performed on days 1,
3 and 5 of storage.

2.9. Color

Crumb color analysis was performed with a colorimeter (Lovibond, LC100, USA) us-
ing the CIELAB® color scale for parameters L*, a*, and b*. In addition, the whiteness index
was determined according to the equation WI = 100 − [(100 − L*)2 + (a*2 + b*2)]1/2 [30].
At least 15 measurements were performed, being the average the reported value. Samples
were maintained at room temperature (~18 ◦C) and relative moisture of ~ 85%. Analyses
were performed on days 1, 3 and 5 of storage.

2.10. Rheological Test

The viscoelastic behavior of doughs was determined at 25 ◦C using a rheometer (MCR-
102, Anton Paar, Graz, Austria) equipped with a plate-plate probe (40 mm diameter). The
gap between the plates was set at 1 mm. Due to the consistency of the dough, a frequency
sweep test was performed in a range of 0.1 to 10 Hz, stress at 3.3 Pa, and frequency of
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1 rad/s [31]. Storage modulus (G′) and loss modulus (G”) were recorded. All rheological
determinations were performed in triplicate.

2.11. Microbiological Analysis

Ten grams of muffin crumb were aseptically placed into a sterile stomacher bag
and homogenized with 90 mL of buffered 0.1% peptone water (Difco, Le Pont de Claix,
France) in a stomacher homogenizer (Model 400C, Seward, London, UK) for 1 min, at
room temperature. For each treatment, appropriate serial decimal dilutions were prepared:
viable aerobic mesophilic microorganisms on pour plates of PCA agar (Difco, Le Pont
de Claix, France) incubated at 30 ◦C for 72 h; mold and yeast on spread plates of Potato
Dextrose Agar (PDA) (Difco) incubated at 25 ◦C for 48 h (AOAC 986.32); Enterobacteriaceae
on double layered plates of Violet Red Bile Glucose Agar (VRBG) (Acumedia, Lansing, MI,
USA) incubated at 30 ◦C/48 h (AOAC 2003.01), and Staphylococcus aureus on Baird Parker
agar (Difco) incubated at 30 ◦C for 48 h (AOAC 975.55). All analyses were performed in
triplicate. The tests were carried out for five days. Analyses were conducted on days 1, 3
and 5 of storage.

2.12. Sensory Analysis

Muffins prepared from ACF were evaluated by a trained panel of 20 judges, men and
women within the age-range of 18 to 25 years old, who are part of the team of athletes of
the Technical University of Ambato. The panel received some training notions in previous
sessions; the panelists were asked to assess attributes such as odor, flavor, texture and
acceptability. The sensory test was performed using a 5-point hedonic scale (5—liked
very much; 4—like moderately; 3—neither liked nor disliked; 2—disliked moderately;
1—disliked very much). Five samples (one of each formulation, coded with three digits
and presented in random order) were served to each panelist accompanied by water to
allow palate cleansing between samples. Analyses were carried out on days 1, 3 and 5
of storage.

2.13. Statistical Analysis

Results were expressed as the mean ± standard deviation (SD) for each parameter.
The experimental design of a single completely randomized factor was applied. Statistical
analysis was performed with the GraphPad Prism 5.0 program (GraphPad Software, San
Diego, CA, USA) for the one-way ANOVA variance analysis. To determine significant
differences (p < 0.05), Tukey’s test was applied.

3. Results

Previous studies were conducted with different formulations of camote, achira, oca
and mashua flour blends (based on a baker percentage) in order to obtain products with
proper volume, taste and flavor. The selected formulations are shown in Table 1.

