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Abstract 
This study aimed to obtain sorghum doughs subjected to two fermentation processes (backslopping and 
spontaneous fermentation techniques) with enhanced biological properties and to assess their influence on the 
bioaccessibility of phenolic compounds and Ferulic Acid (FA) of cookies formulated from fermented sorghum 
doughs. The best contents of Total Phenols (TP) (µgGAE/g) were 700.9 ± 7.6/36 h and 484.3 ± 6.1/48 h in sorghum 
doughs fermented by the backslopping and spontaneous fermentation techniques, respectively. The FA values 
(µg/g) in sorghum doughs fermented by backslopping techniques were significantly higher than those in 
spontaneous fermentation (21.2 ± 0.27/20 h versus 18.14 ± 0.12/12 h). Cookies formulated from selected sorghum-
fermented doughs showed higher bioaccessibility of TP and FA than cookies formulated from nonfermented 
doughs. High bioaccessibility values for TP were found in cookie digests formulated from sorghum doughs 
fermented by backslopping and spontaneous processes at 36 h and 12 h, respectively. In contrast,  high 
bioaccessibility values for FA were found in cookie digests formulated from sorghum doughs fermented by 
backslopping and spontaneous processes at 20 h and 48 h, respectively. The formulation of cookies with fermented 
sorghum doughs could be a suitable methodology for the prevention of several chronic nontransmissible diseases. 

Keywords: Functional foods; Antioxidant activity; Phenolic compounds. 

Resumo 
O objetivo deste estudo foi obter massas de sorgo submetidas a dois processos de fermentação (backslopping e 
espontâneo) com propriedades biológicas aprimoradas e avaliar sua influência na bioacessibilidade de compostos 
fenólicos e ácido ferúlico de biscoitos formulados a partir das massas de sorgo fermentadas obtidas. Os melhores 
teores de fenóis totais (FT) (µgGAE/g) foram 700,9 ± 7,6/36 h e 484,3 ± 6,1/48 h nas massas de sorgo fermentadas 
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pelas técnicas de backslopping e fermentação espontânea, respectivamente. Os valores de ácido ferúlico AF (µg/g) 
nas massas de sorgo fermentadas por técnicas de backslopping foram significativamente superiores aos da 
fermentação espontânea (21,2 ± 0,27/20 h vs. 18,14±0,12/12 h). Os biscoitos formulados a partir de massas 
fermentadas de sorgo selecionadas apresentaram maior bioacessibilidade de FT e AF do que os biscoitos 
formulados a partir de massas não fermentadas. Altos valores de bioacessibilidade para FT foram encontrados em 
biscoitos digeridos formulados a partir de massas de sorgo fermentadas por backslopping e processos espontâneos 
em 36 h e 12 h, respectivamente. Por sua vez, altos valores de bioacessibilidade para AF foram encontrados em 
biscoitos digeridos formulados a partir de massas de sorgo fermentadas por backslopping e processos espontâneos 
em 20 h e 48 h, respectivamente. A formulação de biscoitos com massa fermentada de sorgo pode ser uma 
metodologia adequada para a prevenção de diversas doenças crônicas não transmissíveis. 

Palavras-chave: Alimentos funcionais; Atividade antioxidante; Compostos fenólicos. 

Highlights 
• Sorghum doughs fermented by the backslopping method improved their biological potential 
• Cookies formulated with fermented sorghum doughs increased their total phenol content 
• Cookies formulated with fermented sorghum dough as part of a healthy diet 

