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Abstract: The present study proposes microwave-assisted extraction as a sustainable technique for
the biosynthesis of bioactive compounds from rice fermented with Aspergillus flavus (koji). First,
fermentation conditions (i.e., pH from 3-12, five temperatures from 20-40 °C, and four culture-fer-
mentation media viz. wheat, wheat bran, malt and rice) were optimized for producing microbial
bioactive compounds. Microwave extraction was performed at 2450 MHz and 500 W for 20, 30, and
40 s with seven solvents (distilled water, ethyl acetate, hexane, ethanol, chloroform, diethyl ether,
and methanol). The obtained results revealed that ethyl acetate is the most appropriate solvent for
extraction. Effects of this ethyl acetate extract were compared with a commercial synthetic antioxi-
dant. Antioxidant properties were enhanced by preventing the oxidation of the linoleic acid
(C18H3202) with an inhibition rate (antioxidant efficacy) of 73.13%. Notably, the ferrous ion binding
ability was marginally lower when compared to the disodium salt of ethylenediaminetetraacetic
acid (EDTA). Additionally, the obtained total content of phenolic compounds in the ethyl acetate
extract of fermented rice (koji) by Aspergillus flavus was 232.11 mg based on gallic acid/mL. Antiox-
idant compounds in the ethyl acetate extract of fermented rice showed stability under neutral con-
ditions, as well as at high temperatures reaching 185 °C during 2 h, but were unstable under acidic
and alkaline conditions. The results demonstrate the efficacy of novel microwave-assisted extrac-
tion technique for accelerating antioxidant production during rice fermentation.

Keywords: microbial antioxidants; biosynthesis; microwave extract; aspergillus flavus; rice; antiox-
idant compounds; free radical; phenolic compounds; temperatures

1. Introduction

Lipid oxidation may cause damage to food quality and human health, due to reactive
oxygen and nitrogen species (RONS), which are present in food matrices and the human
body [1]. These free radicals are often the result or end-product of normal aerobic biolog-
ical metabolism, and can cause damage by oxidizing vital biomolecules such as carbohy-
drates, proteins, and lipids, leading to tissue damage, or even cell death [2]. Previous stud-
ies revealed that oxidation and/or oxidative stress are involved in several human diseases
such as neurogenerative disease, ageing, cardiovascular disease, arteriosclerosis, cancer,
rheumatism, and diabetes [3-5]. Adverse effects of RONS are counter balanced by antiox-
idants [6]. Therefore, it is necessary to consume foods containing antioxidants to help the
human body reduce the damage of oxidation and delay the occurrence of several diseases.
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For this reason, industrial antioxidants such as butylated hydroxytoluene (BHT), bu-
tylated hydroxyanisole (BHA), propyl gallate (PG), and tertiary butylhydroquinone
(TBHQ) have been used in diets, even though some side effects related to human health,
associated with their decomposition, have been reported [7]. Some natural antioxidants,
such as tocopherol and herbal extracts, have also been used on a limited basis due to their
high costs, intense flavors, and colors.

Furthermore, plant sources require a large quantity of extract to obtain sufficient
amounts of antioxidants [8,9]. In addition to the reported antioxidative properties, these
bioactive compounds exhibit strong antimicrobial properties [10]. Previous research re-
ported that these bioactive compounds are of immense value, especially in the manage-
ment of human health [11].

A variety of techniques and methodologies have been developed and explored re-
lated to the production, purification, and extraction of various beneficial products such as
antioxidants, pharmaceuticals (drugs), metabolites, and nutraceuticals from plant sources,
whose antioxidant potential have been improved by fermentative processes [12-13]. Mi-
crobial antioxidants are the metabolic end-products of microorganisms, possessing high
potential for capturing free radicals to inhibit lipoxygenase [14] or acting as bonding
agents for metal ions.