3.1. Proximate Composition of Muffins

The use of ACF to formulate gluten-free muffins resulted in differences in the proxi-
mate composition (Table 2). Moisture was similar in all formulations (p > 0.05) despite the
clear differences between the Control batch and ACF muffins, e.g., in terms of protein and
fiber content. The protein content showed significant differences (p < 0.05) mainly due to
the percentage of protein in Andean flours, which is lower than in wheat flour (Table 2), as
generally occurs with gluten-free flours and starches [32], except when formulated with
legumes [9], in which the protein content is increased. The fat content was lower in ACF
muffins than in the Control (p < 0.05) due to the low presence of fat in the tubers (camote,
mashua and oca) and achira flours. It should be noted that the low percentage of fat in
muffins may represent significant reductions in fat caloric value, as well as eventually
low aeration, fragile structure, loss of moisture and small heat transfer [33]. Regarding
carbohydrates, the highest value corresponded to the Control (wheat) muffins (51.6%)
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(p < 0.05), although in CAMa and OAMa muffins similar values were recorded (≈48–49%).
A lower content of carbohydrates was found in formulations in which sugar was replaced
by a synthetic sweetener such as sucralose (CAMe and OAMe) (p < 0.05). However, it is
worth noting a prominent increase in fiber in all formulations containing ACF compared
with the Control (for example, 1.78% vs. 14.6% in Control and OAMe, respectively). In this
connection, the fiber content of ACF muffins would allow them to be labeled as “High in
dietary fiber,” in concordance to the Codex and EU Regulation (CE) N◦ 1924/2006, which
establishes that a solid food must contain a minimum of 6 g of dietary fiber per 100 g. In
the present work, all formulations met this requirement, except for the Control, elaborated
with wheat flour; the lowest fiber content was found in OAMa muffins, and the highest
in the same formulation but when sucralose was used as a sweetener (OAMe). Even
though, sucralose as an ingredient contains resistant maltodextrin (which is considered
a dietetic fiber, FDA, 2018), in view of the very small concentration of this compound in
the muffins, its effect is expected to be negligible. Ash contents of all ACF samples were
significantly higher than those of the Control, finding a slight difference in CAMa with
respect to the rest (p < 0.05). The ashes in ACF muffins could be attributed to the content of
minerals such as calcium, potassium, iron, phosphorus, among others, which are found
in these Andean flours (3.3% in oca flour and 1.32% in camote flour) [34–36]. In terms of
caloric content, the energy provided by ACF muffins was lower than that of the Control
made with wheat flour (p < 0.05), in a proportion ranging between 8% and 15%. The main
difference lies in the fact that the muffins made with wheat flour contained more protein
and lipids, and in some cases more carbohydrates, about 10%, while the other formulas
mainly presented a greater fiber content. Even so, the differences in energy content were
not very notable and, on the other hand, it was somewhat less balanced in the case of
ACF muffins because the World Health Organization [37] recommended that in order to
have a balanced diet, the fat-percentage intake should constitute 15–30% and no more than
10% should come from saturated fats, proteins should account for 10–15% of the total diet
energy, and carbohydrates should account for around 55–75%.

Table 2. Proximate composition (%), caloric content (Kcal/100 g), pH, acidity (as % of lactic acid) and aw of gluten-
free muffins.

Parameters Control CAMa OAMa CAMe OAMe

Moisture 36.95 ± 0.07 a 37.14 ± 0.40 a 37.10 ± 0.42 a 37.28 ± 0.72 a 37.14 ± 0.76 a

Protein 3.99 ± 0.05 a 1.92 ± 0.04 d 1.82 ± 0.02 d 2.33 ± 0.03 b 2.09 ± 0.05 c

Fat 4.43 ± 0.05 a 2.15 ± 0.03 d 3.33 ± 0.03 b 2.58 ± 0.05 c 3.45 ± 0.06 b

Fiber 1.80 ± 0.06 e 8.38 ± 0.02 c 5.89 ± 0.28 d 13.68 ± 0.08 b 14.69 ± 0.04 a

Ash 1.12 ± 0.06 c 2.44 ± 0.04 b 2.72 ± 0.09 a 2.70 ± 0.03 a 2.83 ± 0.05 a

Carbohydrates 51.72 ± 0.29 a 47.97 ± 0.49 b 49.14 ± 0.80 b 41.43 ± 0.85 c 39.80 ± 0.94 c

Calories (Kcal/100 g) 266.29 ± 0.39 a 235.67 ± 0.93 c 245.58 ± 0.18 b 225.62 ± 1.56 e 227.98 ± 0.27 d

pH 7.96 ± 0.28 c 7,44 ± 0.14 a,b 7.59 ± 0.23 b 7.31 ± 0.03 a 7.65 ± 0.08 b

Acidity 0.06 ± 0.01 a 0.08 ± 0.01 c 0.07 ± 0.01 bc 0.08 ± 0.03 c 0.07 ± 0.03 ab

aw 0.947 ± 0.002 b 0.929 ± 0.003 a 0.948 ± 0.002 bc 0.945 ± 0.002 b 0.957 ± 0.001 c

Control: muffin with wheat flour and sugar, CAMa: muffin with camote, achira, mashua flours and sugar, OAMa: muffin with oca, achira,
mashua flours and sugar, CAMe: muffin with camote, achira, mashua flours and sucralose, OAMe: muffin with oca, achira, mashua flours
and sucralose) Results are the mean ± standard deviation. Different letters (a,b,c) in the same line indicate significant differences between
samples (p ≤ 0.05).