1 Introduction 
The consumption of whole grains has been associated with the prevention of certain chronic diseases, such 

as cardiovascular disease, diabetes, and some types of cancer (Tieri et al., 2020). This protective effect has 
been attributed to the presence of phenolic compounds that are found in high concentrations in the outermost 
layers of the grain (Polonskiy et al., 2020). Sorghum (Sorghum bicolor L.) is a cereal that, in addition to 
being an important source of nutrients, is considered exceptional due to its diverse phenolic profile, which is 
predominated mainly by phenolic acids (ferulic, coumaric, caffeic and sinapic acids), which are found in 
variable amounts depending on the sorghum genotype (Xiong et al., 2019; Girard & Awika, 2018). Sorghum, 
as can be noted in most whole grains, contains Ferulic Acid (FA) in the insoluble bound form (>80%), 
covalently bound to cell wall structural components such as cellulose, hemicellulose (e.g., arabinoxylans) 
and lignin (Acosta Estrada et al., 2014), and cannot be absorbed through the gastrointestinal tract in this form. 
Several studies have reported the low bioaccessibility of FA found in cereal products in the human 
gastrointestinal tract (<5%) (Amaya Villalva et al., 2018; Mateo Anson et al., 2009). The FA can be absorbed 
predominantly in its free form, but it can also be absorbed in the form of a dimer or in its aglycone form; the 
relevant thing is that it reaches adequate concentrations in circulation so that it can exert its function (0.1-10 µM). 
Scientific evidence has shown that the phenolic compound content in sorghum can be improved by different 
innovative methods, such as extrusion, cooking, and fermentation (Rashwan et al., 2021). These processes 
have been shown to influence the content of phenolic compounds, and significant increases in free phenolic 
compounds have been observed with respect to unprocessed sorghum and in some cases have been associated 
with an increase in antioxidant activity. However, limited studies have been carried out with respect to 
phenolic compounds and antioxidant capacity in in vitro gastrointestinal digestion. Lactic acid fermentation 
in sorghum grain is carried out to obtain several foods, such as tings, kisra, and porridges (Adebo, 2020). The 
backslopping procedure is a common practice for obtaining these products, particularly because it has some 
advantages in spontaneous fermentation, such as reduced fermentation times and higher acidification, among 
others. This procedure has given good results in terms of the improvement of phenolic compounds and 
antioxidant capacity in finished products as well as in acceptable sensory profiles. Cookies are confectionary 
food products that are consumed as snacks by all ages. They are ready to eat, convenient, and inexpensive 
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food products. Cookies from sorghum would be an inexpensive carrier of the aforementioned health benefits, 
making them a promising functional food. Therefore, this investigation aimed to evaluate two traditional 
fermentation processes of doughs from whole sorghum grain to identify the one that is most biologically 
active for the prevention of diseases. In the first stage of this investigation, the contents of phenolic 
compounds, FA and antioxidant capacity were determined and compared with nonfermented sorghum dough. 
In the second stage, the influence of fermentation processes on the bioaccessibility of phenolic compounds, 
FA and antioxidant capacity of cookies from whole sorghum grain was examined. 

2 Materials and methods 

2.1 Sample preparation 

White low-tannin sorghum (0.062 ± 0.007 mgCE/g), was obtained from local growers in Sonora, Mexico. 
Grains were cleaned manually and milled using a Laboratory Mill 1100 fitted with a 0.5-mm opening screen 
to produce a whole-grain flour, which was packed and stored at -15 °C prior to usage. 

2.2 Preparation of backslopped inoculum 

A natural inoculum was prepared by making a dough of milled whole sorghum and water in a ratio of 
1:1.06 (flour:water) (Taylor & Taylor, 2002). This dough was incubated at 26 °C in a covered container, and 
the pH was monitored daily until pH fell from approximately 3.5 to 4.0. Five percent of this material was 
then transferred to fresh sorghum dough using the same ratio of flour to water as before. This was mixed and 
incubated at 26 °C in a covered container for 7 days, after which the procedure was repeated, thus maintaining 
a natural inoculum. The natural inoculum was used to inoculate fresh sorghum dough, which was prepared 
according to the indications mentioned above. The resulting dough was placed in trays of 20 x 30 cm, which 
were incubated in a fermenting cabinet (NationalMeg.CO. MODEL 505-SS 2/3) at 26 °C. These samples 
were labeled as BLF (Backslopping Lactic Fermentation). Additionally, fresh sorghum dough without starter 
inoculum was prepared and fermented under the same conditions. These samples were labeled as SLF 
(Spontaneous Lactic Fermentation). Nonfermented whole sorghum dough was used as a control (SCD). Ten 
grams of each sample was taken to determine the pH at intervals of 4 h for 48 h. The remaining fermented 
sorghum dough samples were lyophilized, including the unfermented dough (zero time), henceforth these 
samples were called powdered doughs and used to determine the Total Phenols (TP), FA and antioxidant 
activity. Samples that showed better results with respect to their bioactive potential were used for cookie 
formulations. 