Modern technologies are more economical, efficient, sustainable, and easily accessi-
ble [15,16]. Recently, the microwave-assisted extraction (MAE) method, also known as
microwave-assisted solvent extraction (MASE), has been developed as a novel emerging
technology for the extraction of several beneficial compounds such as flavonoids and bi-
oactive compounds from different natural sources [17,18,19]. Moreover, MAE has signifi-
cant benefits over traditional extraction techniques (such as solid-liquid extraction) in-
cluding higher yield, better reproducibility, lower energy usage, and decreased extraction
time [20]. The transfer of energy is the main feature that characterizes the microwave heat-
ing process. In the case of microwaves, the heated material receives the energy directly
through the molecular interaction with the electromagnetic wave, which is then converted
into thermal energy. Unlike conventional heating which happens from the outside to in-
side [21], the localized heating during microwaves is found more effective and efficient in
enhancing the kinetics of various mass transfer processes including dehydration and ex-
traction [22]. Microwave extraction is different from conventional extraction through elec-
tromagnetic waves caused by the microwave oven, which causes changes in the cell struc-
ture during the extraction procedure. Conventional/traditional extraction techniques such
as solid-phase extraction (SPE), maceration extraction (ME), liquid-liquid extraction (LLE)
and Soxhlet extraction (SE) are very costly and often impeded by low productivity or low
recovery of compounds of interest or target components. In addition, conventional tech-
niques have a longer operation time, higher demands, utilize a higher amount of organic
solvent consumption, generate a large amount of thermal heat, which results in the deg-
radation of thermolabile components, and do not offer a simultaneous analysis of wide
varieties of samples. Both bipolar rotation, bipolar and ionic conduction through bipolar
reflections and the movement of the charged ions found in the solute and solvent occur at
the same time. In the electromagnetic field, a rapid movement of ions occurs, and the re-
sistance of the solution to the ion movement results in friction [23]. MAE procedures can
be used as a reliable technique for the laboratory, industry, as well as pilot-scale studies.
There are various factors such as particle size, temperature, solvent type, time, and solvent
to solid ratio that potentially affect the overall phenolic content, when MAE is used for
antioxidant extraction. The 2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric reducing antiox-
idant power (FRAP), and extraction yield were investigated in various antioxidant extrac-
tion methods from pistachio hull, showing the presence of high antioxidant activity [24].
Interestingly, during the last decade, green technologies such as MAE are claiming over
200 patents worldwide [25].

Koji rice is traditionally fermented rice produced with the use of solid state fermen-
tation. Traditionally, this technique involved the use of Aspergillus oryzae species. A. oryzae
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is an aerobic fungus belonging to the Aspergillus section Flavi, previously known as the
Aspergillus Flavus group, that contain industrially important A. oryzae and medically sig-
nificant A. Flavus and A. parasiticus species known to produce aflatoxins [26]. These other
strains are relatively less investigated in the literature, and it was hypothesized that using
these alternate strains might open alternate pathways for the production of antioxidants
from Koji fermented rice.

The overall objective of the study was to investigate MAE as a technique to biosyn-
thesize antioxidants from rice fermented with A. flavus strains. This was achieved in three
sub-objectives, viz.: (1) Study the appropriate conditions related to the production of an-
tioxidant compounds of fermented rice (koji), wheat, wheat bran and malt by A. flavus. (2)
study the stability of antioxidants produced from solid state fermentation of rice (koji)
with A. flavus, and (3) investigate the possibility of using microwave-assisted extraction
technology for the extraction of antioxidants.

2. Materials and Methods
2.1. Materials

Whole and polished rice cultures were infested with fungi (Aspergillus flavus) ob-
tained from the Laboratory of Life Sciences, Department of Marine Biology, Center of Ma-
rine Sciences, University of Basrah, Iraq. Malt extract agar (MEA) was purchased from
Himedia (Mumbai, India). Hexane, ethanol, chloroform, methanol, DMSO, Folin-Ciocal-
teu, potassium ferricyanide, monosodium phosphate, and trichloroacetic acid (TCA) were
obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of Inoculated Rice Koji

To create spore suspensions required for the inoculation of rice, A. flavus was incu-
bated for 5 days on malt extract agar (MEA), then suspended spores were collected from
the supernatant without centrifugation. To ensure the purity of spores, fungal isolates
were examined for shape under the microscope by placing the fungus onto glass slides
using cotton swabs soaked in a lactophenol solution containing blue cotton. After confir-
mation of the fungal identity, a suspension of A. flavus was prepared by activating the
fungus through incubation of the MEA slant at 30 °C for 5 days. Then, 5 mL of the super-
natant were collected. The number of spores was calculated using a hemocytometer. The
solution was then diluted using distilled water to reach a final concentration of 1 x 107
spores/mL [27]. This solution was used to inoculate Koji.