The muffins developed in this work showed a low saturated fat content (g/100 g)
of 0.74 in the Control, 0.37 in CAMa, 0.59 in OAMa, 0.44 in CAMe and 0.61 in OAMe,
determined from the saturated fat content of the ingredients (flours from Andean crops
0.01 g/100 g; sunflower oil 10.1 g/100 g; eggs 2.8 g/100 g and skimmed yogurt 0.21 g/100 g).
According to the nutrition claim related to saturated fats, solid foods that do not contain
more than 1.5 g of saturated fat per 100 g could be labeled as “low in saturated fat” (EU
Regulation 1924/2006) [38].
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3.2. pH, Acidity Values and Water Activity

The pH values showed significant differences among the formulations (Table 2). All
samples showed values greater than 7 (p < 0.05), being the control the sample presenting
the highest pH value (7.96). All muffins would be considered alkaline foods, which is
a representative characteristic of bakery products, as was reported by Khalifa, et al. [2].
Alkalinity is mainly attributed to the components of the formulations, mostly flours (35%
w/w) and eggs with a pH of 8, values that together provide this property to muffins. Acidity
values, due to the presence of yogurt in the formulation, showed slight variations of lactic
acid within a very narrow range (p < 0.05). Muffins with camote flour were slightly more
acid that those with oca or wheat flours; camote flour has an acidity of 0.096%, highlighting
that this tuber has components such as folic and ascorbic acid, among others, which confer
a characteristic acidity [39,40]. Likewise, acidity in oca and mashua is related to the degree
of maturity of the tuber. Furthermore, sweet flavor is enhanced when tubers are exposed
to sunlight, which, in addition to transforming the starches in sugars, decreases the oxalic
acid present to around 47% [41], consequently decreasing acidity.

aw was higher than 0.92 in all formulations (p < 0.05). This parameter indicates the free
water in the product and is therefore decisive for the possible growth of microorganisms.
In this work, muffins with sugar have aw values between ~0.93 and 0.95, and between 0.94
and 0.96 in those with sucralose. These results are in concordance with Chisamore [42], who
reported values of 0.95 for cupcakes with 50% sugar substituted with sweetener and 0.92
in the control with sugar. aw decreased with the incorporation of black carrot pomace in
muffins, possibly due to the absorption capacity of fiber [31], the same was observed with
the inclusion of jambolan (Syzygium cumini) and xhantan gum in rice muffin formulations,
which contributed to an increased shelf-life of these products [31]. This slight decrease in
aw, in the present work, is only observed in the CAMa sample, but it does not seem that the
presence of a higher fiber content in the other muffins favors water absorption (Table 2).

3.3. Moisture before and after Baking

Table 3 shows the moisture of the raw dough as well as the loss of moisture during
baking. The moisture content showed values higher than 49%, and no effect on moisture
was observed with the incorporation of ACF in the formulations (p > 0.05). In general,
muffins, cupcakes and biscuits, among others, come from fluffy, liquid and creamy doughs,
so they are quite moist and pasty to the touch due to the amount of liquids and fats that
are incorporated into the flours [43]. Man, et al. [14], reported that values of moisture
content in gluten-free muffins formulated with rice and soya flours and corn starch were
about 20–31%, lower than those found in the present work (Table 3). Those authors stated
that moisture in muffins increased with the increase of soy flour, because soy and rice
flours absorb a higher quantity of water. The ability of proteins and carbohydrates to
hold water against gravity is attributed to their hydrophilic parts such as polar or charged
side-chains [44]. Similarly, Palacio, et al. [13] reported that the incorporation of squash
seed flour in gluten-free premix muffins increases moisture, fact attributed to the high fiber
content of the flours.

The moisture loss during baking ranged from 11.91% to 15.03%, in CAMa and OAMe
muffins, respectively. During baking, the content of reducing sugars, sucrose, and proteins
in the doughs gives rise to reactions such as caramelization and the Maillard reaction,
which could cause the formation of an outer crust that prevents moisture loss during this
process [6]. In the present work, the moisture loss values for Andean crop muffins were
higher than the 11.78% reported by Goswami, et al. [45] when baking Barnyard millet
based muffins in a preheated conventional oven at (200 ◦C for 6 min, followed by 6 min at
175 ◦C), which is a more intense baking than that of the present work (140 ◦C for 14 min).
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Table 3. Percentage of moisture in the raw dough and moisture lost during baking.

