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Abstract: Endophytic fungi are promising producers of phenolic compounds; however, the process of
extracting these molecules from the culture medium is a crucial step for obtaining these metabolites.
In this context, the best conditions for extracting phenolic compounds produced by Cophinforma
mamane CF2-13, isolated from an Amazonian plant, were evaluated. The fungus was cultivated in
a liquid medium to obtain its metabolites. The effects of the solvent, time, and temperature were
investigated, as well as the use of ultrasound. The total phenolics and the antioxidant activity were
assessed to define the best extraction conditions. The optimized extract was chemically characterized
and used to analyze its potential in protecting olive oil from lipid oxidation. The best results were
found using ethyl acetate at 20 ◦C for 2 h. These conditions led to 61.61 mg GAEq/g of extract of total
phenolics, and an antioxidant capacity of 0.47, 0.45, and 0.29 mmol TEq/g of extract using the DPPH,
ABTS, and FRAP methods, respectively. In addition, the optimized extract presented caffeic acid
and was able to delay the lipid oxidation of olive oil. The potential of endophytic fungi to produce
phenolic compounds is promising for the food industry since natural bioactive compounds have
many benefits for human health.

Keywords: antioxidant activity; endophytes; fungal metabolites; phenolic compounds; lipid oxidation;
caffeic acid

1. Introduction

Phenolic compounds comprise a group of substances known in the literature for their
various benefits for the food industry and human health and are distinguished by their
antioxidant capacity [1]. Their chemical structure consists of at least one benzene ring
to which one or more hydroxyl groups are attached. Other functional groups, such as
ethers and carboxylic acids, may also be attached. They can be divided into flavonoids
(containing polyphenols) and non-flavonoids (characterized by simple phenols or phenolic
acids) [2]. These compounds present antioxidant activity and are of great interest to the
food industry since they have numerous applications, such as retarding the phenomenon
of lipid oxidation, which is related to the alteration of food through the production of
toxic substances and/or substances that confer undesirable flavor and/or color [3]. This
chemical phenomenon occurs naturally and has direct implications on the functionality
and commercial value of lipid raw materials and all the products that are formulated from
them [4].
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Phenolic compounds and other types of natural substances are classified as secondary
metabolites from plants and microorganisms. Although plants and fruits are the main and
best-known sources of these substances [5,6], microorganisms such as bacteria and fungi
are also a rich source for obtaining phenolic compounds. In this sense, endophytic fungi
stand out for their high production of these and other active metabolites, especially those
isolated from medicinal plants [7,8].

Endophytic microorganisms live inside plant tissues such as roots, branches, leaves,
and fruits, and interact with the plant at complex levels. They present as a rich source of
natural compounds with important biological activities, which is possibly due to these
interactions with their hosts [9]. The secondary metabolites produced by endophytic fungi
have antibacterial, antifungal, antioxidant, anti-inflammatory, and cytotoxic activities,
among others, and can be of different chemical classes, such as terpenes, alkaloids, and
phenolic compounds [10,11].

Despite their potential, endophytic fungi isolated from tropical plants are still poorly
studied and represent a promising source of bioactive compounds. Thus, the biodiversity in
Brazil stands out and much of it is concentrated in its Amazon region, which has numerous
species of plants known for their medicinal benefits and whose endophytic microbiota
should be studied [12].

It is well known that several species of fungi have the ability to produce active metabo-
lites such as phenolic compounds, among them are those of the genus Cophinforma [13,14].
This genus belongs to the Botryosphaeriaceae family and comprises species isolated as en-
dophytic and as opportunistic pathogens [13]. In a previous study, we investigated extracts
obtained from endophytic fungi isolated from Fridericia chica, an Amazonian medicinal
species, regionally known as crajiru. The isolate, identified as C. mamane CF2-13, produced
an extract rich in phenolic compounds with pronounced antimicrobial and antioxidant
activities when compared to 107 other isolated fungi [14], and was selected to be used in
the present study.

The process of obtaining and extracting phenolic compounds from the fungal culture
medium is a crucial step for preserving and enhancing the structure/activity of these
substances. Extraction affects stability and may cause the potential degradation of bioactive
substances. Thus, it is important to select an appropriate extraction method to recover
the target phenolic compounds, as well as optimize the factors that influence this process,
which will also help to achieve high yields [15]. In this context, the aim of this study was to
validate the best conditions for the extraction of the phenolic metabolites produced by the
fungus C. mamane CF2-13 isolated from F. chica, as well as evaluate the antioxidant activity
and its protective capacity against lipid oxidation. The accomplishment of these objectives
could be of significant value for assessing the utilization of the phenolic extracts derived
from endophytic fungi as additives or adjuvants in the food industry.

