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and pharmaceuticals [3]. Many methods have been used to 
extract phenolic compounds from plants and plant-based 
materials. Because phenolic compounds are usually found 
in insoluble forms that are conjugated with sugars and 
linked to the cell wall by many bonds, a poor yield of these 
compounds was obtained during the extraction process. [5]. 
Therefore, they cannot be completely extracted by conven-
tional methods that used organic solvents. Additionally, the 
possibility of solvent contamination during food processing, 
as well as the high cost of organic solvents, encouraged the 
development of alternative clean techniques [6].

Solid-state fermentation (SSF) by fungi, as a clean bio-
logical treatment, can be used for extraction of conjugated/
bound phenolic compounds from plants and plant based-
materials. During the fermentation process, SSF-fungi 
could produce mass amounts of hydrolytic enzymes, which 
can easily break down conjugated phenolic compounds and 

Introduction

The demand for natural antioxidant-phenolic compounds 
is mainly increasing due to their effectiveness in the treat-
ment of various diseases including cancer, cardiovascular 
and neurodegenerative disorders, diabetes, and high choles-
terol [1–3]. These active compounds have been linked to a 
variety of health benefits, making a regular diet rich in anti-
oxidant-phenolic compounds essential for health promo-
tion. [4]. Natural antioxidant-phenolic compounds are also 
used in a variety of industries, including food, beverages, 
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Abstract
Chia seeds (CS) are becoming increasingly consumed due to their great nutritional and therapeutic properties. In this 
study, solid-state fermentation (SSF) of CS by Trichoderma reesei was employed to maximize the production of the 
antioxidant-phenolic compounds and some fungal phenolic-associated enzymes (α-amylase, xylanase, β-glucosidase, poly-
galacturonase, and phenylalanine ammonia-lyase). The SSF-conditions were statistically optimized using response surface 
methodology (RSM). In the statistical model, four variables were analyzed at two levels. According to RSM, the adjusted 
R2 (< 0.9) is reasonably consistent with the predicted R2 (< 0.9), indicating that the statistical model is valid. The optimal 
conditions for maximum production of both phenolic compounds and fungal phenolic-associated enzymes were found to 
be 28 °C, pH 7.0, 20% moisture, and 7-day fermentation. The total phenolic content of fermented CS (FCS) increased 
23 folds and total antioxidant activity was enhanced by 113- and 150-fold using DPPH and ABTS methods, respectively. 
Three new phenolics (kaempferol, apigenin, and p-coumaric) were recognized in FCS using HPLC analysis. The activities 
of all the extracted phenolic-associated enzymes showed strong correlations with the phenolic content of FCS. Against 
some human-pathogenic bacteria, FCS extract displayed considerably better antibacterial activity than UFCS extract. 
Finally, the phenolic-rich-FCS can be employed as a dietary supplement as well as an antibacterial agent. Furthermore, T. 
reesei has produced considerable quantities of industrially valuable enzymes.
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Materials and methods

Materials

The Egyptian chia seeds were got from Agriculture 
Research Center, Giza, Egypt. They were washed and oven-
dried (at 40 °C) before being ground. Trichoderma reesei 
was obtained from the department of microbial chemistry, 
National Research Centre (NRC, Giza, Egypt). The obtained 
strain was grown on potato dextrose agar (PDA) for 7 days 
at 28 °C. Human pathogenic bacteria (Pseudomonas aeru-
ginosa NRRL B-272, Salmonella typhi ATCC 15,566, Esch-
erichia coli O157-H7 ATCC 51,659, Staphylococcus aureus 
ATCC 13,565, and Bacillus subtilis BTN7A) were got from 
the department of toxins and contaminants (NRC, Giza, 
Egypt). 1,1-diphenyl-2-picrylhydrazyl (DPPH), 2,2-azino-
bis (3-ethylbenzo-thiazoline-6-sulfonic acid) (ABTS), Folin 
Ciocalteu reagent, substrates of enzymes, standards, and 
chemicals were bought from Sigma-Aldrich Co.

Fermentation conditions and experimental design

Chia seed powder (CS) was air-dried after being sterilized 
with 70% ethanol. In a 100-ml Erlenmeyer flask, 2 g of 
sterile CS was mixed with fresh Trichoderma reesei spores 
(5.0 × 108 CFU/ml). Response surface methodology (RSM) 
and central composite design (CCD) were used to optimize 
SSF-conditions/parameters (temperature, pH, moisture, and 
fermentation time) (Factorial design expert V11 software). 
The levels of SSF-parameters were chosen at temperature 
(28 and 32 °C), pH (6 and 7), moisture (15 and 20%), and 
fermentation time (6 and 7 days). Sixteen experiments were 
carried out, with the results based on the average of three 
independent experiments.

