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Abstract

Gallic acid is a phenolic organic acid found in plants that has a wide range of applications, as a health-promoting agent and
as a food preservative, due to its high antioxidant activity. Gallic acid can be obtained by acid hydrolysis of tannic acid or by
the enzymatic action of tannase on tannic acid. A biorefinery approach to produce gallic acid was developed. A combination
of grape pomace and soybean hull as support substrate was used for solid-state fermentation by Aspergillus niger and Asper-
gillus oryzae. The best conditions for the bioconversion of tannic acid to gallic acid were tested. Tannase and other relevant
enzymes were produced in the same process. The gallic acid production was monitored and quantified by high-performance
thin-layer chromatography (HPTLC). HPTLC was used to separate the phenolic extracts prepared, and bioautography by gel
overlay was used to identify antioxidants and tyrosinase inhibitors directly on the plate. The best gallic acid producer was A.
oryzae, and the best fermentation condition comprised soybean hull and grape pomace as support substrate, producing 0.36 g
of gallic acid/g of tannic acid and 7.2 g/L of fermentation medium in 72 h of incubation. The value addition of these agricul-
tural wastes through a green process to produce gallic acid was demonstrated, creating opportunities for solid waste usage.
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1 Introduction

Polyphenols are plant secondary metabolites found in fruits,
vegetables, and seeds. The incorporation of these metabo-
lites has been associated with lowering the risks related to
chronic and age-related degenerative diseases. They have
a wide range of applications as food, pharmaceutical, and
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cosmetic additives [1]. There is an increasing demand of
natural food and cosmetic ingredients to replace the syn-
thetic ones, and plant-derived bioactives such as polyphenols
are excellent candidates as natural antioxidants. Also, some
polyphenols have been reported as inhibitors of tyrosinase
enzymes [2]. Tyrosinase (EC 1.14.18.1) is a copper-contain-
ing monooxygenase enzyme widely distributed in micro-
organisms, animals, and plants that produces enzymatic
browning in fruits and vegetables; and excessive production
of melanin in the human skin that can give rise to freckles,
melasma, malignant melanoma, and degenerative diseases
[3]. Tyrosinase inhibitors can be found in both synthetic [4]
and natural sources [5], but the latter can have fewer con-
straints regarding their toxicity. In that sense, natural sources
can provide novel and safe tyrosinase inhibitors for the food,
cosmetic, and medicinal fields.

Polyphenols can be conveniently obtained from residual
biomasses [1, 5, 6]. In particular, gallic acid (3,4,5-trihy-
droxybenzoic acid) is a low molecular weight triphenolic
compound largely found in its free or bound form in gall-
nuts, oak bark, and tea leaves [7, 8]. Other sources include
oak bark; berries, pomegranate, mango, and other fruits;
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vegetables; and beverages including wine [9]. Gallic acid is
a precursor for the synthesis of trimethoprim, an antibacte-
rial agent, and gallate esters, such as pyrogallol, that serve
as preservatives in the food industry [10]. In addition, gallic
acid has received much attention in the last decade, for its
antioxidant, antibacterial, anticarcinogenic, antiallergic, and
anti-inflammatory activities [11, 12]. Acid hydrolysis of tan-
nic acid is the conventional method to produce gallic acid,
but it presents some drawbacks regarding the cost and yield
of the process [13]. Therefore, microbial and enzymatic con-
versions of tannic acid to gallic acid are attractive strategies
for overcoming these drawbacks [14]. Tannase (EC 3.1.1.20)
catalyzes the hydrolysis of tannic acid to produce glucose
and gallic acid. Previous studies have shown the conversion
of tannic acid to gallic acid in fermentation conditions in
which tannase is produced by a microorganism. In some
cases, substrate supplementation was required [15], or syn-
thetic support was needed for fungi solid-state fermentation
(SSF) [16]. In other cases, SSF was performed in tannin-rich
biomasses, but the gallic acid yield is much lower than that
retrieved from the conversion of tannic acid [14, 17].

The present study aimed to test a combination of both
strategies, by using polyphenol-rich agri-food waste, soy-
bean hull, and grape pomace, as support substrate for the
conversion of tannic acid to gallic acid by tannase-producing
filamentous fungi. In this biorefinery approach, gallic acid
and relevant industrial enzymes are produced simultane-
ously. Aspergillus niger and Aspergillus oryzae were used
for this purpose, and the production of tannase and carbo-
hydrate-degrading enzymes was tested, including pectinase,
cellulase, and a-amylase, which can help in the liberation of
gallic acid and other polyphenols from the biomasses [18].
To visualize the potential bioactivities of the extracts, the
resulting polyphenols were analyzed by high-performance
thin-layer chromatography (HPTLC), in which plate devel-
opment was followed by agar gel bioautography. By com-
bining simultaneous chromatographic separation and locali-
zation of bioactivity patterns, we could confirm extracts’
potential as antioxidants and tyrosinase inhibitors.