2. Materials and Methods
2.1. Reagents and Chemicals

The materials consisted of culture media, solvents, and analytical-grade reagents.
Potato dextrose agar (PDA) was purchased from Kasvi (São José dos Pinhais, Brazil).
Yeast extract was supplied by Himedia (Thane, India). Methanol P.A, ethanol P.A, 1-
butanol P.A, ethyl acetate P.A, sodium carbonate, and sodium acetate were purchased from
Honeywell|Riedel-de Haën (Seelze, Germany). Formaldehyde P.A and hydrochloric acid
P.A were purchased from Honeywell|Fluka (Seelze, Germany). Dextrose, Iron (III) chloride,
dimethyl sulfoxide (DMSO) P.A, cyclohexane P.A, glacial acetic acid P.A, iodide potassium,
sodium chloride, sulphuric acid, aluminum chloride, vanillin, dichloromethane P.A, Dra-
gendorff’s reagent, sodium thiosulfate, and Folin–Ciocalteau solution were purchased
from Dinâmica (Indaiatuba, Brazil). Acetonitrile HPLC was purchased from J.T. Baker
(Pennsylvania, USA). Formic acid HPLC was purchased from LGC Biotecnologia (Cotia,
Brazil). Chloroform HPLC, 2,2-diphenyl-1-picrylhydrazyl (DPPH) ≥98%, 2,4,6-tripyridyl-s-
triazine (TPTZ) ≥98%, 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) ≥98%,
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α-tocopherol ≥95.5%, Trolox 97%, gallic acid ≥99%, caffeic acid ≥98%, quinic acid 100%,
and chlorogenic acid ≥95% were obtained from Sigma-Aldrich (Saint Louis, MO, USA).

2.2. Endophytic Fungi

The endophytic fungi Conphinforma mamane CF2-13 was previously isolated from the
leaves of the Amazonian species F. chica by Pereira et al. [16]. The isolation was registered for
scientific research purposes in the National System for the Management of Genetic Heritage
and Associated Traditional Knowledge (SISGEN) under the code A0B4857. The specimen
of the fungi is deposited in the Central Microbiological Collection of the Amazonas State
University (CCM/UEA) and preserved using the Castellani method [17].

C. mamane CF2-13 was reactivated by inoculating a fragment of the stock culture
in Petri dishes containing PDA (potato dextrose agar), with subsequent incubation in a
microbiological chamber (BOD) at 28 ◦C for 5–7 days.

2.3. Production of Fungal Metabolites

To produce the fungal metabolites, C. mamane CF2-13 was cultivated in a liquid
medium composed of white potato broth (200 g/L); dextrose (10 g/L); yeast extract
(2.0 g/L); and NaCl (5.0 g/L); pH 5.0. The inoculum consisted of three fungal mycelium
fragments (5 × 5 mm in diameter) that were removed from the PDA plates. Cultivation
was performed in 250 mL Erlenmeyer flasks with 150 mL of liquid medium under static
conditions at 30 ◦C for 14 days according to the basal methodology of Bose et al. [18].
Figure 1 schematically illustrates the process used to obtain the fungal metabolites.
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2.4. Extraction of Fungal Metabolites

After the cultivation period, the fungal metabolites were extracted via liquid–liquid
partition using the protocol described by Gurgel et al. [14]. As solvents, ethyl acetate
(AcOEt), 1-butanol (ButOH), and the mixture ButOH:AcOEt (1:1, v/v) were used in the
ratio of 1:2 in relation to the culture medium. The extractions with each solvent were
performed in triplicate, under orbital agitation at 120 rpm in a shaker (KS-15, Edmund
Bühler GmbH, Tübingen, Germany), at two different temperatures (20 ◦C and 30 ◦C ± 2),
for periods of 30 min, 1, 2, 4, and 8 h. The extraction was also evaluated with the aid of
an ultrasound (US) bath (Proclean 6.0 M-3, 60 W, Ulsonix, Berlin, Germany) at ambient
temperature (22 ◦C ± 2) for periods of 7.5, 15, and 30 min.

After all these processes, the broth was separated from the mycelium by means of
vacuum filtration with a Büchner funnel and filter paper. The solvent fractions were col-
lected with the aid of a settling funnel and the solvent was removed by rotary evaporation
(Rotavapor® R-300 system, Buchi, Flawil, Switzerland). The extracts were resuspended in
ethanol at a concentration of 10 mg/mL and subsequently refrigerated until analysis.

2.5. Global Phenolic Content

The phenolic component of the extracts was evaluated using the Folin–Ciocalteau
method based on the protocol described by Singleton and Rossi [19]. The assay was
performed in triplicate, in test tubes into which 0.125 mL of the sample, 1 mL of distilled
water, and 0.125 mL of the Folin–Ciocalteau reagent were inserted; then mixed rapidly in a



Appl. Sci. 2024, 14, 8784 4 of 16

vortex; and allowed to stand for 6 min in the absence of light. Subsequently, 2 mL of 10%
Na2CO3 were inserted, the tubes shaken again, and allowed to stand for 1 h in the dark.

Afterwards, the absorbances were read at 760 nm in a spectrophotometer (UV-1280,
Shimadzu, Kyoto, Japan). The results were calculated from the gallic acid curve, ob-
tained under the same conditions described for the samples, which generated the equation
y = 3.8853x + 0.0179 (R2 = 0.9992). The results were expressed in equivalent milligrams of
gallic acid per gram of extract (mg GAEq/g).