2.3 Preparation of sorghum cookies 

Cookies were formulated and baked according to the official AACC 10-53.01 method with slight 
modifications (American Association of Cereal Chemists, 2000). The cookie formulation was 40 g of sugar, 
50 g of commercial white margarine (according to the label, it contains the following: vegetable fats and oils 
80%, water, salt, milk solids, emulsifiers monoglyceride, and sunflower seed lecithin, preservative sodium 
benzoate, butter flavoring, vitamins A, D, and E), 1 g of sodium bicarbonate, 20 g of skimmed milk powder, 
1 g of salt, 100 g of each powdered doughs and 20 mL of tap water. White margarine, sugar, sodium 
bicarbonate and salt were creamed at low speed for 3 min using an electric mixer. The creamed ingredients 
were then mixed with each powdered doughs, and finally, water was added until homogeneous dough was 
obtained. The doughs were rolled out to a thickness of 6 mm, and a cookie-cutter mold with a diameter of 
25 mm was used and excess dough was removed. The cookies were baked in a preheated oven set at 180 °C 
for 10 min. The cookies were subsequently cooled, ground, and stored at −20 °C until analysis. 
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2.4 Methanolic extracts 

Methanolic extracts were obtained following the procedure reported by Salazar López et al. (2016). 
Briefly, 1 g of each of the samples was weighed and mixed with 15 mL of methanol (80%). This mixture 
was subjected to sonication at room temperature for 60 min. The samples were subsequently centrifuged, and 
the supernatant was separated from the residue by filtration with Whatman No. 1 paper. This procedure was 
repeated two more times. The supernatants obtained were evaporated to dryness in a rotary evaporator at 
35 °C, and samples were redissolved in 5 mL of 50% methanol and stored at -15 °C. 

2.5 Determination of TP 

The TP of each of the treatments and the control were quantified following the methodology proposed by 
Singleton & Rossi (1965), with modifications to adapt the test to a FluoStar Omega microplate reader (BMG 
Labtech Inc., Ortenberg, Germany). Briefly, 30 μL of each extract was mixed with 150 μL of the Folin–
Ciocalteu reagent (previously diluted 1:10 with deionized water) and 120 μL of sodium carbonate solution 
(0.075 g/mL), after which they were left to react for 60 min. Changes in absorbance were monitored at 765 nm 
against a reactive blank. The results were expressed as μg of gallic acid equivalents (GAE)/g of the sample 
according to a standard gallic acid curve. 

2.6 Trolox equivalent antioxidant capacity (TEAC) 

The assay is based on the ability of antioxidant molecules to capture the cationic radical ABTS●+. For the 
activation of the ABTS radical, 0.019 mg of ABTS radical was weighed and dissolved in 5 mL of distilled 
water. After mixing, 88 μL of potassium persulfate (37.8 mg/mL) was added; the solution was mixed 
vigorously and then left in the dark for 16-18 h at room temperature. Then, a working solution was prepared 
by mixing 1 mL of the stock solution with approximately 88 mL of ethanol. In a microplate well, 280 μL of 
the working solution was mixed with 20 μL of each sample and left to react for 5 min. Changes in absorbance 
were measured at 734 nm in a microplate reader. The results were expressed as μmol Trolox equivalents per 
gram of sample, with reference to a Trolox curve (Amaya Villalva et al., 2018). 