Inoculated rice was prepared according to the Hoppe method [28]. Briefly, 50 g of
Koji rice was soaked in distilled water for 1 h before being sterilized at 121.1 °C under 106
kPa steam pressure for 15 min. The boiled, sterile rice was then cooled to room tempera-
ture before being inoculated (10% v/w) with the 1 x 107 spores/mL solution by spraying
the spore solution over the rice. The inoculated rice was then incubated at 30 °C for 15
days. An uninoculated rice sample was also prepared the same way for identifying any
effects due to contamination.

2.3. Optimization of Fermentation Parameters

Fermentation parameters were optimized according to the method described in Yen
and Lee [29]. The parameters optimized included pH, temperature, and media of fermen-
tation using a full-factorial design (7 x 5 x 4). Four different fermentation media were used
to study the optimum medium including rice, wheat, wheat bran, and malt as described
earlier [29], whereas rice was found to be the most optimal media, and thereby used in
further experiments. A pH range of 3 to 12 was investigated to optimize the production
of antioxidants. Antioxidant efficacy was estimated by the thiocyanate method [30]. Dif-
ferent pH values were used for organic solutions including citrate (at pH 3 and 5) with a
concentration of 0.2 M, and phosphate (regulated at pH 7, 9, 10, 11, and 12) with a concen-
tration of 0.2 M to study the effect of pH on the stability of the antioxidative activity of A.
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flavus. The obtained data was compared to the control sample (containing BHT and alpha
tocopherol) grown in the same pH. Different temperatures were used to optimize the pro-
duction of antioxidants produced from rice koji inoculated with A. flavus. Five growth
temperatures were explored; 20, 25, 30, 35, and 40 °C.

2.4. Microwave-Assisted Extraction

The primary extraction of antioxidants along with bioactive compounds involved
mixing the fermented rice (koji) (obtained in Section 2.2.) in an electric blender with 100
mL of ethyl acetate. This mix was then filtered through Whatman no.1 filter paper and
washed three times. The filtered organic extract was used for further extraction. An ex-
traction method described earlier [31] using 90 °C for extraction with Teflon tubes (3 cm-
diameter, 20 cm long, and 5 mm thickness) was used. Ten milliliters of the filtered organic
extract was then taken and put in dark glass bottles as photodegradation of phenolics
occurs due to light [32]. Next, 40 mL of different solvents (distilled water, ethyl acetate,
hexane, ethanol, chloroform, diethyl ether, and methanol) were added. Each of the filtered
organic extract were mixed with the solvent above using the magnetic plates for 30 min
and then transferred to the Teflon tubes and sealed tightly and placed in the microwave
device (capacity 2 L, MARS 6, CEM Corporation, Matthews, NC, USA) using a frequency
of 2450 MHz and a power of 500 W for 20, 30, and 40 s. Next, centrifugation was performed
in tubes at 600 g for 15 min. The filtrate was concentrated using the rotary vacuum evap-
orator at 40 °C to reduce the solvents to a final volume of 10 mL. The extracts were kept
at —18 °C for further use.

2.5. Properties of Microbial Antioxidants

After the optimization of the fermentation parameters, antioxidants were then char-
acterized as shown earlier [33].

2.5.1. Antioxidant Activity

The antioxidant activity was determined using the thiocyanate method [30]. Specifi-
cally, 4 mL each of 99.5% ethanol and 2.51% linoleic acid, and 8 mL of 0.02 M pH 7.0 phos-
phate buffer was added to 4 mg of the extract, along with 3.9 mL of distilled water. The
solution was maintained at 40 °C in a covered test tube. Then, 0.1 mL of this reaction mix-
ture was added to 9.7 mL of 75% aqueous ethanol and 0.1 mL each of 30% aqueous am-
monium thiocyanate and 0.02 M ferrous chloride in 3.5% hydrochloric to generate a red
color. The absorbance was measured at 500 nm in triplicate experiments. The inhibition of
linoleic acid oxidation was calculated according to the Equation (1):

Reading the absorption of the model

)] x 100 (1)

Reading the absorption of the control sample

2.5.2. Determination of Phenolic Compounds

The method described in Wiktor et al. [32] was used to estimate the phenolic com-
pounds in the ethyl acetate extract in fermented rice (koji) by Aspergillus flavus. Briefly, 0.5
mL of the extract was mixed with 7 mL of distilled water and 0.5 mL of Folin-Ciocalteu.
After 3 min, 2 mL of 20% Na2COs was added and the mixture was heated to 100 °C in a
water bath. After 1 min, the absorption of the extract solution was compared to a gallic
acid standard by measuring the absorbances of the solution at 685 nm using a spectropho-
tometer. All results were expressed in mg gallic acid equivalent (GAE).