Sample
Moisture in the Raw

Dough
(%)

Moisture of the
Crumb

(%)

Moisture Lost during
Baking

(%)

Control 49.70 ± 0.68 a 37.61 ± 0.56 ab 12.09 ± 0.98 a

CAMa 50.23 ± 0.05 a 38.32 ± 0.28 a 11.91 ± 0.93 a

OAMa 50.34 ± 0.85 a 36.95 ± 0.36 b 13.39 ± 0.36 ab

CAMe 50.69 ± 0.86 a 37.31 ± 0.18 b 13.38 ± 0.95 ab

OAMe 50.74 ± 0.21 a 35.71 ± 0.12 b 15.03 ± 0.26 b

Control: muffin with wheat flour and sugar, CAMa: muffin with camote, achira, mashua flours and sugar,
OAMa: muffin with oca, achira, mashua flours and sugar, CAMe: muffin with camote, achira, mashua flours
and sucralose, OAMe: muffin with oca, achira, mashua flours and sucralose) Results are the mean ± standard
deviation. Different letters (a,b) in the same column indicate significant differences between samples (p ≤ 0.05).

3.4. Specific Volume (Vs)

The vs. value is a useful parameter for the evaluation of the quality of bread and bakery
products. Generally it is defined by the relationship between the volume and weight of the
product [3,12]. The results of the vs. in this study showed that ACF muffins were smaller
that the control ones, except for CAMe (p < 0.05) (Figure 1). A high water holding capacity
is related to an increase in muffin height during baking, being the highest values for
wheat muffins compared with muffins formulated with wheat, rice and quinoa [18]. On the
contrary, specific volume and height decreased with the increase of black carrot pomace [15]
or jambolan (Syzygium cumini) [31] in muffins due to the presence of fiber, since when
added, it reduces the volume and height of the muffins. These results were consistent with
those found in the present work, except for CAMe. Accordingly, Zahn, et al. [46] reported
that the replacement of fat with increasing amounts of dietary fiber as inulin increased
the muffin moisture and crumb density, while muffin volume decreased. However, the
volume of muffins was not affected by the incorporation of yacon (Smallanthus sonchifolius),
a non-starchy Andean root, in the formulation [47].
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Having higher volumes is of interest in the bakery industry because this parameter
often attract customers [48]. In this sense, it is essential to note that samples produced
with ACF had an attractive volume, ranging from 4 to 5 cm3/g, with up to a 17% volume
reduction in comparison with the Control samples, despite the fact that, to the naked eye,
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there was hardly any difference (Figure 2). CAMa muffins were not high but wide, which
can also be attractive in a certain way. The reduction in volume could be because ACF does
not contain gluten to form the matrix structure in the mixed process, which is responsible
for retaining the gas produced during the activation of the baking powder [13]. In addition,
fiber (which was in a much greater amount in ACF muffins) could collapse CO2 bubbles
during baking, thus reducing the volume [49]. Belorio, et al. [32] argued that despite wheat
flour is usually employed in cakes, the gluten network is not regularly developed within
this application because of the presence of certain ingredients (sugar and fat) that hinder
the interaction of the gluten-forming proteins, partly due to the lower amount of wheat
flour used (if it was the case) and also because of the low mechanical energy applied by
the mixing whiskers during the mixing step. Muffins and other pastry products do not
need the continuous network, so the production of gluten-free versions is easier, unlike
bread, pasta and some cookies that require a gluten network development, in which case it
is often necessary to use a hydrocolloid [50].
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3.5. Visual Appearance and Color

Essential parameters in new or alternative products that customers take into account
are appearance and color, which mainly depend on the type of flour, the quality and
quantity of the ingredients and their interactions, as well as on the temperature and time of
baking [6,15].

In the present work, muffins were clearly differentiated in terms of appearance, being
the most noticeable difference the blond color of the control batch (wheat flour) whereas
the others (Andean crops), reminded of cakes containing a certain amount of chocolate or
made with whole-grain flour (Figure 2). Regarding the appearance of the sponge cake, all
muffins looked very similar, with spongy dough of a similar hollow size.