Extraction of phenolic compounds and enzymes

Fermented chia seeds (FCS) were dispersed in either 80% 
methanol or distilled water at a ratio of 1:20 (W/V) in both 
cases. They were also incubated overnight at 28 °C with 
100 rpm shaking. The extracts were then filtered twice 
using filter paper Whatman-1. The obtained extracts were 
phenolic FCS and enzymatic FCS for methanol and distilled 
water, respectively.

Total phenolic measurement

The method of Velioglu et al. [19] was used to measure the 
content of phenolics. A reaction mixture containing 100 µl 
of methanol extract, 800 µl of distilled water, and 100 µl of 
Folin Ciocalteu reagent was incubated for 5 min. After that, 
500 µl of 20% Na2CO3 was added and incubated for 30 min. 

convert insoluble phenolic compounds into free-soluble 
forms. In addition, the fungal synthesized enzymes (amy-
lase, xylanase, cellulases, β-glucosidase, protease, and pec-
tinase) have great commercial values and are extensively 
used in food industries [7]. Furthermore, the SSF enhanced 
various bioactive activities of plants and plant based-mate-
rials [8–10]. Phenylalanine ammonia-lyase has recently 
received a lot of attention and is considered to be an impor-
tant therapeutic enzyme with a wide range of applications 
in medicine. It is mainly found in plants, algae, and certain 
microorganisms and is absent in humans. Microbial PAL is 
crucial for the production of industrially important second-
ary metabolites including antioxidant-phenolic compounds. 
Microbial PAL was obtained from a few microorganisms 
including Rhodotorula glutinis and Anabaena variabilis 
[11]. However, there was no information about the produc-
tion of PAL from Trichoderma reesei.

Chia (Salvia hispanica L., family: Lamiaceae) originated 
from Mexico and currently is cultivated all over the world 
as a dietary supplement and for medicinal purposes. Chia 
seeds have a great nutritional value as they are a rich source 
of proteins, carbohydrates, ash, lipids, and dietary fibers 
[12]. In addition, chia seeds contained many valuable anti-
oxidant-phenolic compounds and were incorporated in dif-
ferent foods and beverages as functional food [13, 14]. The 
European Parliament approved the incorporation of chia 
seeds in different food products in various countries [12]. 
Furthermore, chia seeds were incorporated in gluten-free 
products for helping people suffering from celiac disease 
and wheat allergy [15]. Chia seeds also inhibited cholines-
terase activity, prevented neurodegenerative diseases, and 
improved insulin sensitivity and lipid metabolism [16, 17].

The germination process recently upgraded/enhanced 
the concentrations of phenolic compounds and the biologi-
cal activities of chia seeds. [18]. However, no studies were 
reported about the impact of SSF on the phenolic compounds 
and their functional properties of the Egyptian chia seeds. 
In this study, response surface methodology (RSM) was 
utilized to optimize SSF-conditions in order to maximize 
the production of phenolic compounds from Egyptian chia 
seeds by Trichoderma reesei and analyze their functional 
properties. The maximum production of fungal phenolic-
associated enzymes (α-amylase, xylanase, β-glucosidase, 
polygalacturonase, and PAL), which are regarded as indus-
trially important enzymes, was also optimized.
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was incubated for one h. One unit of enzyme activity is 
described as a 1.0 OD increase at A290 nm.

Antibacterial activity

To evaluate the antibacterial activity of the FCS compared 
to unfermented chia seeds (UFCS), a well-diffusion method 
was used [26]. On Mueller–Hinton agar plates, each bac-
terium suspension (100 µl) was dispersed at a concentra-
tion of 108 CFU/ml. Wells were filled with FCS and UFCS 
extracts (50 µg GAE). Then incubation was carried out 
at 37 °C for 18 h. The diameters of inhibitory zones were 
measured to determine antibacterial activity. According to 
National Committee for Clinical Laboratory Standards [27], 
the minimum inhibition concentration (MIC) was deter-
mined using the agar dilution-diffusion method. On Muel-
ler–Hinton agar, each bacterial strain was distrusted at a 
concentration of 108 CFU/ml. FCS and UFCS extracts in 
various doses (0.1-4.0 mg/ml) were applied to inoculated 
agar wells and incubated for 18 h at 37 °C. The lowest con-
centration at which bacteria cannot grow is MIC.