2.5.3. Free Radical Scavenging

The method described in Shimada et al. [34] was used with some modifications to
estimate the scavenging of free radicals. Briefly, either 1 mL of the sample (extract or BHT)

)
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or 1 mL of water (control) was mixed with 4 mL of methanol and 1 mL of dimethyl sul-
foxide (DMSO) solution instead of 2,2-diphenyl-1-picrylhydrazyl(DPPH). Absorbance
was measured at 528 nm using a spectrophotometer. The scavenging efficiency was cal-
culated according to the following Equation (2) [35]:

Reading the absorption of the model )] 100
Reading the absorption of the control sample

2.5.4. Ferrous Ion Chelating

To measure the ferrous ion, the method described by Decker and Welch [36] was
used. Briefly, either 1 mL of the sample (extract or EDTA-2Na) or 1 mL of water (control)
was mixed with 3.7 mL of methanol, 0.1 mL of iron(Il) chloride, and 0.2 mL of 8-hy-
droxyquinoline rather than using Ferrozine 5 mM. The solution was mixed and left at
room temperature for 10 min before the absorbance was measured at 562 nm using a spec-
trophotometer. The connectivity was calculated according to the following Equation (3):

C Hivity = [1 ( Reading the absorption of the model ] 100
onnectivity = Reading the absorption of the control sample )

2.5.5. Reducing Power Capacity

The reduction power of the samples was estimated according to Oyaizu [37]. Briefly,
0.3 mL of the extract was mixed with 0.3 mL of potassium ferricyanide and 0.3 mL of
sodium phosphate buffer (pH 6.6, 0.2 mol/l). The solution was incubated for 20 min at 50
°C before 0.3 mL of 10% TCA was added. The solution was then centrifuged for 10 min at
4 °C and 6000 RPM using a centrifuge (LMC, 3000). Finally, 0.6 mL of the upper layer was
removed and mixed with 0.12 mL of 0.1% ferric chloride and 0.6 mL of distilled water
before being mixed for 10 min. The absorbance was measured at 700 nm using a spectro-
photometer. Water was used as a control.

2.6. Stability of Antioxidant Compounds

In order to measure the efficiency of antioxidant compounds including the pH and
temperature, the method described in Yen and Lee [29] was used. In brief, 1 mg of each
sample was mixed with 0.5 mL of ethyl acetate, 2.5 mL of linoleic acid emulsion (0.02 M,
pH 7.0), and 2 mL of phosphatase buffer (0.2 M, pH 7.0) and then placed in darkness at 37
°C. Absorbance at 500 nm was read in triplicate experiments with a spectrophotometer
(Hitachi U-2000, Japan) after coloring with FeCl and thiocyanate.

2.6.1. Effect of pH

Different pH values were used for organic solutions including the solution of the
regulated citrate (at pH 3 and 5) with a concentration of 0.2 molar, and the phosphate
solution (regulated at pH 7 and 9) with a concentration of 0.2 molar to show the effect of
pH on the stability of the antioxidant activity of antioxidant compounds. The obtained
data were compared to the control sample grown in the same pH. Antioxidant efficacy
was estimated by the method of thiocyanate [30] after 0, 20, 40, 60, and 80 h of incubation.

2.6.2. Effect of exposure time

Three milliliters of the antioxidant extract was placed into a 10 mL flask and heated
at 185 °C for 0, 10, 30, 50, 70, 90, and 120 min, and then cooled at room temperature before
adding 0.3 mL of ethyl acetate. The efficacy was measured according to the thiocyanate
method [30].