The instrumental measurement of color was carried out just on the crumb since no
evident differences with the crust were observed (Figure 3). L* value was almost halved in
ACF muffins compared with that of the control, in contrast with the a* value, which was
higher in all wheat-free formulations (p < 0.05). Accordingly, Lancetti, et al. [47] reported
that the crust of gluten-free muffins made with 5% and 10% corn starch replaced by yacon
(Smallanthus sonchifolius) showed that L* decreased while the a* index rose with increasing
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concentrations of the root in the formulation. These authors indicated that the behavior
in the crumb was similar, and that an increase in the b* parameter was also detected in
muffins. In the present work, a lower yellowness (b*) was also observed in ACF muffins,
especially in the formulations with camote (CAMa and CAMe) (p < 0.05).
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As expected in view of the values obtained for the above parameters, whiteness
registered higher values in the control (p < 0.05); ACF muffins showed a brown color
which could be attributed to the content of natural sugar and pigments such as carotenoids
(α-β-carotenes) and anthocyanins (cyanidines, pelargonidine and peonidines) [25,51], and
also to the fiber content in the ACF used for each formulation. The inclusion of black carrot
pomace to muffins made of rice had a greyish-purple color due to presence of anthocyanin
pigments, and conferred a dark color to the muffins (decreased L*, a* when added at 6%
and b* values) [15]. Similarly, the incorporation of jambolan (Syzygium cumini) in rice
muffins decreased L*, a* and b* values, giving rise to darker muffins and even conferring a
greenish color due to the presence of anthocyanin [31] as a natural color agent. Pigments
could be also contributed to the caramelization and Maillard reaction [14,52], which takes
place during flour preparation and baking when the reducing sugars and proteins are
heated together.
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Since all formulations were elaborated under the same conditions, the results allow
concluding that the addition of ACF resulted in muffins with brownish color (resembling
chocolate). Consumers consider darker muffins as being healthier than light ones [49]. In
this sense, gluten-free bread used to be light in appearance, especially in those based on
starch, and consumers perceived it as highly purified, with a low content of minerals and
fiber. Therefore, the addition of some ingredients to reduce lightness could be good from a
marketing point of view [53]. Browning was favored by the increase of fiber content, as was
reported by Baixauli, et al. [54] who showed that the addition of peach fiber darkened the
muffins. In this connection, L* values increased in cake crumbs when inulin (carbohydrate
nature) was added in the formulation at different ranges (35–100%) as a fat replacer, while
in the crust, L* and b* values decreased and a* increased [55]. These authors attributed this
fact to the reducing sugars in inulin and to the possible further hydrolysis of low molecular
weight fructan to fructose, involved in the Maillard reaction during baking. Similarly, the
substitution of wheat flour and/or the inclusion of some ingredients as potatoes peels
(extruded or not, 25%) [56], enzymatically treated banana flour in 10–70% ratio [57] or
squash seed flour in 20% [13], are reported to result in muffins with a darker color. Color
evolution was assessed in the muffins during the 5 days of storage, but no remarkable
changes were evident in any of the parameters, although occasionally there were certain
significant differences (Figure 3).

3.6. Texture Profile Analysis

The texture profile analysis of the muffins is shown in Figure 4. These attributes
are very important as they reflect the quality and freshness of the product. Hardness
is defined as the highest force required to compress the muffin crumb under a constant
deformation [6]. Cohesiveness quantifies the stress of the structure in order to determine
the level of tolerance in handling and packaging [15]. Springiness, defined as the elasticity
of the muffins, is also crucial for baked products associated with an elastic and fresh
aerated product [9]. The inclusion of ACF shows a significant effect (p < 0.05) on TPA
parameters of the muffin crumb (Figure 4). There was a notorious greater firmness, in
comparison with the control sample, more evident in camote formulations, especially
the one containing sucralose CAMe (p < 0.05) on the first day. As previously mentioned,
the presence of gluten in the control (responsible for gas retention during dough growth)
and the lower fiber content (which could collapse CO2 during baking) could be the cause
of a lower firmness in the control, as the moisture contents of the doughs were similar
(p > 0.05) (Table 3). Moreover, changes in firmness (Figure 4) could also be caused by the
rupture of emulsions, carbohydrate hydrolysis, loss of water or fat content and protein
coagulation [58]. However, cohesiveness decreased with the use of ACF (≈50%) and OAMe
muffins presented the highest value for this parameter among the Andean formulations
(p < 0.05), with lower values than the control. Springiness was reduced in formulations
with sugar while the higher values were observed in OAMe and CAMe (p < 0.05), the latter
with similar values to those of the control (p < 0.05). Sucralose provides sweetness but
does not have the plasticizer and softening effect that sugar does [59] although this effect is
not clearly seen in the present work (Figure 4). Chewiness values (directly proportional
to firmness) were higher in ACF muffins, even more than twofold, compared with the
control, especially in the case of the CAMa formulation (11.27 vs. 34.08, respectively).
All ACF formulations contained achira; the high amylopectin content of this root allows
the formation of a strong polymeric matrix, while avoiding syneresis and giving stability
to the formulated products [60]. Andean crops such as yacon in gluten-free muffins,
showed a much lower firmness and chewiness than the control (corn starch), but present
an opposite effect on cohesiveness [47]. These authors attributed this effect to the fructose
and fructans (yacon is a source of β-(2-1) fructo-oligosaccharides) that affects starch gel
structure and therefore the mechanical properties. These compounds increased gel rigidity
(as a result of decreased starch swelling and reduced amylose leaching) and also because
the weakling effect on the egg network and starch structure, caused by the disruption of
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FOS particles among the components. Therefore, the texture of gluten-free products will be
related to the specific compounds employed in the formulation. With the use of another
Andean pseudocereal such as quinoa (Chenopodium quinoa), raising its concentration (above
25%) increased firmness and chewiness in bread made with potato starch, buckwheat and
rice flours [61]. Fortification of rice flour muffins with this same pseudocereal (quinoa)
increased hardness, as well as gumminess and chewiness [18]. The results found in the
present work are in agreement with those of Palacio, et al. [13], who reported that firmness
and chewiness increase with increased fiber in gluten-free muffins with squash seed
dietary fiber compared with control muffins (based on corn starch and rice flour), while
cohesiveness and springiness were not affected. These authors pointed out that perhaps the
concentration and kind of fiber used to produce the muffins (and also its effects on moisture
retention) may influence the specific effects observed on the texture. Thus, firmness of
the muffins also varies with the source of protein isolate incorporated as was reported by
Shevkani, et al. [9]. In this regard, when black carrot pomace was included in rice muffins,
a decrease in firmness and springiness was shown with increasing concentrations of the
pomace, while the effect on cohesiveness and gumminess at the highest concentration (9%)
was the opposite [31]; in addition, the presence of xanthan gum in the aforementioned
muffins influenced these parameters possibly by interacting with starch and affecting its
retrogradation. The increase in firmness was inversely proportional to the percentage of
jambolan (Syzygium cumini) included in rice muffins, while cohesiveness intensified with
the incorporation of jambolan, and springiness was not affected [31]. In view of these
results, the textural parameters depend entirely on the ingredients used to replace the
original formulation and it is therefore not easy to find a general behavior. However, it
seems that the presence of compounds with a high fiber content, such as Andean crops
or certain types of protein, tends to increase the firmness and springiness of the resulting
bakery products.