Statistical analysis

The SSF conditions were optimized and analyzed by RSM 
and CCD of factorial design expert V11 software (Stat-
Ease Inc., US). Sixteen experiments were carried out and 
the statistical results, models, and equations were validated 
using ANOVA based on the p-value with a 95% level of 
confidence. The rest of the data was analyzed using one-
way ANOVA and a Tukey post-test (GraphPad Prism 5 
software). All measurements were expressed as means ± SD 
(n = 4).

Results and discussion

Optimization of SSF-parameters of chia seeds using 
RSM

Herein, we study the influence of the SSF process by T. 
reesei on the phenolic content, antioxidant activity, and 
functional properties of chia seeds (CS) as well as enzymes 
responsible for liberating and producing phenolic com-
pounds. Optimizing of SSF-parameters is a very complex 
process due to these parameters interacting together simul-
taneously. So, many multivariance-analytical methods were 
used to adjust the SSF-parameters. In this study, the RSM 
and CCD were employed to find the best SSF-parameters 
for maximum phenolic compound and fungal phenolic-
associated enzymes production. Fermentation time (A), 
pH (B), temperature (C), and moisture (D) were among the 

At A750 nm, the absorbance was measured. Phenolic content 
is expressed as mg gallic acid equivalent (GAE).

Phenolic compound composition

HPLC was used to analyze the phenolic compounds using 
Agilent Technologies1100 series liquid chromatography 
[20]. The mobile-phase gradient was a 10: 90 ratio of solvent 
(2% acetic acid) to solvent (acetonitrile) with a flow rate of 
1 ml/min. Peaks at 280, 320, and 360 nm were recorded and 
identified using corresponding retention times.

Antioxidant activity assays

DPPH assay: in a one ml reaction mixture, 25 µl metha-
nol extract was combined with DPPH reagent dissolved in 
methanol (0.1 mM) and incubated for 30 min in the dark. 
[21]. At A517 nm, the absorbance was measured. The DPPH 
radical-scavenging activity % = (Control absorbance − sam-
ple absorbance/control absorbance) ×100.

ABTS assay: 10 µl methanol extract was combined with 
ABTS reagent in a one ml reaction mixture and incubated 
for 1 min [22]. At A734 nm, the absorbance was measured. 
The ABTS radical-scavenging activity % was calculated as 
DPPH assay.

Enzymatic assays

Miller method [23] was used to investigate the activities of 
α-amylase, xylanase, and polygalacturonase. For α-amylase, 
xylanase, and polygalacturonate, the substrates were starch, 
xylan, and polygalacturonic acid, respectively. The enzy-
matic extract (100 µl) and 5 mg substrate were combined 
together in 0.05 M sodium acetate buffer, pH 5.5, and incu-
bated at 37 °C for one h. Then 500 µl of dinitro-salicylic 
acid was added and the mixture was boiled for ten min. The 
mixture was measured at A560 nm after cooling. The enzyme 
concentration that liberates one µmol of reducing sugar per 
hour is defined as one unit of enzyme activity.

According to Gunata et al. [24], the activity of 
β-Glucosidase was investigated. One ml of a solution con-
taining 100 µl of p-nitrophenol ß-D-glucopyranoside (9 
mM), 50 mM sodium acetate buffer, pH 6.0, and 100 µl 
of the enzymatic extract was incubated for one h at 30 °C. 
Then half ml 20% sodium carbonate was added. The absor-
bance was recorded at A400 nm. The enzyme concentration 
that liberates one µmol of p-nitrophenol per hour is defined 
as one unit of enzyme activity.

PAL activity was examined according to Sirin et al. [25]. 
A mixture of one ml containing 40 mM phenylalanine, 100 
mM Tris-HCl buffer, pH 8.5, and 100 µl enzymatic extract 
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β-glucosidase = + 507.64 + 6.94 A + 29.67 B-9.44 C + 9.63 
D + 0.0500 AB + 0.0623 AC + 0.0595 AD-0.0499 BC-0.0783 
BD-0.0656 CD.

Phenylalanine ammonia lyase = + 1690.38 + 96.00 A + 54
.61 B -18.76 C + 120.25 D-0.0001 AB-0.0006 AC + 0.0141 
AD + 0.0130 BC + 0.0006 BD + 0.0011 CD.