2.7. Statistical Analysis

)

©)
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The Statistical Package for the Social Sciences (SPSS) (1998) was used for data analysis
and an analysis of variance (ANOVA) was used followed by the least significant differ-
ence (LSD) at the probability level of 0.05. All experiments were performed in triplicate
experiments. The mean comparison using Tukey’s test was performed with the STATIS-
TICA 13 software (alpha = 0.05).

3. Results

Figure 1 shows the effect of the different (A) solvents, (B) pH values (3-12), (C) temper-
atures (2040 °C), and (D) media (rice, malt, wheat, and fermented wheat bran) used to ex-
tract antioxidant compounds by Aspergillus flavus after 15 days of growth at 30 °C. Based on
this, the fermentation of A. flavus on rice medium, with 15 days of incubation at 30 °C at pH
7 was chosen as the optimal procedure for the production of antioxidant compounds.
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Figure 1. (A) Effect of using different solvents on the effectiveness of antioxidant compounds of fermented rice (koji)
inoculated with A. flavus following 15-days of incubation at 30 °C. (B) Effect of different pH values on the effectiveness of
antioxidant compounds of fermented rice (koji) inoculated with A. flavus following 15-days of incubation at 30 °C. (C)
Effect of different temperatures on the effectiveness of antioxidant compounds. Compounds of fermented rice (koji) inoc-
ulated with A. flavus following 15-days of incubation at pH 7. (D) Effect of different fermentation media on the effective-
ness of antioxidant compounds of fermented rice (koji) inoculated with A. flavus following 15-days of incubation at 30 °C.
* The different letters indicate significant differences at the probability level p < 0.05.

The antioxidant activity of the optimized ethyl acetate extract of fermented rice (koji)
inoculated with A. flavus was compared to the synthetic antioxidant BHT and the natural
antioxidant a-tocopherol at concentrations of 200 ug/mL, as shown in Table 1. The anti-
oxidant efficacy was comparable to that of commercial extracts.

Table 1. Antioxidant activity of the ethyl acetate extract of fermented rice (koji) using A. flavus.

Sample (ug/mL) Antioxidant Efficacy [%] *
BHT 8522+ 1.12
a-Tocopherol 82.0v+1.04
Aspergillus flavus extract 73.1<+1.56

* The different letters indicate significant differences at the probability level p < 0.05.
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The free radical scavenging activity, Fe* binding ability, and Fe3* reducing ability of
fermented rice (koji) extract inoculated with A. flavus are reported in Figure 2. The free
radical scavenging activity was marginally less than that of commercial antioxidant BHT,
which also follows from their antioxidant efficacy reported in Table 1. The Fe? binding
power of A. flavus extracts were also slightly less than that of EDTA-2 Na. Similarly, as
compared to BHT, the Fe* reducing power was a little lower for the A. flavus extract.
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Figure 2. Antioxidant properties of fermented rice (koji) by A. flavus: (a) Free radical scavenging
activity compared to BHT for free radical scavenger DMSO at different concentrations; (b) ferrous
ion chelating power compared to EDTA-2Na at different concentrations; and (c) strength of reduc-
tion of antioxidant compounds compared to BHT at different concentrations.

The effect of pH on the ability of these fermented rice (koji) extracts to inhibit the
oxidation of linoleic acid at 40 °C incubation for 80 h is reported in Table 2, wherein bio-
synthesized antioxidants were found to be most stable under neutral pH, with increasing
activity up to 80 h of incubation, whereas the stability was lower under acidic and basic
pH.
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Table 2. Effect of pH on the absorption of fermented rice (koji) extract by A. flavus in different incubation periods at 40 °C.

Duration of Incu-
bation (Hours)

Absorption Strength (500 nm)