For the fungal extract that had the best extraction condition, analyses were carried out
regarding the global content of phenols and the quantification of these phenols regarding
flavonoid and non-flavonoid phenols. Total phenols were then determined by measuring
the absorbance at 280 nm [20]. The non-flavonoid phenols were determined after an
elimination reaction of the flavonoid phenols, which consisted of mixing 0.5 mL of the
sample with 0.5 mL of 25% HCl and 0.25 mL of formaldehyde at 2%. After 24 h of reaction
away from light sources, the absorbances were read at 280 nm after adequate dilution
with distilled water [21]. The values of the total phenols and non-flavonoid phenols were
calculated using the equation y = 0.0357x − 0.0396 (R2 = 0.9970), which was obtained via
the gallic acid calibration curve and expressed in equivalent milligrams of gallic acid per g
of extract (mg GAEq/g). The value of the flavonoid phenols was then calculated by the
difference between the amount of the total phenols and non-flavonoid phenols [21]. All
analyses were performed in triplicate.

2.6. Antioxidant Assays

The antioxidant activity of the extracts was determined using three different method-
ologies: the sequestration of the free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH•); cap-
ture of the radiocarbon 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•+); and
ferric-reducing antioxidant power (FRAP).

To evaluate the sequestration capacity of DPPH•, 1.9 mL of the DPPH solution at
0.06 mmol/L was left in contact with 0.1 mL of the sample for 30 min, away from light
sources. Subsequently, the absorbances were measured at 517 nm [22]. For the ABTS• +
assay, a 7 mM radical solution was prepared and diluted in ethanol to reach an absorbance
of 0.700 at 734 nm. Subsequently, 2 mL of the ABTS solution was in contact with 0.1 mL of
the sample for 15 min, away from light sources, followed by the reading of the absorbances
at 734 nm [23]. The ferric-reducing antioxidant power (FRAP) of the extracts was also
evaluated based on the method described by Benzie and Strain [24]. To test the antioxidant
activity, 2.45 mL of the FRAP reagent (100 mL of acetate buffer 0.3 mM; 10 mL of TPTZ
10 mM; and 10 mL of ferric chloride 20 mM) was incubated with 0.35 mL of the sample for
30 min, at 37 ◦C, under protection from light. After the reaction period, the absorbances
were read at 595 nm. All the analyses were carried out in triplicate.

The results were expressed in millimol trolox equivalents per gram of extract (mmol TEq/g),
calculated using Equations (1)–(3), generated from the calibration curves of this standard,
obtained under the same conditions described for the samples in each method (three dis-
tinct curves).

DPPHy = 169.09x − 7.5164 (R² = 0.9968) (1)

ABTS y = 189.39x + 0.2343 (R² = 0.9940) (2)

ABTS y = 189.39x + 0.2343 (R² = 0.9940) (3)

2.7. Chemical Profile of the Fungal Extract

For the chemical characterization of the extract obtained in the best extraction condi-
tion, an analysis using thin-layer chromatography (TLC) was initially performed in order
to identify the main classes of metabolites present in the sample. An aliquot of 4 µL of the
fungal extract solution at 20 mg/mL in methanol was applied with the aid of a micropipette
on a silica gel chromatographic plate (TLC aluminum sheets, Macherey—Nagel, 20 × 20 cm,
silica gel 60 matrix, fluorescent indicator). The mixture dichloromethane/methanol/formic
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acid (90:8:2) was used as the eluent. After the chromatographic run in a vat saturated
with the eluent, the chemical classes were detected via visualization under ultraviolet
light, at 254 and 365 nm, and with the dying reagents aluminum chloride (AlCl3), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), ferric chloride (FeCl3), vanillin/H2SO4, and Dragen-
dorff’s reagent [25].

2.8. Individual Phenolic Acid Profile of the Fungal Extract

Phenolic acids were analyzed using high-performance liquid chromatography (HPLC)
based on the methodology described by Whelan et al. [26]. Thus, an ultra-high performance
liquid chromatograph (UHPLC) (Nexera XR, Shimadzu, Kyoto, Japan) coupled with a
diode array detector (DAD) (SPD-M20A) was used. The stationary phase consisted of
the spherisorb ODS2 column (80 Å, 5 µm, 4.6 mm × 150 mm, Waters, Milford, CT, USA).
The mobile phase consisted of 20% acetonitrile and 80% of a 0.1% aqueous solution of
formic acid with a constant flow of 0.7 mL/min. The oven temperature was maintained at
40 ◦C. All the samples, including the commercially purchased standards, were previously
solubilized in methanol and filtered with a 25 mm diameter polyvinylidene fluoride (PVDF)
signal filter with a 0.45 µm pore size. The injection volume was 4 µL and all analyses were
carried out in triplicate. To confirm the presence of some of the phenolic acids (caffeic,
quinic, chlorogenic, and gallic acids) in the extract, 30 µL of a solution of each of the
standards at a concentration of 250 µg/mL in 600 µL of extract at 1 mg/mL were added
and injected in the HPLC following the conditions previously described.