The predicted maximum values of phenolic content and 
the activities of tested enzymes as well as the optimal SSF-
parameters were estimated by using numerical maximiza-
tion and approaches of desirability function (Fig. 3). The 
predicted maximum responses were very close to the actual 
responses with a desirability function of 0.998 as shown in 
Table 4. In addition, low relative error percentages (2.03-
0.0%) between predicted and actual values of all responses 
were observed referring to the fitting and accuracy of the 
model and experimental design used. Similarly, the RSM 
was recently used to optimize the SSF-parameters for the 
production of phenolics and flavonoids from garden cress 
seeds and dandelion, respectively [10, 28]. The RSM was 
also used to optimize the SSF-parameters for the production 
of α-amylase, xylanase, and polygalacturonase from garden 
cress seeds and watermelon rind by T. reesei and T. virens, 
respectively [10, 29].

Overall, 28 °C, pH 7.0, 20% moisture, and a 7-day fer-
mentation time were found to be the best SSF conditions 
for the production of both phenolic compounds and all of 
the examined fungal phenolic-associated enzymes from 
FCS. In general, the choice of physiological parameters has 
a significant impact on the efficiency of the SSF process. 
High moisture content can reduce the porosity of particles 
and their intermolecular structures. While the nutrition and 
growth of the microorganisms were limited by low moisture 
content. Additionally, changes in pH diminished the release 
of microbial enzymes and the ability of antioxidant-phe-
nolic compounds to donate electrons. [30]. Furthermore, a 
high fermentation temperature decreased microbial growth, 
increased molecule mobility, and accelerated phenolic com-
pound decomposition. Low moisture content (20–30%), 
low temperature (28–30 °C), fermentation time (5–7 days), 
and pH (6.0–7.0) were previously detected as the best SSF-
parameters for the production of phenolic compounds from 
ginger, garden cress seeds, bush tea, and maize [9, 10, 31, 
32]. When SSF was performed at temperatures higher than 
30 °C, the lowest levels of phenolics were obtained from 
ginger [9] and bush tea [31].

The total phenolic content increased by 23-fold (p < 0.01) 
from 1.3 mg GAE g− 1 in the UFCS extract to 30.0 mg GAE 
g− 1 in the FCS extract (Table 5). Similarly, the total pheno-
lic content of some plants and plant-based materials such as 
wheat bran, wheat grain, oat, buckwheat, barley, rye, rice, 
and rice bran, was enhanced several folds under SSF by 
fungi [33–38]. The phenolic content of ginger and garden 

SSF-parameters, and their proper ranges/levels were deter-
mined using single-parameter preliminary experiments. One 
of these parameters was changed while the other parameters 
remain constant in each experiment (data not shown).

Table 1 summarizes the SSF-parameters of CS as well 
as actual and predicted values of phenolic contents and 
the activities of some fungal phenolic-associated enzymes 
using the experimental design for sixteen runs. The valida-
tion of obtained responses was checked using the statisti-
cal models and ANOVA analysis and presented in Table 2. 
Two-factor interaction (2FI) model was suggested for all 
responses (phenolic content and enzymatic activities). 
According to the findings, the adjusted R2 is reasonably 
consistent with the predicted R2. Additionally, the F-value 
and P-values obtained from the suggested model are signifi-
cant for all responses. Furthermore, the signal-to-noise ratio 
‘Adeq accuracy’ for all responses is greater than 4, which 
is preferred (Table 2). Moreover, the actual and predicted 
values for all responses were very close to the expected 
line (Fig. 1), demonstrating the accuracy of the established 
model.

Table 3; Fig. 2 illustrate the impacts of the investigated 
parameters (fermentation time, pH, moisture, and tempera-
ture) and their interactions on the responses’ values. The 
results showed that the fermentation time (A), pH (B), and 
moisture (D) have a positive impact/favorable effect on 
all responses. While the fermentation temperature (C) at a 
high level, has a negative impact on all responses compared 
to its low level. The mutual interaction between param-
eters was shown differently in each response. For phenolic 
content, there was a significant positive (p < 0.05) interac-
tion between AB, AC, and AD. There was also a signifi-
cant positive (p < 0.05) interaction between A and D in all 
responses. Further, the negative effect of temperature (C) 
on the β-glucosidase production was reversed by interac-
tion with time (A), whereas, the interaction between pH (B) 
and moisture (D) was changed from positive to negative 
(Table 3). By the analysis, the equations of the model were 
described as follow:

Phenolic content = + 25.26 + 0.7986 A + 0.8611B-
0.8764 C + 0.7396 D + 0.1986 AB -0.1639 AC + 0.1521 AD 
-0.1514 BC + 0.0896 BD -0.0979 CD.

α-amylase = + 403.80 + 20.17 A + 23.93 B-1.90 C + 24.68 
D + 0.0560AB-0.0274 AC + 0.0549 AD-0.0481 BC + 0.0506 
BD-0.0410 CD.