Texture parameters were also determined during storage (Figure 4). A progressive
increase in firmness and chewiness was detected (p < 0.05), as well as a decrease in
cohesiveness and springiness, and the behavior of these two parameters was slightly more
evident in the Control lot after five days of storage. The retrogradation of starch, which
refers to the recrystallization behavior of gelatinized starches during cooling and storage,
could be eventually responsible for hardening and loss of moisture [62]. In this connection,
the inclusion of potato peel (extruded or not) in cinnamon muffins reduced the number
of air pockets and increased their density, thus increasing the compression force [56].
Cauvain [63], mentioned that hardening is produced by two simultaneous effects: moisture
migration from the crumb towards the crust and the recrystallization of the starch that
causes the intrinsic hardening of the wall material of the alveoli. In addition, it could be
possible that the quality of the protein of the muffins contributes to these results because
the swelling properties and viscoelastic hydration of the ACF are less than those of wheat
flour [8].

3.7. Rheological Test

Rheological parameters G′, G” and tan δ are shown in Figure 5A–C, respectively.
Viscoelasticity is an essential physical property in products such as cupcakes or muffins,
since these must have the capacity to form an ideal structure that retains gas inside the
bubbles formed during shaking, kneading and baking processes; on the contrary, a too
highly viscous batter can restrict its expansion during baking [64]. For all samples, the
storage modulus (G′) and the loss modulus (G”) raised with the increase in frequency and
displayed a dominant liquid-like behavior [65]. The doughs showed G” values higher
than G′, indicating an unstructured and viscous behavior. The control sample displayed
a viscous behavior as was observed by Zaidel, et al. [66] in gluten, adding a high protein
content. Hence, the doughs studied in the present work showed a predominantly viscous
response, indicating that the dough network was completely viscous [67]. The sweetener
used had a slight effect on both G′ and G”, being more evident in OAM formulations for al
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ω tested. Sucralose addition increased the values of G′and G” moduli with respect to their
counterparts made with sugar; similar results were observed by Abdel–Shafi, et al. [68] in
dough cookies with sugar replaced by stevioside.
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All dough samples had a tan δ curve which tended to shift towards lower values (from
3 to 1.7). Therefore, tan δ values for all dough formulations were higher than 1, indicating
that they were more liquid than solid-like materials. This behavior could be related to
the ratio of the liquid phase used in the formulation which creates an emulsion type
structure [69]. However, no information on doughs with these ingredients was available in
the literature.