2.9. Lipid Oxidation Protection Assay

To analyze the protection against lipid oxidation, the peroxide values were measured
over time following the method recommended in CEE law No. 2568/91 [27]. The fungal
extract (20 mg/mL in ethanol) was in contact with extra-virgin olive oil (Gallo, Abrantes,
Portugal) in open test tubes at a concentration of 2 mg of extract per gram of olive oil
under light exposure and at a temperature of 30 ◦C ± 2 for 72 h. For control purposes, the
oxidation products of the olive oil, olive oil with ethanol, and olive oil with the addition
of α-tocopherol (0.2 mg/g) were also verified. The peroxide index (PI) was measured
by titration with 0.01 N sodium thiosulfate after every 12 h and calculated according to
Equation (4):

PI = (Vm × N × 1000)/P (4)

where Vm = volume in milliliters of the titrant solution; N = normality of the titrant solution;
and P = weight in grams of olive oil. The results were expressed in milli equivalents of O2
per kilogram of olive oil (meqO2/kg) and all analyses were carried out in triplicate.

2.10. Statistical Analysis

The data are presented as mean and standard deviation. To determine whether
there was a statistically significant difference between the data obtained, an analysis
of variance (ANOVA) and a comparison of treatment means were carried out. Tukey’s
honestly significant difference (p < 0.05) test was applied to the data to determine significant
differences between the treatments (solvent and time variables at the two temperatures
tested for the extraction conditions of fungal metabolites) and the data obtained from the
lipid oxidation protection assay. All the analyses were performed using the software IBM
SPSS Statistics version 29.0 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Total Phenolic Content

The total phenolic content was evaluated in the fungal extracts obtained via the
different extraction conditions used. The best results were obtained with the solvent AcOEt
at a temperature of 20 ◦C (Figure 2a), with no significant difference between the values
of the total phenols extracted after 30 min, 1 h, and 2 h with this solvent (63.7, 64.6, and
61.6 mg GAEq/g, respectively).
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Figure 2. Quantification of the total phenolic compounds in the fungal extracts obtained using
the different extraction conditions (solvents/times). (a) Extraction at 20 ◦C. (b) Extraction at 30 ◦C.
(c) Extraction using an ultrasound bath. The values that share the same lowercase letters for the same
solvent do not present a statistically significant difference between them over time and the values
that share the same uppercase letters between the same time and for the different solvents do not
present a statistically significant difference between them according to the Tukey test (p < 0.05).

For the temperature of 30 ◦C (Figure 2b), the combination of ButOH:AcOEt solvents
(1:1, v/v) produced a better extraction of the total phenolic compounds at the times of 30 min
and 1 h (45.1 and 46.3 mg GAEq/g, respectively) without statistical difference between
these times. In addition, there was no statistical difference when ButOH:AcOEt solvents
were used when compared to the phenolic content obtained with the solvent AcOEt, at
30 ◦C, after 1 h and 2 h of extraction (42.1 and 43.7 mg/g GAEq, respectively). The results
obtained after 15 min of extraction with the use of the US bath (Figure 2c) for the solvents
AcOEt and ButOH (42.10 and 43.72 mg/g GAEq, respectively) did not show significant
differences when compared to the results for extraction at 30 ◦C (Figure 2b). However, the
total phenol values were significantly lower when compared to those obtained with AcOEt
at 20 ◦C after 30 min, 1, and 2 h.

3.2. Antioxidant Capacity

For the sequestration of the DPPH radical, the best antioxidant capacity values were
found for the fungal extracts obtained via the use of the AcOEt solvent at both temperatures
tested (Figure 3a,b). However, the results obtained for this solvent in the extraction times of
30 min and 2 h at 20 ◦C showed the highest antioxidant capacity values (0.45 and 0.47 mmol
TEq/g, respectively), though, without statistical difference between them. In addition,
extraction using US (Figure 3c) did not induce high antioxidant activity values (all the
values were below 0.20 mmol TEq/g) when compared with the other assays.

For the analysis of the antioxidant capacity of the extracts against the ABTS radi-
cal, the best results were obtained using AcOEt at 20 ◦C after 2 and 4 h of extraction
(0.45 and 0.47 mmol TEq/g, respectively) and at 30 ◦C, with the same solvent, after 2 h
(0.45 mmol TEq/g), without statistical differences (Figure 4a,b). For the extraction using
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US (Figure 4c), the extracts obtained with the three solvents after 7.5 min achieved results
without statistical difference from those mentioned above (0.43, 0.47, and 0.53 mmol TEq/g,
respectively). It is, therefore, observed that for the sequestration of the ABTS radical, the
use of US in the extraction of fungal metabolites was positive, since we obtained similar
results in a much shorter extraction time when compared to the extraction without US.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 7 of 16 
 

were used when compared to the phenolic content obtained with the solvent AcOEt, at 30 
°C, after 1 h and 2 h of extraction (42.1 and 43.7 mg/g GAEq, respectively). The results 
obtained after 15 min of extraction with the use of the US bath (Figure 2c) for the solvents 
AcOEt and ButOH (42.10 and 43.72 mg/g GAEq, respectively) did not show significant 
differences when compared to the results for extraction at 30 °C (Figure 2b). However, the 
total phenol values were significantly lower when compared to those obtained with 
AcOEt at 20 °C after 30 min, 1, and 2 h. 