Xylanase = + 428.15 + 10.89 A + 15.89 B-6.32 C + 17.58 
D + 0.0057 AB − 0.0557 AC + 0.0925 AD -0.1580 
BC + 0.1698 BD -0.2438 CD.

Poly-galacturonase = + 611.13 + 21.13 A + 19.26 
B-6.93 C + 13.95 D + 0.0131 AB-0.0567 AC + 0.07350 
AD-0. 0547 BC + 0.0715 BD-0.0338 CD.
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Production of fungal enzymes

Most plant phenolic compounds are bound/conjugated with 
one or more derivatives of sugar molecules. These sugar 
molecules bind to the hydroxyl groups of phenolic com-
pounds and cause a reduction in their antioxidant activity. 
The presence of free hydroxyl groups on the phenolic ring 
increases antioxidant activity and helps to scavenge free 
radicals. Fungi use both simple and complex molecules for 

cress seeds, both medicinal plants, was also enhanced by 
6 and 9 folds, respectively, under SSF by T. viride and T. 
reesei [9, 10]. Furthermore, the observed phenolic content 
of FCS (30.0 mg GAE g-1) was three times higher than the 
phenolic content of 7-day CS sprouts (9.0 mg GAE g-1) 
[18], demonstrating that the SSF process is more efficient 
than the germination process for enhancing CS phenolic 
content.

Table 2 Summary of ANOVA variance-analysis and the fit-statistics model for all responses (phenolic content and enzymatic activities)
ANOVA Fit statistics for model
Responses F-value p-value Model R2 Adjusted R2 Predicted R2 Adeq precision†

Phenolic content 57.32 < 0.0001* 2FI 0.9679 0.9510 0.9118 27.6325
α-amylase 2.749E + 05 < 0.0001* 2FI 1.0000 1.0000 1.0000 1759.199
Xylanase 22681.4 < 0.0001* 2FI 0.9998 0.9998 0.9996 401.065
Poly-galacturonase 32022.04 < 0.0001* 2FI 1.0000 1.0000 0.9999 1237.470
β-glucosidase 34505.17 < 0.0001* 2FI 1.0000 1.0000 1.0000 1317.2
Phenylalanine ammonia lyase 1.133E + 08 < 0.0001* 2FI 1.0000 1.0000 1.0000 34804.833
*Significant
†Adeq precision indicates the signal to noise ratio. A ratio greater than 4 is preferable

Fig. 1 Normal probability plots of the actual and predicted responses (phenolic content and enzymatic activities)
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HPLC analysis

The HPLC technique was used to identify the phenolic 
compound composition of the UFCS and FCS phenolic 
extracts, as shown in Table 6. The UFCS phenolic extract 
contained twelve phenolic compounds with concentrations 
ranging from 0.008 to 0.250 mg/g DW. In the FCS pheno-
lic extract, fifteen phenolic compounds were identified with 
concentrations ranging from 0.16 to 2.1 mg/g DW. Three 
new phenolics (p-coumaric, apigenin, and kaempferol) were 
recognized in FCS extract. The contents of all investigated 
phenolic compounds in FCS extract were 6.0 to 210 times 
greater (p < 0.01) than in UFCS extract. The main phenolics 
recognized in both CS extracts were protocatechuic, caffeic, 
and rosmarinic with greater quantities in FCS extract (1.85, 
1.80, and 1.50 mg/g) than in UFCS extract (0.20, 0.22, and 
0.25 mg/g DW). Additionally, p-hydroxybenzoic acid lev-
els in FCS extract (2.10 mg/g DW) were 210 times higher 
than in UFCS extract (0.01 mg/g DW). This enhancement 
in phenolic compounds concentrations and the produc-
tion of new phenolic compounds could be attributed to the 
action of fungal phenolic-associated enzymes released dur-
ing SSF. These enzymes break down plant cell walls, con-
verting many insoluble/conjugated phenolic compounds to 
soluble/free phenolic compounds or producing new pheno-
lic compounds [44]. Ferulic, sinapic, and coumaric acids 
increased 63, 24, and 20 times in fermented rice bran under 
SSF, respectively, compared to unfermented rice bran. Also, 
caffeic acid was found only in fermented rice bran and 
not in unfermented rice bran [38]. Pyrogallol, gallic acid, 
and coumaric acid were also raised 65, 62, and 36 times, 
respectively, while apigenin was only found in fermented 
garden cress seeds extract over unfermented extract [10]. 
Interestingly, the majority of the phenolic compounds found 
in FCS extract contain a variety of bioactive properties, 
including antioxidant, antibacterial, anti-snake, anticancer, 