2.7 Determination of FA 

FA was quantified using an Agilent Technologies 1260 UHPLC system (USA) with a Diode Array Detector 
(DAD). Separation was carried out on a Zorbax Eclipse Plus C18 flash column (50 mm x 2.1 mm id). A binary 
phase solvent system was used: 0.1% acetic acid dissolved in water; Phase B: 0.1% acetic acid dissolved in 
methanol. The separation gradient was as follows: 0–11 min, 9–14% B; 11–15 min, 15% B. The same gradient 
remained for 3 min to equilibrate the column. The column temperature was set at 30 °C, the flow was 
0.7 mL/min, and the absorbance readings were taken at 280 nm. The results were expressed in μg/g, according 
to a calibration curve of a FA standard at concentrations of 1.5–50 μg/mL (Salazar-López et al., 2016). 

2.8 Simulated in vitro gastrointestinal digestion 

To mimic in vivo gastrointestinal digestion conditions, namely, the oral, gastric, and intestinal phases, the 
protocols suggested by Salazar-López et al. (2018) were followed, with slight modifications. Three healthy and 
fasted volunteers chewed 1 g of each of the experimental cookies for 15 s. Subsequently, the participants 
expelled each chewed sample into a 50-mL conical tube, rinsed their mouth twice with 5 mL of water for 60 s, 
and then expelled the liquid into the respective tubes, which stood for 3 min at 37 °C to obtain the mouth digest. 
The digestion process beyond the mouth (i.e., gastric digestion) was simulated by adding 5 mL of 0.2 M HCl-
KCl buffer solution to the digests and adjusting the pH to 1.5. Next, 667 μL of pepsin solution (300 mg/mL) 
was added, and the tubes were incubated for 1 h in a water bath with constant shaking at 37 °C (Precision 
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Scientific Mod. 66800; Winchester, VA, USA). At the end of the incubation period, 9.0 mL of phosphate 
solution (0.1 M, pH 7.5) was added, and the pH was adjusted to 7.5. In addition, 1 mL of pancreatin solution 
(17 mg/mL) and bile salts (80 mg) were added, and the mixture was incubated for 6 h in a shaking water bath 
(37 °C, 100 rpm) to obtain the intestinal fraction. For this digestion phase, a control was prepared that did not 
contain a cookie sample but that was subjected to the same simulated digestion conditions. All samples and the 
control from the intestinal phase were centrifuged (10 min, 1,500 x g, 4 °C), and the recovered supernatants 
were frozen at −80 °C and subsequently lyophilized. The lyophilized digests were redissolved in 50% methanol, 
filtered (Econofltr Nylon 0.25 mm 0.45 µm; Santa Clara, CA, United States), and stored at −20 °C in amber 
vials until analysis. The intestinal fractions were analyzed for TP, FA, and antioxidant capacity using the 
procedures described above. Bioaccessibility was calculated as the ratio of the concentration of the bioactive 
component in the intestinal digestion (supernatants) to its respective concentration in the cookies before 
digestion (Equation 1). The results are expressed as bioaccessibility percentages (B%). 

𝐵𝐵(%) = 100 ×  𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑇𝑇𝑇𝑇/𝐹𝐹𝐹𝐹/𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑜𝑜𝑛𝑛
𝑇𝑇𝑇𝑇/𝐹𝐹𝐹𝐹/𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 (1) 

2.9 Statistical analyses 

The values are expressed as the means ± SE of three measurements. The data were analyzed by analysis of 
variance, and Tukey’s test (significance of differences p ≤ 0.05) was used to find significant differences between 
group means. Statistical analyses were performed using the JMP 5.0.1 program (SAS Institute, Inc., USA). 

3 Results and discussion 
Table 1 shows the changes in pH values during the sorghum dough fermentation time. The pH of the BLF 

dough decreased in a shorter time than that of the SLF dough. BLF showed a significant pH decrease during 
the first 4 h of fermentation, whereas SLF dough showed a pH reduction at 12 h of fermentation. Neither of 
the two fermentation processes could reach pH values <4; however, it should be noted that several studies 
have shown that a fermentation process can be delayed when the food substrate to be fermented is a whole 
grain because the seed coat (pericarp), which functions as a grain coat protector, can inhibit the activity of 
some fermenting microorganisms, resulting in a slower pH decrease (Adebo et al., 2018). 