3.2. Antioxidant Capacity 
For the sequestration of the DPPH radical, the best antioxidant capacity values were 

found for the fungal extracts obtained via the use of the AcOEt solvent at both 
temperatures tested (Figure 3a,b). However, the results obtained for this solvent in the 
extraction times of 30 min and 2 h at 20 °C showed the highest antioxidant capacity values 
(0.45 and 0.47 mmol TEq/g, respectively), though, without statistical difference between 
them. In addition, extraction using US (Figure 3c) did not induce high antioxidant activity 
values (all the values were below 0.20 mmol TEq/g) when compared with the other assays. 

Figure 3. DPPH radical sequestration capacity of the fungal extracts obtained using the different 
extraction conditions (solvents/times). (a) Extraction at 20 °C. (b) Extraction at 30 °C. (c) Extraction 
using an ultrasound bath. The values that share the same lowercase letters for the same solvent do 
not present a statistically significant difference between them over time and the values that share 
the same uppercase letters between the same time and for the different solvents do not present a 
statistically significant difference between them according to the Tukey test (p < 0.05). 

For the analysis of the antioxidant capacity of the extracts against the ABTS radical, 
the best results were obtained using AcOEt at 20 °C after 2 and 4 h of extraction (0.45 and 
0.47 mmol TEq/g, respectively) and at 30 °C, with the same solvent, after 2 h (0.45 mmol 
TEq/g), without statistical differences (Figure 4a,b). For the extraction using US (Figure 
4c), the extracts obtained with the three solvents after 7.5 min achieved results without 
statistical difference from those mentioned above (0.43, 0.47, and 0.53 mmol TEq/g, 

a a aa a

b

a a

b

0.00

0.10

0.20

0.30

0.40

0.50

0.60

7 . 5 1 5 3 0

TE
q 

(m
m

ol
/g

)

Extraction time (min)

AcOEt ButOH ButOH/AcOEt (1:1)

AA A AA A
B

A
C

a
b

a

b
c

a a,b b
c c

a,b
a a,b

c

b

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0 . 5 1 2 4 8

TE
q 

(m
m

ol
/g

)

Extraction time (h)

AcOEt ButOH ButOH:AcOEt (1:1)

B B

A

C B B

A

B
A

C

A

C B

A

B

b
a,b

a
b

c

c,d b b,c

a

d

a a b

c

b

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0 . 5 1 2 4 8

TE
q 

(m
m

ol
/g

)

Extraction time (h)

AcOEt ButOH ButOH:AcOEt (1:1)

C
B

A

C
B

A

C
B

A

B
C

A

C
B

A

(a) (b) 

(c) 

Figure 3. DPPH radical sequestration capacity of the fungal extracts obtained using the different
extraction conditions (solvents/times). (a) Extraction at 20 ◦C. (b) Extraction at 30 ◦C. (c) Extraction
using an ultrasound bath. The values that share the same lowercase letters for the same solvent do
not present a statistically significant difference between them over time and the values that share
the same uppercase letters between the same time and for the different solvents do not present a
statistically significant difference between them according to the Tukey test (p < 0.05).

For antioxidant activity using the FRAP method, the values were significantly lower
than those obtained for the sequestration of DPPH and ABTS radicals. The highest ferric
reduction powers were observed for the extracts obtained at 20 ◦C via the use of AcOEt
after 30 min, 2, and 4 h (0.28, 0.29, and 0.29 mmol/g, respectively) (Figure 5a,b). In addition,
the application of the US (Figure 5c) did not yield favorable results regarding antioxidant
activity when the FRAP method was employed. This is particularly evident when the
results obtained with the extraction at 20 ◦C are considered.

3.3. Global Phenol Content

By jointly evaluating the amount of total phenols and the antioxidant activity of the
extracts, an optimized condition was obtained for the extraction of bioactive phenolic
compounds with the solvent AcOEt, for 2 h, at 20 ◦C ± 2 (AE-2h-20C). The fungal extract
obtained under these conditions was evaluated for the total polyphenol index and presented
190.92 mg GAEq/g, being 71.22 mg GAEq/g of non-flavonoids and 119.70 mg GAEq/g
of flavonoids. The yield of the AE-2h-20C extract was 108 mg per L of the fungal culture
medium produced.
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Figure 4. ABTS radical sequestration capacity of the fungal extracts obtained using the different
extraction conditions (solvents/times). (a) Extraction at 20 ◦C. (b) Extraction at 30 ◦C. (c) Extraction
using an ultrasound bath. The values that share the same lowercase letters for the same solvent do
not present a statistically significant difference between them over time and the values that share
the same uppercase letters between the same time and for the different solvents do not present a
statistically significant difference between them according to the Tukey test (p < 0.05).
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Figure 5. Ferric-reducing antioxidant power of the fungal extracts obtained using the different
extraction conditions (solvents/times). (a) Extraction at 20 ◦C. (b) Extraction at 30 ◦C. (c) Extraction
using an ultrasound bath. The values that share the same lowercase letters for the same solvent do
not present a statistically significant difference between them over time and the values that share the
same uppercase letters between the same time and for different solvents do not present a statistically
significant difference between them according to the Tukey test (p < 0.05).
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3.4. Chemical Profile of the Fungal Extract