The parameters for power-law equations for all samples are shown in Table 4. The
rheological behavior indices, n′ and n” values were less than 1, which is indicative of the
pseudoplastic nature of the doughs. While n” was almost double of that of n′ in the control,
for CAMa it was similar. On the contrary, in OAMa, CaMe and OAMe the values of n”
were less than those of n′. Regarding the observed consistency values for the storage and
loss equations, K” was always higher than K′ in all samples, but the K”/K′ ratio was very
different among samples, being the lowest in the control. The values of K′ and K” increased
when sweetener was used, which indicates that sucralose led to a slightly stronger dough.
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Table 4. Rheological properties of dough of gluten-free muffins produced with ACF.

Sample n′ K′ (Pa.s n′ ) n” K” (Pa.s n”)

G′ = K′·ωn′ G” = K”·ωn”

C 0.14 ± 0.01 d 29.79 ± 1.01 c 0.21 ± 0.01 b 38.92 ± 1.03 d

CAMa 0.26 ± 0.02 c 17.75 ± 1.04 e 0.28 ± 0.03 a 30.07 ± 1.07 e

OAMa 0.31 ± 0.01 b 48.11 ± 1.03 b 0.28 ± 0.03 a 95.01 ± 1.05 b

CAMe 0.37 ± 0.01 a 21.78 ± 1.04 d 0.27 ± 0.02 a 56.28 ± 1.01 c

OAMe 0.26 ± 0.02 c 76.87 ± 1.04 a 0.21 ± 0.03 b 160.23 ± 1.07 a

Control: muffin with wheat flour and sugar, CAMa: muffin with camote, achira, mashua flours and sugar,
OAMa: muffin with oca, achira, mashua flours and sugar, CAMe: muffin with camote, achira, mashua flours and
sucralose, OAMe: muffin with oca, achira, mashua flours and sucralose). Different letters (a,b,c,d) in the same
column indicate significant differences between samples (p ≤ 0.05).

3.8. Microbiological Analysis

Microbiological counts were initially low, as expected in a heat-treated product. Then,
counts of viable mesophilic aerobes showed an increased growth in the Control and in
muffins formulated with sugar (CAMa and OAMa). However, counts in CAMe and OAMe
remained constant until day 3; from that point onwards, exponential growth began, as
in the rest of the batches containing ancestral crop flours (Figure 6A) (p < 0.05). Control
muffins presented a slower growth after 3 days of storage, and these muffins registered
3 log units less than muffins from Andean crops at the end of the study. The exponential
growth shown by some muffins at the beginning may be due to the activity of some bacteria
in the presence of the ingredients and to heat-treatment resistance, surviving as well to
aerobic and anaerobic packaging conditions [70]. On the other hand, this fact would not
explain why the counts of the control batch were lower after 6 days. Perhaps it could be
attributed to the fact that flours from Andean crops may have a different type of microbiota
associated with the manual preparation of the flours, as opposed to commercial wheat flour.
The log phase growth after 3 days of muffins with sucralose could be attributed to this
mentioned compound that somehow prevents bacterial growth for a certain time. Molds
and yeasts were not detected until day 3 of storage (Figure 6B); from this day all muffins
resumed growth, reaching counts >3 log cfu/g in all batches with the exception of OAMe,
with counts below the detection limit during the whole storage period. In this connection,
OAMe muffins lost the most moisture during baking (Table 2). A high moisture content in
muffins will shorten the shelf-life, thus promoting microbial growth [14]. Microbial counts
found in ACF muffins could be attributed to the amount of starch present in camote and
oca flour, which could be a source of food for microorganisms [71], as well as the moisture
of muffins and the high aw (Table 1). Mashua, in addition to its high content of vitamin C
and other antioxidants [72], possesses glucosinolates, a bioactive compound that, per se
or in its hydrolysis products (mostly isothiocyanates), possesses antibacterial, antifungal,
nematicide and anticarcinogenic activities, among others [73]. In the present work, the
possible antimicrobial effect was mainly observed in relation to this group of molds and
yeasts. On the other hand, Hathorn, et al. [74], mentioned that mold and yeast counts
increase according to the concentration of starch in each flour. In all muffins, there was an
absence of Enterobacteria and Staphylococcus aureus initially and during storage.
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3.9. Sensory Analysis