Table 1. Effects of backslopping (BLF) and spontaneous (SLF) lactic acid fermentation time of sorghum doughs on pH. 

Time 
pH1 

BLF SLF 
0 (SCD) 6.33 ± 0.015a 6.72 ± 0.025a 

4 5.38 ± 0.005b 6.74 ± 0.005a 
8 4.44 ± 0.01c 6.71 ± 0.015a 
12 4.23 ± 0.015d 6.58 ± 0.015b 
16 4.18 ± 0.01d 5.25 ± 0.025c 
20 4.42 ± 0.002d 5.15 ± 0.020d 
24 4.17 ± 0.025d 4.30 ± 0.005f 
28 4.26 ± 0.005d 4.49 ± 0.002e 
32 4.23 ± 0.001d 4.12 ± 0.005g 
36 4.25 ± 0.001d 4.20 ± 0.005f 
40 4.19 ± 0.005d 4.24 ± 0.015f 
44 4.05 ± 0.002e 4.23 ± 0.015f 
48 4.04 ± 0.045e 4.15 ± 0.051g 

1The values correspond to the average ± standard error (n=8). Different superscripts in each column represent statistically significant differences 
(p ≤ 0.05). SCD: Sorghum control dough. 
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It is relevant to mention that the change in pH values during the fermentation process is the main indicator 
of metabolic activity attributed to Lactic Acid Bacteria (LAB), where the products derived from the process 
may depend on the degree of adaptability of these bacteria to the conditions of the fermentation process. The 
sorghum grain shows wide variability in the content of TP and antioxidant activity, which has been attributed 
to the genotype of the grain and also to the type of extraction of phenolic compounds; in our study, the content 
of TP, FA, and antioxidant activity in whole sorghum flour before dough preparation was determined, the 
results were as follow: 377.05 ± 23.5 μgGAE/g, 8.05 ± 0.95 μg/g and 6.84 ± 0.18 μmTE/g for TP, FA and 
antioxidant activity, respectively. These results are within the range of values reported by other authors 
ranging from 100-9000 μg GAE/g for TP and from 1-180 μmTE/g for antioxidant activity (Dykes et al., 2005, 
Salazar López et al., 2017; Ruiz Hernández et al., 2021). Figure 1 A shows the effects of lactic acid 
fermentation time in sorghum fermented doughs by the backslopping procedure (BLF) and by spontaneous 
fermentation (SLF) on TP. For both fermentation processes, the TP showed fluctuations during the first 
28 hours. After this time, a significant increase was observed in the sorghum fermented doughs (p ≤ 0.05), 
reaching maximum values of 700.9 ± 7.6 μg GAE/g at 36 h in BLF samples and 484.79 ± 6.1 μg GAE/g in 
SLF at 48 h, corresponding to increases of 86% and 28% with respect to the unfermented dough (t = 0 h) 
(384.0 ± 5.7 μgGAE/g). Regarding changes in FA content during fermentation time and comparing with the 
unfermented sample, significant increases in FA were observed in the BLF and SLF samples during the first 
hours of fermentation. In the case of the dough with added inoculum (BLF), the FA content increased from 
6.66 ± 0.23 µg/g to 21.25 ± 0.27 µg/g at 20 h of fermentation (+219%), whereas for the SLF samples, it 
reached a maximum FA concentration of 18.14 ± 0.12 µg/g at 12 h of fermentation (+172%). After these 
times, the concentration of FA decreased considerably in both processes but always maintained the highest 
values of this phenolic compound in the BLF samples (Figure 1B). Higher values of antioxidant capacity 
were observed for SLF samples, presenting maximum values at 4, 8 and 12 hours; after this time, the values 
decreased significantly. For the BLF samples, the antioxidant capacity showed its maximum value at 4 hours 
of fermentation (5.52±0.03 µmolTE/g); after this time, the activity decreased, showing a behavior very 
similar to that of the SLF samples, even reaching a value at the end of the fermentation process that was less 
than that presented in the unfermented dough (SCD). Various studies have shown that the fermentation 
process associated with LAB promotes structural changes in the food matrix. These changes lead to 
modifications in the contents of components such as proteins, fats, carbohydrates and other nonnutrient 
components such as phenolic compounds (Schober et al., 2007; Elkhalifa et al., 2005). These changes can be 
promoted by enzymes either present in the dough to be fermented or synthesized by the microorganisms 
themselves (Liukkonen et al., 2003). During the fermentation process, fluctuations in the contents of total 
and individual phenols and the antioxidant capacity in grains in sorghum and in other cereals, such as wheat, 
corn, quinoa, and rye, have been observed (Mohapatra et al., 2019; Adebo et al., 2018; Dordević et al., 2010; 
Dlamini et al., 2007; Katina et al., 2007), which are attributed to various factors, such as the type and cultivar 
of sorghum to be fermented, the fermentation conditions, and the type of fermentation, among others. The 