The analysis of the extract AE-2h-20C using TLC showed the presence of conjugated
double bonds after exposure to UV light at 254 nm and 365 nm (Figure 6a). It also indi-
cated the presence of flavonoids after staining with AlCl3 and exposure to UV at 365 nm
(Figure 6b); compounds with antioxidant activity after staining with DPPH (Figure 6c); the
presence of phenolic compounds after staining with FeCl3 (Figure 6d); and terpenes after
staining with H2SO4 (Figure 6e). No alkaloid-like compounds were detected after staining
with Dragendorff’s reagent.
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Figure 6. Thin-layer chromatography of the fungal extract AE-2h-20C. Exposure to UV light at 254 nm
with bluish spots, indicative of conjugated double bonds (a); staining with AlCl3 and exposure to
UV light at 365 nm, in which the fluorescence intensification of the spots indicates the presence of
flavonoids (b); staining with DPPH with yellowish spots, indicating compounds with antioxidant
activity (c); staining with FeCl3 with dark spots, indicating the presence of phenolic compounds (d);
and with vanillin/H2SO4 with purple spots, indicative of the presence of terpenes (e).

3.5. Individual Phenolic Acids of the Fungal Extract

The fungal extract AE-2h-20C, which showed the highest levels of total phenolic
content and antioxidant capacity values, was also analyzed using HPLC in order to identify
the presence of any phenolic acids. For the analyzed individual phenolic acids (caffeic,
quinic, chlorogenic, and gallic acids), only the presence of caffeic acid was detected at a
concentration of 69.07 µg/mg of extract. This result was confirmed by the co-injection of
this compound (Figure 7).
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line) and caffeic acid standard (black line) (b).
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From the analysis of Figure 8, it is also possible to observe that the antioxidant activity
previously observed may be related to the presence of caffeic acid in the extract AE-2h-20C.
This result was obtained from the observation of the appearance of a band on the TLC plate
stained with DPPH, and confirmed by the injection of this fraction, collected directly from
the plate, in HPLC according to the analysis conditions previously described.
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Figure 8. Chromatogram from the HPLC analysis of the fungal extract AE-2h-20C (black line), of the
fraction of the extract recovered from the TLC (red line) (a), and the TLC plate with the DPPH-stained
band (b).

3.6. Lipid Oxidation Protection

The AE-2h-20C extract was also evaluated for its ability to protect extra-virgin olive
oil against lipid oxidation. The peroxide value (PI) was evaluated every 12 h for 72 h and
the results are shown in Figure 9.
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Figure 9. Evolution of the peroxide index used to evaluate the protective capacity of the fungal extract
AE-2h-20C against lipid oxidation. OO = olive oil; OOE = olive oil and ethanol; OOFE = olive oil and
fungal extract. OOT = olive oil and α-tocopherol. The values that share the same letters within the
same time have no significant differences between them according to the Tukey test (p < 0.05).
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It is observed that the fungal extract obtained under the best extraction conditions (AE-
2h-20C extract) demonstrated the ability to protect olive oil against oxidation, presenting
no significant difference when compared with the positive control, tocopherol. In addition,
after 72 h, the protective effect becomes more evident, since the olive oil alone showed
significantly higher PI values than the values for olive oil stored with the fungal extract or
with α-tocopherol. These results indicate that the fungal extract AE-2h-20C has a potential
application in the prevention of lipid oxidation in food products.

4. Discussion

Endophytic fungi are a rich reservoir of molecules with bioactive potential and com-
prise great chemical diversity in their secondary metabolites [28,29]. Due to the mutualistic
relationship that they have with their hosts, the pharmacologically active natural com-
pounds produced by endophytic fungi can be considered infinite and should be extensively
studied [30]. Among the secondary metabolites, phenolic compounds are especially re-
sponsible for the antioxidant capacity, but they are also reported to have antimicrobial,
anti-inflammatory, antiviral, and cytotoxic activity, among others [31].