pH=9 pH=7 pH=5 pH=3
A. flavus Control A. flavus Control A. flavus Control  A. flavus  Control
0 0.24+0.03 0.57 +0.02 0.43 +0.03 0.62+0.03  0.36+0.03 0.58+0.03 0.30+0.02 0.60+0.03
20 0.36 + 0.02 0.64 +0.04 0.63 +0.04 0.85+0.02  0.55+0.03 0.75+0.03 0.43+0.03 0.84+0.03
40 0.50 + 0.05 1.17 £0.02 0.90 +0.05 120+0.06  0.72+0.02 1.12+0.06 0.68+0.03 1.20+0.02
60 0.64 +0.03 0.85+0.03 1.03+0.03 050+0.03 0.76+0.04 0.60+0.04 0.70+0.04 0.50+0.03
80 0.83 +0.04 0.40 +0.05 1.20+0.03 040+0.02  0.77+0.05 045+0.03 0.71+0.07 0.40+0.03
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The effect of thermal treatment on the effectiveness of antioxidant compounds of fer-
mented rice (koji) extracts on heating at 185 °C at different time intervals are reported in
Table 3. It was seen that the heating at 185 °C did not reduce the antioxidant efficacy sig-
nificantly for up to 10 min, and started decreasing afterwards. Even after 120 min of heat-
ing, up to 92.7% of antioxidants were retained, demonstrating good stability of the bio-
synthesized antioxidants.

Table 3. Effect of exposure time to 185 °C on the effectiveness of antioxidant compounds of fer-
mented rice (koji) by A. flavus.

Heating Time Antioxidant Efficacy (Inhibition = Remaining Active Antioxi-

(Minutes) Ratio %) * dants (%) **
0 75.112+1.51 99.34 +1.54

10 75.082+1.43 98.56 +1.12

30 7491*+1.25 98.12 +1.32

50 74.22¢+1.21 96.61 +1.11

70 73.884 +1.53 95.17 +1.43

90 72.08+1.23 93.82 +1.31
120 70.11f+1.36 92.68 +1.29

* The different letters indicate significant differences at the probability level p < 0.05. ** Remaining
active antioxidants = the percentage of inhibition (sample after the heat treatment at 185 °C) x
100/the percentage of inhibition (sample before the heat treatment at 185 °C) (4).

4. Discussions
4.1. Production of Effective Antioxidant Compounds

The fungus began to grow after 2 days on the surface of the rice in a visible and clear
manner after the inoculation of rice with Aspergillus flavus. Growth of the mold became
abundant as the incubation period progressed, with the black A. flavus spores appearing
clearly on the surface of the inoculated rice, whereas the uninoculated rice samples
showed no growth ruling out possibilities of contamination and confirming the spore ger-
mination as an effect of the inoculation with A. flavus spores. After 15 days of incubation,
the surface of inoculated samples was covered entirely with A. flavus mold spores.

It is known that molds produce secondary metabolic products during fermentation,
some of which, similar to aflatoxins from A. flavus, may also be toxic to human health. The
extract was tested for toxicity according to Shotwell [38], with known quantities of stand-
ard aflatoxins on the same plate, and no toxicity was found. Other secondary metabolites
produced can have an antioxidant effect that increases during the fermentation process
[39] showing that molds have the ability to produce antioxidants on solid culture during
the fermentation process. Furthermore, it has been reported that antioxidant efficacy is
related to the number of hydrogen atoms [34]. The effectiveness of antioxidants to inhibit
the oxidation of linoleic acid is due to different mechanisms, including the disruption of
the chain of the initiation reaction, bonding of iron ions, destruction of peroxides, preven-
tion of hydrogen removal, reducibility, and free radicals [40].

4.2. Optimization of the Fermentation Process

Fermentation media can affect the production of antioxidants [39]. Rice was chosen
as the fermentation media, based on results shown in Figure 1D, which exhibited signifi-
cant differences at the probability level of p < 0.05 in the effectiveness of antioxidant com-
pounds of different media. The results revealed that the antioxidant activity of A. flavus
grown on rice media had an efficacy rate of 74.9%, which was considerably higher than
the other substrates tested, making it the most suitable media for fermentation. In contrast,
the isolation revealed a significant decrease in the effectiveness of antioxidant compounds
on the media of wheat bran with an efficacy rate of only 15.2%. The obtained results were
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in agreement with Miyake et al. [39], in which rice media was used to produce antioxidant
compounds from molds. This also suggests the possibility of using other plant-based me-
dia such as peas for exploring the possibility of producing antioxidants, given that pea
protein has increased antioxidant activity of pH-adjusted canola oil nanoemulsions [41].