growing through the secretion of a variety of extracellular 
enzymes. Some fungal-synthesized enzymes break down the 
lignocellulosic cell walls of the plant, converting conjugated 
phenolic compounds into free phenolic compounds, leading 
to the liberation of various free-phenolic compounds [8, 10, 
39]. However, various antioxidant-phenolic compounds are 
bio-synthesized by the action of the PAL enzyme [40, 41]. 
Therefore, in this study, the activities of some fungal phe-
nolic-associated enzymes: β-glucosidase (563 U g-1 seed), 
xylanase (480 U g-1 seed), α-amylase (475 U g-1 seed), and 
polygalacturonase (473 U g-1 seed) and PAL (1980 U g-1 
seed) were investigated and their relations with phenolic 
compounds variation were also studied during the SSF. 
All of the examined fungal phenolic-associated enzymes 
and phenolic compounds were produced to their maximum 
potential at the same optimal SSF-conditions (28 °C, pH 
7.0, 20% moisture, and 7 days of fermentation). Addition-
ally, strong correlations between phenolic content and the 
activity of examined enzymes were observed, with R2 val-
ues ranging from 0.84-to 0.92. (Fig. 4). This finding sug-
gests that the examined enzymes are essential in increasing 
phenolic content by liberating/producing free phenolic com-
pounds and improving antioxidant activity. Under SSF, the 
activities of α-amylase, xylanase, polygalacturonase, and 
β-glucosidase were increased and linked to the production 
of phenolic compounds from ginger, garden cress seeds, soy 
germ, and wheat [9, 10, 39, 42]. There have been few stud-
ies on PAL enzyme production under SSF. Bacillus subtilis 
produced the PAL enzyme (58 U/ml) from agro-industrial 
wastes under SSF at 30 °C and 96 h of fermentation [43]. 
These findings indicate that the examined fungal phenolic-
associated enzymes produced under SSF of CS could be 
employed in the food and pharmaceutical industries.

Table 3 The estimated regression coefficients showing the variables and responses. Fermentation time (A), pH (B), temperature (C), and moisture 
(D)

A B C D AB AC AD BC BD CD
Phenolic content 0.798611 0.861111 -0.87639 0.73958 0.198611 -0.163889 0.152083 -0.151389 0.089583 -0.097917
p-value < 0.0001* < 0.0001* < 0.0001* < 0.0001* 0.0135* 0.0368* 0.0482* 0.0518 0.2288 0.1900
α-amylase 20.17 23.93 -1.90 24.68 0.06 -0.03 0.05 -0.05 0.05 -0.04
p-value < 0.0001* < 0.0001* < 0.0001* < 0.0001* 0.032* 0.26 0.03* 0.06 0.05* 0.11
Xylanase 10.89 15.89 -6.32 17.58 0.01 -0.06 0.06 -0.16 0.17 -0.24
p-value < 0.0001* < 0.0001* < 0.0001* < 0.0001* 0.94 0.47 0.03* 0.05* 0.03* 0.01*

Poly-galacturonase 21.13 19.26 -6.93 13.95 0.01 -0.06 0.07 -0.05 0.07 -0.03
p-value < 0.0001* < 0.0001* < 0.0001* < 0.0001* 0.67 0.07 0.02* 0.08 0.02* 0.27
β-glucosidase 6.94 29.68 -9.44 9.63 0.05 0.06 0.06 -0.05 -0.08 -0.07
p-value < 0.0001* < 0.0001* < 0.0001* < 0.0001* 0.07 0.02* 0.03* 0.06 0.01* 0.02*

Phenylalanine ammonia lyase 96.00 54.61 -18.76 120.25 0.00 0.00 0.01 0.01 0.00 0.00
p-value < 0.0001* < 0.0001* < 0.0001* < 0.0001* 0.99 0.91 0.01* 0.02* 0.91 0.83
*Significant
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conditions. The DPPH and ABTS IC50 values for UFCS 
extract (21.7 and 13.3 µg GAE/ml, respectively) fell consid-
erably (p < 0.01) to (4.4 and 2.0 µg GAE/ml, respectively) 
for FCS extract (Table 5). Additionally, when total antioxi-
dant activity was measured using IC50 of DPPH and ABTS, 
the results increased considerably (p < 0.01) from (60 and 
100, respectively) for UFCS extract to (6,818 and 15,000, 
respectively) for FCS extract by ~ 113 and 150 folds, 
respectively as shown in Table 5. The antioxidant activity of 

anti-inflammatory, and antidiabetic [1, 2, 10, 45–48]. As a 
consequence, these phenolic compounds can be utilized as 
dietary supplements to reap their health benefits and to treat 
a variety of critical diseases.