2 Materials and methods
2.1 Materials

Grape pomaces of red wine grapes (Vitis vinifera L.) of
Malbec and Tannat varieties were obtained from an Argen-
tinian winery (Tunuyan, Mendoza Province) and used at a
1:1 ratio. Soybean (Glycine max) hull was obtained from a
soybean crush plant (Molinos S.A, Santa Fe, Argentina).
Aspergillus oryzae NRRL695 and Aspergillus niger NRRL3
(NRRL culture collection) were obtained from the National
Center for Agricultural Utilization Research (ARS), United
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States Department of Agriculture (USDA), USA. Folin-Cio-
calteu’s phenol reagent, ABTS (2,2'-azino-bis (3-ethyl-ben-
zothiazoline-6-sulfonic acid) diammonium salt), gallic acid
(GA), carboxymethylcellulose, pectin from citrus peel, and
tannic acid (TA) were from Sigma-Aldrich (St. Louis, Mis-
souri, USA). The growth culture medium of Potato Dextrose
Agar (PDA) was from Britania Lab (CABA, Argentina).

2.2 Grape pomace and soybean hull preparation
for the solid-state fermentation

Grape pomace (GP), consisting of residual grape seeds,
pulp, and skins, was collected after winemaking fermenta-
tion in wineries and stored frozen at—20 °C until processing
in the laboratory. Grape pomace was dried in a drying oven
at 60 °C (San-Jor, SL60SDB, San Andrés, Buenos Aires,
Argentina) to reach a final moisture content of 5% and milled
in coffee grinders to a particle size of 0.25-2.38 mm (sieved
by mesh No. 60 and No. 8). The soybean hull (SH) was used
as received after mechanical separation in the soybean pro-
cessing plant, without any additional processing.

2.3 Propagation of fungi and inoculum preparation

A. niger and A. oryzae were grown in PDA culture media,
supplemented with 0.01% w/v of tannic acid. Culture growth
was performed at 30 °C for 5 days. Conidia were re-sus-
pended in a Tween-80 solution at 0.02% v/v by magnetic
stirring for 30 min. The count of conidia was performed in
a Neubauer counting chamber.

2.4 SSFs of A. niger and A. oryzae using grape
pomace and/or soybean hull as support
substrate and preparation of extracts
from cultures

Grape pomace, soybean hull, or a combination of both at
a 1:1 ratio was used as support substrate for the SSF sys-
tems, and the moisture content was adjusted by the addition
of aliquots of “Modified Czapex Dox” (NaNO; 0.25% w/v,
KH,PO, 0.1% w/v de, MgSO,.7H,0 0.05% w/v, and KCI
0.05% w/v) adjusted at pH 5.50, as previously described
(Trevifio-Cueto et al., 2007). Glass flasks were employed as
reactors by the addition of defined amounts of solid support
substrate (2 g) and liquid medium (10 mL) to reach 84% of
moisture content (considering the 5% moisture content of
the grape pomace). The flasks were autoclaved at 121 °C for
20 min. After cooling down, tannic acid 2% w/v was added
after sterilization by filtration with a 0.22-um regenerated
cellulose filter.

A. niger and A. oryzae were inoculated to reach a final
concentration of 1x 10 conidia/g of support substrate in
each system, as previously reported as optimal for SSF of A.
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oryzae (Melnichuk et al., 2020). A control without inoculum
was always run in parallel. The systems were incubated at
a constant temperature of 30 °C for 72 h in a laboratory
incubator (San Jor SL60SDB, San Andrés, Buenos Aires,
Argentina).

After SSF, distilled water was added to the flasks to reach
a solid:liquid ratio of 1:20, and the systems were incubated
under continuous orbital agitation at 120 rpm at 45 °C
(Infors HT incubation shaker, Ecotron model, Bottmingen,
Switzerland) for 30 min. After the extraction, samples were
filtered through a cloth fabric filter, centrifuged, and filtered
with a 0.45-pm nylon syringe filter (Sartorius, Minisart NY,
Goettingen, Germany).