The pH value is known to have a significant effect on antioxidants produced during
fermentation. Figure 1B shows significant differences (p < 0.05) in the production of anti-
oxidant compounds for all the pH values investigated. The highest effectiveness was ob-
tained at pH 7, with an efficacy rate of 74.1%. The lowest value was observed at pH 12,
with an efficacy rate of only 1.1%. This low efficacy rate was due to a lack of growth of the
fungus at this high pH and thus reduced the antioxidant efficiency of the ethyl acetate
extract. Since pH 7 showed the highest efficacy rate, it was used to further investigate the
effect of temperature on the production of antioxidants in fermented rice koji inoculated
with A. flavus.

Another factor known to have a significant impact on the production of antioxidants
is temperature. Figure 1C shows significant differences (p < 0.05) in the production of an-
tioxidant compounds at different temperatures. The lowest efficacy rate was observed at
an incubation temperature of 20 °C (35.2%), while the antioxidant activity was highest at
an incubation temperature of 30 °C (75.1%). The effectiveness of the antioxidant com-
pounds decreased significantly at 40 °C, with an efficacy rate of 13.2%. These observations
are in agreement with Lin et al. [42]. It has been reported that molds had the ability to
produce antioxidant compounds at 30 °C [43], while the antioxidant activity decreased at
both lower and higher temperatures. Moreover, future optimization of fermentation will
be performed at pH 7 at 30 °C.

Furthermore, the following optimized growth conditions were chosen to further
characterize antioxidants produced from rice koji inoculated with A. flavus: Incubation for
15 days at 30 °C grown on rice medium at pH 7. The overall optimized methodology is
summarized in Figure 3.

* Fermented rice (koji) ‘

‘ * Electric blender \

v * Organic layer collection |

~ » Filtrate mixing with solvents in dark glass bottles}

* Microwave assisted extraction (2450 MHz) |

v « Centrifugation |

« Concentrated extracts \

* Phenolic compounds extraction |

v - Antioxidant activity |

Figure 3. Diagram showing a summary of the proposed methodology used to extract phenolic
compounds and antioxidant activity measurement.
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4.3. Microwave Extraction of Antioxidant Compounds

As shown in Figure 1A, a significant difference in the antioxidant efficacy (p < 0.05)
was observed between all extraction solvents used with ethyl acetate showing the highest
efficacy at 69.4%. The effectiveness of the antioxidant compounds was significantly lower
when the extraction was carried out using hexane, with an efficacy rate of 4.7%. Micro-
wave extraction for 40 s produced the highest concentration of antioxidant compounds
using the ethyl acetate solvent. These results are in agreement with others [44], who
demonstrated that the ethyl acetate solvent is highly efficient in extracting antioxidant
compounds from A. flavus when compared to other solvents. The results showed differ-
ences in the effectiveness of antioxidant compounds when using different solvents to ex-
tract antioxidants. This is the result of a range of polarities observed within various sol-
vents tested, as well as the chemical nature of the active compounds. As a result, antioxi-
dant compounds such as phenolic compounds are preferably dissolved into polar solvents
as ethyl acetate, which has a similar polarity to the extracted antioxidant compounds [45].
The obtained results were in agreement with another research [46], in which ethyl acetate
was used to extract antioxidant compounds from Mortierella sp. In addition, bioactive com-
pounds such as 3.3-dihydroxyterphenyllin, 3-hydroxyterphenyllin, and candidus were
isolated from A. candidus using an acetylene solvent [47]. Furthermore, the previous study
demonstrates that the extraction of phenolic compounds, which also have an antioxidant
activity, strongly depends on the solvent used [48].

4.4. The properties of Effective Antioxidants biosynthesized using A. Flavus

The total phenolic content in the ethyl acetate extract of fermented rice (koji) by As-
pergillus flavus was 0.23 g GAE/mL. Previous research reported that the total phenolic con-
tent in the extract increased after the fermentation process, indicating the presence of
larger quantities of phenolic compounds produced after the fermentation process [49].
Furthermore, these compounds corresponding to secondary metabolites are present in
plants and are linked through hydroxyl groups with glucose in the form of glucosides
[50].