Antioxidant capacity of SC phenolic extracts

The antioxidant activity of UFCS and FCS was investi-
gated using the DPPH and ABTS assays under SSF-optimal 

Fig. 2 Contour and response 
surface plots (3D) of the SSF 
optimizing parameters for 
production of phenolic content 
showing an interaction between 
time and pH (a), temperature 
and time (b), and time and 
moisture (c)
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content. Besides, the majority of the phenolic compounds 
found in FCS are recognized to be powerful antioxidants. 
Furthermore, greater β-glucosidase activity is associated 

FCS extract was found to be highly associated with its phe-
nolic content. As a result, the increased antioxidant activ-
ity in FCS is attributed to a significant increase in phenolic 

Table 4 Actual and predicted optimal SSF-parameters and maximum responses
Measurement Parameters Responses Desirability

Time 
(day)

pH Temperature(°C) Mois-
ture 
(%)

Phenolic 
content
(mg GAE 
g− 1)

α-amylase
(U g− 1)

Xyla-
nase
(U g− 1)

Poly-
galactu-
ronase
(U g− 1)

β-glucosidase
(U g− 1)

Phenylala-
nine ammo-
nia lyase
(U g− 1)

Actual 7 7 28 20 30.00 475.0 480.0 673.0 563.4 1980 0.998
Predicted 7 7 28 20 29.39 474.78 479.46 672.73 563.43 1980.01
*Relative error 
%

2.03 0.046 0.11 0.04 0.005 0.00

*Relative error (%) = [(experimental value - predicted value)/experimental value] x 100

Sample mg GAE 
g− 1 seed

DPPH
IC50
(µg GAE/ml)

ABTS
IC50
(µg GAE/ml)

Total antioxi-
dant activity
(mg GAE g 
DW / mg IC50)
DPPH ABTS

UFCS
FCS

1.3 ± 0.1a

30.0 ± 1.2b
21.7 ± 1.1a

4.4 ± 0.32b
13.3 ± 1.1a

2.0 ± 0.2b
60 a 100a

6,818b15,000b

GAE, Gallic Acid Equivalent
IC50: The concentration of phenolic extract that scavenges 50% of either DPPH or ABTS free 
radicals

Table 5 Total phenolic content, antioxidant 
activity (using DPPH and ABTS assays) and 
total antioxidant activity of unfermented 
(UFCS) and fermented (FCS) chia seeds 
under the SSF-optimal parameters (7 day-
incubation, 20% moisture, pH 7.0 and 
28 °C) by Trichoderma reesei

 

Fig. 3 Desirability ramp graphs 
of the SSF-parameters for 
maximizing the production of 
phenolic content, and all the 
tested enzymes from chia seeds
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Antibacterial activity of the CS phenolic extract

The antibacterial efficiency of UFCS and FCS phenolics 
(50 µg GAE/ml) against five human-enteric pathogenic 
bacteria was investigated. Amoxicillin at 50 µg was used 
as a positive control. The FCS phenolic extract displayed 
considerably better (p < 0.01) antibacterial activity against 
the studied bacteria, with inhibition diameters ranging from 
20.0 to 30.0 mm in comparison to the UFCS (3.0–5.0 mm) 
and Amoxicillin (5.0–18.0 mm) (Table 7). Additionally, 
the FCS phenolic extract demonstrated considerably lower 
(p < 0.01) MIC values against the studied bacteria, rang-
ing from 0.2 to 0.32 mg/ml, as compared to UFCS (2.3-
3.0 mg/ml) and Amoxicillin (0.9–2.7 mg/ml) (Table 7). 
SSF improved the antibacterial activity of CS, according to 
these findings. This improvement was related to increased 

with higher FCS phenolic content, resulting in phenolic 
compound breakdown and aglycones liberation. Aglycones 
have high antioxidant activity and are used in a variety of 
foods and beverages [30]. Increased PAL enzyme produc-
tion may also help in the synthesis of phenolic compounds 
with antioxidant properties [49]. Likewise, SSF improved 
the antioxidant capacity of many plants and plant-based 
materials such as rice [50], oat [51], black and soya bean 
[37], ginger [9], and garden cress [10]. In addition, Abdel-
Aty et al. [18] observed that the total antioxidant activity of 
7-day chia sprouts increased 10- and 17-fold using DPPH 
and ABTS free radicals, respectively which was lower than 
that obtained from FCS.