times at which increases in TP, FA and antioxidant capacity in fermented sorghum were observed can be 
attributed to various mechanisms, such as enzymatic activity of microorganisms (β-glucosidase, 
decarboxylase, esterases, hydrolase, reductase, among others), cell wall rupture, increased extractability after 
fermentation, mobilization/release of phenols bound to free forms, and can also be attributed to the 
synthesis/release of new bioactive compounds. With the above results, it was possible to obtain a 
multipurpose flour from fermented sorghum doughs that possesses biological potential for the benefit of 
health maintenance. We selected four formulations for cookie production: The first two formulations 
corresponded to those with higher content of TP, labeled BLFC36 h and SLFC 48 h; and the last two 
corresponded to those with highest contents of FA, BLFC20 h and SLFC12 h. Additionally, cookies were 
formulated from unfermented sorghum powdered dough (CSC) as a control. The TP in the experimental 
cookies of the BLFC group (before intestinal digestion) did not show significant differences compared to the 
control cookies (CSC) (p > 0.05). The SLFC cookies presented higher values of TP compared to BLFC and 
CSC, with the SLFC (48 h) showing a higher content in TP (1344.12 ± 26.1 µg GAE/g), surpassing the CSC 
cookies by 30%. The FA content increased significantly in all the experimental cookies. FA values ranged 
from 22.30 ± 0.10 to 26.97 ± 1.70 µg/g. These contents surpassed the approximately 250% quantified in 
CSCs (Table 2). A study carried out by Michalska et al. (2008) attributed the increase in TP in breads 
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formulated from rye flour to the products of the Maillard reaction. This is because these products positively 
affect the reaction of Folin. However, it is also possible that other events attributed to heat treatment in 
addition to the Maillard reactions have contributed to the increase in TP and FA, as in the study reported by 
Dewanto et al. (2002), who evaluated the effect of the sweet corn cooking process on the contents of total 
free phenols and FA. They found that at a cooking temperature of 121 °C/25 min, TP and FA in their free 
form increased as they decreased in their bound fraction compared to corn without processing. Hithamani & 
Srinivasan (2014) carried out a study on the effects of the application of heat treatments in sorghum on 
phenolic compounds. Heat treatments such as roasting, pressure cooking, no pressure cooking and microwave 
heating promoted significant increases in FA, while only roasting (150 °C/20 min) promoted up to a 50% 
increase in total phenols. The increases were attributed to the release of bound phenols from the cell wall, 
degradation of conjugated polyphenols and the increasing extractability of phenols after roasting. By another 
hand, regarding to antioxidant activity in cookies, it is relevant to mention the antioxidant components 
provided by the white margarine added to the cookie formulation (Vitamins A and E), it did not affect the 
antioxidant activity values reported for the cookies before and after the intestinal digestion process. This 
process could have been attributed mainly because the extraction was directed toward water-soluble 
components and not lipophilic. The values reported as methanolic fractions (before digestion) will not 
necessarily reflect what may happen when this product is subjected to an in vitro gastrointestinal digestion 
process since the digestive conditions exert other types of reactions that are very different from those that 
occur in a chemical extraction, which can lead to the phenolic compounds that were accessible in the food 
matrix no longer being detected, possibly attributed to their degradation or interaction with other components 
that prevent their release. Moreover, it is also possible that the digestion conditions can significantly favor 
the release of phenolic compounds; that is, the enzymatic processes and changes in pH can promote the 
release of phenolic compounds that were bound in the sample before digestion or that were conjugated or 
physically entrapped in the food matrix. In accordance with the aforementioned issue, for this study, the 
effects of the in vitro gastrointestinal digestion process of 1 g of each of the cookies on the contents of TP 
and FA and on the antioxidant capacity were evaluated. It is worth mentioning that the complete 
gastrointestinal digestion test was performed to obtain intestinal digests, which are considered the most 