Table 1 shows that BHT had a significantly higher (p < 0.05) antioxidant efficacy
(85.2%) as compared to a-tocopherol (82.0%) and A. flavus (73.1%). The obtained results
exhibited a significant difference (at p < 0.05) in the antioxidant effects of the three antiox-
idants. The effectiveness of antioxidants increases as the extract contains large quantities
of antioxidant compounds [39]. Therefore, the effectiveness of antioxidant compounds in-
creased by plant isoflavones, which were released during the fermentation process [50].
As shown in Figure 2, at all concentrations, the A. flavus extracts were almost as strong
(only marginally inferior) than controls BHT and EDTA-2Na in terms of free radical scav-
enging activity, iron-ions binding efficiency, and reducing power capacity, when com-
pared to the extract obtained from fermented rice koji inoculated with A. flavus. In each of
the above three parameters tested, a logarithmic increase was observed that proportion-
ally increased with the increasing concentration. This is in agreement with previous stud-
ies [51-53] which confirmed that antioxidant compounds of fermented rice (koji) using A.
flavus have the ability to donate a hydrogen atom and thereby prohibit free radicals. This
is also in agreement with previous studies [42,43,54], which demonstrate that the com-
pounds of microbial antioxidants increased logarithmically with the concentration. A sig-
nificant increase (p < 0.05) in the reduction power was observed while increasing the con-
centration, which is consistent with the reported observations [55]. The presence of com-
pounds may explain the observed reduction strength of the extract which are formed dur-
ing the fermentation process and can interact with free radicals to be converted into more
stable products and therefore terminate the free radical reaction chain [56], while the re-
ductase compounds interact with the peroxides and inhibit their formation.
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4.5. Stability of Antioxidant Compounds

A significant difference (p < 0.05) in the absorption of the extract obtained from koji
inoculated with A. flavus was found in all the pH values tested (Table 2). The obtained
results show the effect of acidic pH on the absorption of fermented rice (koji) by A. flavus,
in addition to a significant decrease in the absorption of the extract with a gradually in-
creasing incubation time at acidic pH when a maximum time is reached (after 80 h). The
results also exhibit the significant effect of pH on the absorption of the extract from fer-
mented rice (koji) inoculated with A. flavus (p > 0.05). A slight reduction in the antioxidant
activity was observed, which was consistent with Yen and Lee [29]. The rate of absorption
value was significantly reduced in basal pH. The presence of a significant variation in the
absorption of the control sample was also observed as it began to decline rapidly after 45
h, which could be explained by the breakdown of peroxides formed during the oxidation
process of linoleic acid.

The effectiveness of the remaining antioxidant compounds was estimated after the
heating process. The results in Table 3 revealed significant differences (p < 0.05) in the
effectiveness of antioxidant compounds for the heating periods from 30 to 120 min except
for the early heating period from 0 to 10 min. No significant differences (p > 0.05) were
observed in the antioxidant activity, except for a slight decrease in the antioxidant activity
when the heating time reached 10 min. The antioxidant activity of fermented rice (koji) by
A. flavus decreased significantly when the extraction heating time increased to 120 min
with an inhibition ratio of 70.11%. This result could be explained by the adverse effects of
exposure to high temperatures for a long time, thereby causing degradation of the bioac-
tive compounds. This result was in agreement with Hamama and Nawar [57], which re-
ported that industrial antioxidants BHA, BHT, PG, and TBHQ lose their effectiveness at
185 °C heating for 1 h, with a damping rate of 42.8, 20.4, 37.1, and 47.7%, respectively.

5. Conclusions

The ever-increasing demand to extract a plethora of compounds from various
sources provides a continuous demand for the most convenient method of extraction and
production of antioxidants. The present study demonstrated a significant increase in the
antioxidant efficacy when antioxidants were biosynthesized from the microbial commu-
nity of A. flavus grown on the rice media with an inhibitory rate of 74.89%. The antioxidant
strength of A. flavus extracts was only marginally less than the antioxidant BHT. The cur-
rent study revealed that the antioxidant compounds from the extract of fermented rice
(koji) by A. flavus were stable under neutral conditions, but less stable under acidic and
alkaline conditions, thus reducing the antioxidant effect of the compounds formed. The
antioxidant effect of fermented rice (koji) by A. flavus was considerably preserved at in-
creased exposure times to high temperatures. Although multiple approaches for antioxi-
dant biosynthesis are available, this study, on the use of novel species A. flavus for the
production of antioxidants from rice, will open new avenues for the production of poten-
tial bioactive compounds from microbial communities.
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