Fig. 4 Scatter plots and correla-
tions between phenolic content 
and the activities of the tested 
enzymes under SSF of chia 
seeds
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compounds and some fungal phenolic-associated enzymes 
(α-amylase, xylanase, β-glucosidase, polygalacturonase, 
and PAL). The results clearly indicated that the SSF of CS 
by T. reesei greatly enhanced the phenolic content, pheno-
lic compound composition, antioxidant and antibacterial 
activities as well as the activities of some phenolic-associ-
ated enzymes, which are considered industrially important 
enzymes. Hence, FCS extract is considered a rich source of 
antioxidant-phenolic compounds and can be used to make 
functional foods and as an antibacterial agent. Furthermore, 
commercially valuable enzymes were abundantly produced 
and could be used in the food industry.
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levels of phenolic compounds and their antioxidant capac-
ity, such as p-hydroxybenzoic, protocatechuic, caffeic, and 
rosmarinic, as well as newly found phenolics (apigenin, 
kaempferol, and p-coumaric) in FCS extract. Some of these 
phenolics caused bacterial oxidative damage by producing 
hydrogen peroxide, which damaged the bacterial cell wall 
and/or impeded bacterial growth. In addition, several inves-
tigations have found that some phenolics enhance the action 
of antibiotics [52–55]. Furthermore, PAL-produced pheno-
lic compounds have potent antimicrobial activity [11]. Like-
wise, the antibacterial activity of fermented turmeric [56], 
ginger [9], garden cress seeds [10], and curry leaf [57] was 
enhanced with lower MIC values against some pathogenic 
bacteria compared to their unfermented extracts.

Conclusions

Here, the SSF-conditions of CS were efficiently optimized 
using RSM to produce the best possible amounts of phenolic 

Phenolic
compounds

RT UFCS
mg/g DW

FCS
mg/g DW

Fold-increase
in fermented 
seeds

Gallic 5.7 0.011 ± 0.002a 0.40 ± 0.03 36.4
Protocatechuic 9.9 0.200 ± 0.021a 1.85 ± 0.14b 9.3
p-hydroxybenzoic 15.1 0.010 ± 0.002a 2.10 ± 0.12b 210
Catechin 18.6 0.074 ± 0.003a 0.65 ± 0.08 8.8
Chlorogenic 20.6 0.022 ± 0.004a 0.78 ± 0.02b 35.4
Caffeic 21.4 0.220 ± 0.012a 1.80 ± 0.06b 8.2
Syringic 23 0.060 ± 0.004a 0.48 ± 0.02b 8.0
Vanillic 24.8 0.012 ± 0.001a 0.25 ± 0.01b 21.0
p-coumaric 37.2 ND 0.25 ± 0.02 ---
Rosmarinic 40 0.250 ± 0.022a 1.50 ± 0.10b 6.0
Cinnamic 42.8 0.030 ± 0.006a 0.70 ± 0.04b 23.3
Qurecetin 43.5 0.038 ± 0.004a 0.40 ± 0.02 10.5
Apigenin 46 ND 0.62 ± 0.02 ---
Kaempferol 46.5 ND 0.58 ± 0.03 ---
Chrysin 52 0.008 ± 0.0a 0.16 ± 0.02b 20.0

Table 6 The compositions of phenolic 
compounds of unfermented (UFCS) and 
fermented (FCS) chia seed extracts using 
HPLC

Bacterial strains
S. aureus B. subtilis E. coli P. 

aeruginosa
S. typhi

Inhibition zone (mm)
UFCS 5.0 ± 0.3a 4.0 ± 0.25a 4.5 ± 0.22a 3.0 ± 0.18a 3.0 ± 0.11a

FCS 30 ± 1.2b 22 ± 0.92b 20 ± 0.77b 27 ± 1.2b 20 ± 1.3b

Amoxicillin 18 ± 1.0c 5.0 ± 0.31c 14 ± 0.45c ND ND
MIC (mg/ml)
UFCS 2.3 ± 0.21a 3.0 ± 0.31a 2.9 ± 0.21a 3.0 ± 0.32a 2.7 ± 0.41a

FCS 0.20 ± 0.05b 0.31 ± 0.03b 0.32 ± 0.02b 0.23 ± 0.04b 0.31 ± 0.01b

Amoxicillin 0.9 ± 0.04c 2.7 ± 0.33c 2.0 ± 0.31c ND ND

Table 7 Inhibition-zone diameter and 
minimum inhibitory concentration (MIC) of 
unfermented (UFCS) and fermented (FCS) 
chia seed extracts against some human-
pathogenic bacterial strains. Amoxicillin is 
used as a positive control for antibacterial 
activity

ND: Not Detection
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