interesting, since it is at this stage of digestion that the maximum absorption of the digestion products of food 
occurs (Shahidi & Peng, 2018). In Table 2, it is shown that the intestinal digestion process promoted 
important changes in the contents of TP and FA and in the antioxidant capacity in the cookies; in particular, 
the TP increased significantly in the digests of the experimental cookies, including the cookie control. The 
total phenol content in the SLFC (48 h and 12 h) cookie digests was higher than that found in the BLFC (36 h 
and 20 h) cookie digests. The content of FA present in the digests of the evaluated cookies showed a drastic 
reduction compared to the samples before digestion. However, the FA content was significantly higher in all 
the digests of the experimental cookies compared to CSC, with the highest values being observed in cookie 
digests BLFC20 h, SLFC48 h and SLFC12 h. It is known that the type of food and its processing are two of the 
main factors that affect the type and phenolic compound content in food. Once ingested, the health benefits 
derived from phenolic compounds depend on the degree to which they are released from the matrix, absorbed 
from the gastrointestinal tract, and available for metabolism. Bioaccessibility is the fraction of the compound 
that is released from the matrix during digestion and that is available for absorption in the small intestine) 
and the calculation of bioaccessibility in percentage terms can be an indicator of the amount of a bioactive 
compound that can potentially be absorbed from the intestine (Ribas Agustí et al., 2018; Alminger et al., 
2014). Particularly when the concentrations of phenolic compounds present in the food matrix prior to 
digestion are different for each sample evaluated, as in the case of our study, it is necessary to standardize 
the values in terms of percentage in such a way that the concentrations of both TP and FA and the antioxidant 
capacity present in the original sample are taken as 100%, that is, the maximum percentage that can be 
extracted from these components in their free form. Figure 2A shows the bioaccessibility results of the TP 
present in CSC and the experimental cookies. It is first observed that all the cookies evaluated, including the 
CSC, exceeded 100% bioaccessibility of TP, that is, that the gastrointestinal digestion process promoted the 
release of these compounds at a higher percentage than that reported in the samples before digestion. 
Regarding the effect of the inclusion in the formulation of sorghum doughs subjected to lactic acid 
fermentation, it was observed that these cookies exceeded the bioaccessibility percentage of the control 
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cookie (CSC). The BLFC36 h cookies showed the highest percentages of bioaccessibility of TP (646%). 
Regarding the bioaccessibility of FA in cookies (Figure 2B), none of the cookies formulated with BLF 
samples nor the control cookie managed to exceed 100% bioaccessibility of FA compared to the cookies 
measured before the process of digestion. However, despite the low values of bioaccessibility, a positive 
effect was observed in that the BLFC and SLFC cookies showed higher values of bioaccessibility than the 
control cookie. A presumed mechanism for the fermentation-induced increase in bioaccessibility of phenolic 
compounds could be that the degrading enzymes present in both grains and microorganisms resulted in the 
structural breakdown of the cell wall matrix, which increased the accessibility of bound and conjugated 
phenolic compounds at digestive enzymatic attack (Dordević et al., 2010). Bioactive compounds such as 
phenols exert different effects for the benefit of human health, and the mechanisms to which these effects 
can be attributed range from antimutagenic, anticancer, and anti-inflammatory activities, among others. One 
of the most widely studied mechanisms is antioxidant activity, that is, its ability to donate a hydrogen atom 
or an electron to a free radical and thereby inhibit the oxidation of biologically important oxidizable substrates 
such as lipids, proteins, carbohydrates, and DNA. In Figure 2C, the results of the intestinal recovery of the 
antioxidant capacity present in the cookies were determined in the same way as those determined for TP and 
FA; that is, the value of antioxidant capacity found in the cookie samples before digestion was considered 
100%. Moreover, the cookies BLFC (20 h and 36 h) and SLFC (12 h) shower higher intestinal antioxidant 
capacity recovery than SLFC (48 h); these values were also higher than that presented by control cookies. 