Sensory evaluation is fundamental in the development of new products with different
and/or unexplored raw materials. In the present work, the appearance of ACF muffins
was well accepted by the panelists, as it reminded them of dark chocolate or cocoa muffins
and/or bakery products made from wholegrain flours, and therefore, of healthier products
for conscious eating young and adult populations. Color was not included as an evaluation
parameter because muffins showed large differences among them and because these
products can be found in a variety of colors. In addition, no changes were registered in
the sensorial evaluation for any attribute after 5 days of storage (Figure 7) in spite of the
appreciable changes observed by objective textural analyses. This fact could be explained
by the similar evolution of all muffins and because although the analytical method (highly
sensitive) appreciates modifications, they are not enough to be perceived as undesirable
changes by the judges. In this connection, Ramcharitar, et al. [75] showed that the inclusion
of ground flaxseed in muffins lowered the score of consumers for all sensory attributes,
with overall acceptability being rated as “neither liked nor disliked” to “liked slightly”.
These authors indicate the importance of prior nutritional knowledge and its influence on
consumer evaluation, as the fact of consuming a healthy product can be evaluated positively
or negatively depending on the age and type of consumer. In the present work, muffins
with ACF and sucralose obtained the highest score, even higher than the Control muffins
(Figure 7). Likewise, scores were also higher in ACF muffins were sucralose in parameters
such as taste and texture (p > 0.05). The smell was the attribute with the lowest scores in
all muffins, mainly due to the fact that they were not very aromatic, however, no unusual
or strange odors or flavors were found in any case. Volatile compounds such as acids,
alcohols, aldehydes, esters, ketones, pyrroles and pyrazines, and furans, hydrocarbons and
lactones are involved in the aroma of wheat bread and wheat-rye, compounds that are not
present in gluten-free bread [3]. These authors reported that the main differences between
gluten and gluten-free bread reside in the volatile compounds in the crust due to a lack of
pyrazines in the latter, and that the addition of proline and glucose (as aroma precursors in
the Maillard reaction) in the pre-baked dough greatly improves the aroma of gluten-free
bread. On the other hand, muffins containing sugar presented a lower acceptance; panelists
described them as slightly tasteless, and the lowest score was for muffins formulated with
camote, achira, mashua and sugar (CAMa).

As mentioned before, the best scored muffins were those containing sweetener in
the formulation (Figure 7). Sugar substitution in the wheat muffin formulation has been
previously described. So, muffins in which sucrose was partially replaced with up to 50%
stevianna obtained similar sensory and textural properties than the control muffins (100%
sucrose), but when the sugar replacement was total (100% stevianna), negative sensory
aspects were observed (bitter aftertaste, poor appearance, hard texture, and dry mouth feel)
and therefore the acceptability of muffins was reduced [6]. Johnson, et al. [76], reported
that yellow cupcakes formulated with a partial or combined replacement of sugar with
sucralose and stevia, do not differ significantly with the control (p > 0.05).
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The acceptability of gluten-free products obviously depends mainly on the incor-
porated ingredients and their concentration, so it is generally necessary to test different
mixtures and proportions before finding a technologically viable product that is accepted by
the panelists. Thus, the incorporation of other Andean crops in gluten-free bread with 25%
quinoa flour obtained the highest score in flavor, and overall liking, while the control (made
with buckwheat and rice flours and potato starch, without quinoa) received the lowest
score [61]. In this connection, the hedonic score for texture decreased with the increase of
quinoa percentage in the formulation of muffins composed of wheat, rice and quinoa [18].
Palacio, et al. [13], reported that the muffins prepared with squash seed flour (especially
at 20%) had the higher value scores with a higher overall acceptability when compared
with the control (a ready to-bake dry chocolate gluten-free premix, without squash seed).
Similarly, muffins with the highest sensory scores corresponded to the one containing 6%
black carrot pomace and 0.5 g xanthana gum [31]. The good overall acceptability found in
the present work is very important since fiber concentrations above 3% in the formulation
are often detrimental to sensory properties [77], and in these muffins, the fiber content
was much higher (Table 1). So, for all of the above mentioned, ACF is then a valuable
alternative to develop muffins with high sensory acceptance.

4. Conclusions

Andean crop flours (ACF), as substitutes for wheat flour, are a good base to develop
gluten-free muffins. ACF muffins had interesting nutritional properties, in terms of higher
fiber contents, protein and reduced-fat contents when compared with wheat muffins,
even in terms of nutritional claims regarding saturated fats in CAMa and CAMe (<3% of
unsaturated lipids). The texture analyses showed that muffins with ACF presented the
highest values for hardness and chewiness, while cohesiveness and springiness were lower
in the Andean formulas. ACF muffins showed a brownish color quite different to the blond
color of their wheat flour counterpart and had a good acceptability by panelists, even better
than that of wheat muffins. Thus, from a technological point of view, it has been possible to
produce a gluten-free bakery product labelled as “High in dietary fiber”, “Low in saturated
fat” with a good sensory properties and suitable for people with special requirements.
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