The process of the extraction of bioactive compounds from the fungal culture medium,
however, is a crucial step for obtaining the best quantity and quality of these molecules.
Various solvents can be employed, alone or in combination, to extract fungal metabolites.
Ethyl acetate, methanol, dichloromethane, hexane, and ethanol are routinely used to
extract metabolites from culture broth; however, the solubility of the desired component
will determine the extraction solvent [30]. In addition, safety concerns should also be
considered. On the other hand, the extraction temperature is also a relevant factor for the
process. Higher temperatures can increase solubility and diffusion, but it is also important
to avoid overheating since if the extraction temperature is too high, the solvent will be
lost, and the phenolic compounds will degrade [32]. Furthermore, the efficiency of the
extraction depends on its duration. Longer extraction times increase efficiency, but when a
solute equilibrium is achieved between the internal and external solid matter, the increased
time will not affect the extraction [33].

In this study, the best extraction conditions for the phenolic compounds were eval-
uated, varying the solvent, temperature, and extraction time, correlating them with an-
tioxidant activity, and analyzed using three different methodologies. The best extraction
condition was defined by evaluating the binomial “total phenolic compounds x antioxidant
activity” obtained with 2 h of extraction with AcOEt at 20 ◦C.

Different extraction methods have been used to obtain active phenolic compounds
from the fungal culture medium [34]. In the study developed by Silva et al. [34], the
phenolic metabolites produced by endophytic fungi isolated from Passiflora incarnata were
extracted with AcOEt and ButOH (1:1). The authors found that the best phenolic extraction
was obtained using AcOEt, which agrees with the results obtained in our study. Silva
et al. [34] also evaluated the antioxidant activity of fungal extracts using the DPPH method;
however, contrary to what we observed in our research, the antioxidant capacity was not
directly proportional to the amount of total phenolics present in the extracts.

The effectiveness of an extraction solvent for phenolic compounds can vary according
to its polarity and the fungal species producing such compounds. In the work developed by
Tang et al. [35], the phenolic compounds of three endophytic fungal species were correlated
with antioxidant activity (using the DPPH and ABTS methods) after the extraction of these
metabolites with the solvents of medium (ethyl acetate and n-butanol) and low (oil ether
and chloroform) polarity. For the strains of Penicillium oxalicum and Simplicillium sp., the
largest amount of total phenols was extracted with AcOEt (94.58 and 58.64 mg GAEq/g,
respectively), while for the strain of Colletotrichum sp., the best result was obtained by the use
of n-butanol (58.96 mg GAEq/g). These authors found that the medium-polarity solvents
were the most efficient in the extraction of phenolic compounds and the antioxidant activity
was directly proportional to the amount of total phenolics, corroborating the data found in
the present study for the phenolic metabolites of C. mamane CF2-13.
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When considering the temperatures and times for the extraction of phenolic com-
pounds from fungal culture broths, a wide range is observed in the literature. Jamal
et al. [36] performed their extraction with AcOEt from the metabolic broth of endophytic
fungi isolated from Gynura procumbens, using a time of 10 min, directly in the separation
funnel. The best results for the extraction of phenolic compounds from the culture medium
were with the species Colletotrichum glosporioides SN11 (87 mg GAEq/g). In the same study,
antioxidant activity was evaluated using the DPPH and FRAP methods, but the result was
not directly proportional to the amount of total phenolics, and the extract produced by the
species Macrophomina phaseolina SN6 presented the best result for the sequestration of the
DPPH radical, while the extract produced by Phomopsis sp. SN2 showed the highest ferric
reduction power.

In another study, Rocha et al. [37] carried out extractions from the culture media of
endophytic fungi isolated from Schinus terebinthifolius Raddi using AcOEt, at 25 ◦C for
24 h, without agitation. The authors obtained 758.91 TEq mg/g (3.02 mmol TEq/g) in the
extract produced by the species Ochrocladosporium elatum for antioxidant activity using the
DPPH radical sequestration method. In this case, it is observed that the longer extraction
time favored the obtaining of phenolic compounds, contrary to what we observed for the
extraction of phenolic metabolites from the culture medium of C. mamane CF2-13, whose
best result (0.47 mmol TEq/g) was obtained with 2 h of extraction. On the other hand,
after 24 h of the extraction of metabolites produced by the species Penicillium olsonii, Rocha
et al. [37] obtained 119.33 mg TEq/g (0.47 mmol TEq/g), which is the same value obtained
in our study with only 2 h of extraction with ethyl acetate under agitation. Therefore, the
influence of the fungal species on the phenolic metabolic extraction process is clear, and it
is necessary to study the optimal conditions for each species of fungus.

Natural antioxidants produced by endophytic fungi, in general, are of the class of
phenolic compounds, such as flavonoids and phenolic acids [38], which corroborates
the results found in our study. The TLC results indicate the presence of these classes of
molecules in the extract of C. mamane CF2-13 when obtained under the best extraction
conditions (solvent AcOEt, at 20 ◦C for 2 h). Kaur et al. [39] also observed the presence of
phenolic compounds and flavonoids in the metabolic extracts of the endophytic fungus
Aspergillus fumigatus isolated from Moringa oleifera, which exhibited pronounced antioxidant
activity against DPPH radicals. On the other hand, in a recent study, Vu et al. [29] identified
not only phenolic compounds but also a new sesquiterpene in the extract of the endophytic
fungi Fusarium foetens AQF6, which presented pronounced antioxidant activity. Thus,
these results confirm the potential of endophytic fungi as a source of natural antioxidant
compounds, which can be phenolic compounds, terpenes, and alkaloids, and consequently
their possible use in the food industry.