 
Figure 1. Effect of backslopping and spontaneous fermentation on TPC (A), ferulic acid (B) and antioxidant capacity 

(C) of doughs from whole sorghum grain. 
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Table 2. Contents of Total Phenols (TP), Ferulic Acid (FA) and TEAC in cookies from fermented sorghum doughs 
before and after simulation in vitro gastrointestinal digestion1. 

Cookies 

Total phenols (TP) 
µgGAE/g 

Ferulic acid (FA) 
µg/g 

TEAC 
µmolTE/g 

Before intestinal 
digestion 

After intestinal 
digestion 

Before 
intestinal 
digestion 

After 
intestinal 
digestion 

Before 
intestinal 
digestion 

After intestinal 
digestion 

CSC 1174.92 ± 29.19C 5385.17 ± 169.4B 6.35 ± 0.87C 0.22 ± 0.02C 2.39 ± 0.02 A 4.25 ± 0.48AB 

BLFC (36 h) 985.2 ± 33.71C 6371.5 ± 182.9A 25.90 ± 0.75A 1.41 ± 0.16B 1.16 ± 0.09B 5.38 ± 0.59A 

BLFC (20 h) 1029.19 ± 33.71C 5562.8 ± 149.4B 22.30 ± 0.10AB 1.62 ± 0.004 A 2.39 ± 0.03A 4.77 0.59 AB 

SLFC (48 h) 1344.12 ± 26.11A 7149.8 ± 149.4A 26.97 ± 1.70A 1.59 ± 0.21A 1.53 ± 0.19B 0.90 ± 0.07C 

SLFC (12 h) 1126.10 ± 26.11B 7194.4 ± 169.4A 24.12 ± 3.64A 1.60 ± 0.27A 0.84 ± 0.07C 1.88 ± 0.22C 
1The values correspond to the mean ± standard error (n = 8). Means with different superscripts per column and for each type of fermentation 
are significantly different (p ≤ 0.05). CSC: cookies formulated with unfermented sorghum dough; BLFC (20 h) and BLFC(36 h): cookies formulated 
from sorghum dough subjected to lactic acid fermentation by the backslopping technique for 20 and 36 hours, respectively. SLFC (12 h) and 
SLFC(48 h): cookies formulated with sorghum dough subjected to spontaneous fermentation for 12 and 48 hours, respectively. 

 
Figure 2. Effects of backslopping (BLFC) and spontaneous SLFC) fermentation on the bioaccessibility of TPC (A), 

ferulic acid (B) and intestinal antioxidant capacity recovery (C) of cookies from whole sorghum grain. 
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4 Conclusions 
The fermentation processes significantly increased the contents of TP and FA compared with the 

unfermented doughs, and the highest values corresponded to the doughs treated by lactic acid fermentation 
(backslopping). Compared to spontaneous fermentation (SLF), fermentation with added inoculum 
(backslopping) required a shorter dough fermentation time to obtain the highest values of TP, as well as a 
longer fermentation time to achieve the highest content of FA. The treatments of the different fermentation 
processes were able to increase the bioaccessibility of FA for all the experimental cookies since all the values 
were always higher than those of the control cookie. 
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