Phenolic acids have been found in the culture medium of endophytic fungi and are
directly associated with the antioxidant activity of several fungal extracts. In the study by
Tang et al. [35], in which the composition of phenolic compounds in fungal extracts was
evaluated using liquid chromatography coupled to mass spectrometry (LC-MS), caffeic
acid was found in the extracts of P. oxalicum and Simplicillium sp., both obtained with
AcOEt; and that of Colletotrichum sp., obtained with butanol, at concentrations of 3.01, 0.52,
and 0.12 µmol/g, respectively. These results agree with those observed for the extract
of C. mamane CF2-13, in which caffeic acid was found at a concentration of 12.07 µg/mL
(0.22 µmol/g). In addition to caffeic acid, Tang et al. [35] also found chlorogenic acid in
their fungal extracts, which was not observed in our research for C. mamane CF2-13.

Shen et al. [40] analyzed the extracts from the endophytic fungi isolated from Alisma
orientale (Sam.) Juzep using LC-MS and found caffeic acid at concentrations of 10.12, 0.03,
0.02, and 0.01 µmol/g in the extracts obtained with AcOEt from the culture medium of
the species Chaetomium globosum, Alternaria compacta, Alternaria sp., and Alternaria sp.,
respectively. Again, it is found that the fungal species plays a central role in order to
optimize the extraction conditions of phenolic compounds produced by fungi.
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Caffeic acid is classified as a hydroxycinnamic acid, a phenolic compound of the
non-flavonoid type that belongs to the group of phenolic acids. These are characterized
by a single phenyl group substituted by a carboxylic group and one or more hydroxyl
(OH) groups. Not only does it have antioxidant activity, but also antimicrobial, anti-
inflammatory, and anticancer activities, among others. It is present mainly in red fruits,
coffee, wine, and vegetables [41]. According to Espíndola et al. [42], the consumption of
foods rich in caffeic acid leads to a protective effect against carcinogenesis by preventing
the formation of nitrosamines and nitrosamides. The anticancer action of caffeic acid is
mainly associated with its antioxidant and prooxidant capabilities, which are attributed to
its chemical structure [42].

Natural antioxidants have a wide application in the food industry. They can be used
to slow down the oxidation process of various foods, especially lipid food matrices [43]. In
our study, we evaluated the ability of the fungal extract obtained under the best extraction
conditions to slow the lipid oxidation of extra-virgin olive oil. The results are promising,
considering that the fungal extract did not present statistical differences when compared
to the standard antioxidant tocopherol, and maintained a lower peroxide value than the
other experiments. This is an important finding as there are very few studies that have
evaluated the ability of fungal extracts to retard lipid oxidation. Generally, studies tend
to examine fruit extracts, such as that of Correia and Jordão [44], which evaluated the
protective effect of extracts from different types of grapes. In this case, using butter, the
authors verified that after 14 days at a temperature of 20 ◦C, the control sample (butter
only) presented a higher level of peroxides (56.6 meq O2/kg), while the experiments using
the grape extracts, rich in phenolic content, obtained from Touriga Franca grapes, presented
a lower value of peroxides (38.1 meq O2/kg), indicating a potential protective effect against
the lipid oxidation.

The Brazilian National Health Surveillance Agency (ANVISA, RDC No. 740/2022) [45]
authorizes the use of food additives and technological adjuvants in various food products,
and the maximum amount of tocopherol allowed to be used as an antioxidant in olive oil
is 200 mg/kg. In this study, we used this concentration of tocopherol (0.2 mg/g) as the
positive control to evaluate the lipid oxidation of extra virgin olive oil. The fungal extract
obtained under the best extraction conditions was able to protect the olive oil against lipid
oxidation without significant difference when compared to tocopherol, which highlights
once again the potential of this extract to be used in the food industry as an antioxidant,
especially for food products rich in lipids.

5. Conclusions

The data obtained in this study show the potential of endophytic fungi in the pro-
duction of phenolic compounds with antioxidant activity, which are widely used in the
food industry. It also demonstrates the importance/influence of the extraction process on
the structure–activity relationship of these compounds, in which the optimized condition
was obtained with ethyl acetate at 20 ◦C during 2 h of extraction for the species C. mamane
CF2-13, isolated from the Amazonian medicinal plant F. chica. This extraction condition pre-
sented good results in the binomial “phenolic compounds x antioxidant activity”, including
antioxidant action against the oxidation of olive oil, emphasizing its potential use in the
food industry. In addition, the optimized extract can be considered a new source of caffeic
acid, as this phenolic acid was found in the fungal metabolites produced. Consequently,
the novelty of our results lies in the fact that the C. mamane extract, which was obtained
under optimized conditions, can be used in food processes.
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