2.5 Determination of tannase activity

Tannase enzyme activity was measured with the methanolic
rhodanine method, which uses methyl gallate as a substrate,
as previously described [19]. One tannase enzyme unit (U)
is defined as the amount of enzyme which produces 1 pmol
of gallic acid per min of reaction.

2.6 Determination of pectinase activity

Polygalacturonase activity was determined using pectin from
citrus peel as substrate, and a second reaction was coupled
to the main reaction to determine reducing sugars based
on the 3,5-dinitrosalicylic acid (DNS) assay described by
Miller [20]. The product generated is galacturonic acid. One
enzyme unit (U) is defined as the amount of enzyme that
releases 1 pmol of galacturonic acid per minute under the
conditions of the assay [21].

2.7 Determination of cellulase activity

For endoglucanase determination, carboxymethyl cellulose
(CMC) was used as a substrate. The product of the reaction
was glucose, which was detected by the DNS assay [20].
The amount of enzyme that releases 1 umol of glucose per
minute under the conditions of the assay is defined as one
enzyme unit (U) [22].

2.8 Determination of total phenolics

The Folin-Ciocalteu method was used for total phenolic
determination as previously described [23]. In general, dilu-
tions of the extracts between 1/5 and 1/20 were used for the
assay. Determinations were made in triplicates, and results
were expressed in g of gallic acid equivalents (GAE)/100 g
of GP or GP + SH, denoted as solid substrate (SS).

2.9 Determination of antioxidant activity

The improved 2,2'-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTYS) free radical scavenging assay was used
[24]. In general, dilutions of the extracts between 1/5 and
1/20 were employed for the assay. The standard curve was
prepared using Trolox. Determinations were made in trip-
licates, and results were expressed as mmol Trolox equiva-
lents (TE)/100 g of GP or GP + SH, denoted as solid sub-
strate (SS).

2.10 High-performance thin-layer chromatography
(HPTLC) and quantification of gallic acid

HPTLC was carried out on TLC aluminum-backed silica
gel 60 F254 plates of 7 cm height (Merck, Darmstadt,
Germany). Samples were applied in 4-mm bands using a
CAMAG Automatic HPTLC Sampler 4 (ATS 4) under air
flux.

Development was performed in a twin-through chamber
with a mixture containing ethyl acetate:methanol:acetic acid
(100:30:10) that was modified from the phenolic acid tech-
nique [25] in order to maintain the gallic acid spot migra-
tion in an adequate area for quantification. The migration
time was 15 min up to the migration distance of 70 mm
from the lower edge of the plate. The chromatogram was
dried in a stream of air for 20 min (hair dryer). After sol-
vent evaporation, HPTLC images were captured under white
light and UV light with a CAMAG HPTLC Visualizer. For
gallic acid quantification, a calibration curve was prepared
spotting increasing quantities of gallic acid (0.2-1.8 pg) on
different lanes of the plate, and absorbance was determined
at 273 nm.

2.11 ABTS and tyrosinase-based TLC
bioautographies

In a typical 140 cm? TLC-ABTS sheet, the staining solu-
tion for the antioxidant assay was prepared by dissolving
agar (190 mg) at 90 °C in water (20 mL). The solution was
allowed to cool to 40 °C and the ABTS radical solution
was added (260 pL). ABTS was prepared as in Sect. 2.9
but avoiding dilution. Active compounds were visualized as
clear spots on the blue-green background, TLC plates were
scanned at 734 nm, and then plates were photographed at
white light illumination.

In a typical 140 cm? TLC-TYR sheet, the staining solu-
tion for the tyrosinase inhibition assay was prepared by
dissolving agar (270 mg) at 90 °C in sodium phosphate
buffer (20 mM, pH 6.8, 22.4 mL) (Paula Garcia & Furlan,
2015). The solution was allowed to cool to 55 °C and the
L-tyrosine solution (2.5 mM, 5.6 mL) was added. At 35 °C,
tyrosinase solution (3800 U/mL, 260 uL) was added. Active
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compounds were visualized as clear spots on the brownish
background, and TLC plates were photographed under white

light and scanned at 475 nm for the best contrast.

2.12 Statistical analysis

All the experiments were performed in triplicates. A T-test
was used to compare the means between the two groups.
One-way ANOVA followed by multiple comparisons by the
Tukey test was used to compare more than two groups. Two-
way ANOVA followed by the Sidak multiple comparison
test was used when necessary. Analyses were performed
using GraphPad Prism version 8.00 for Windows, GraphPad
Software, San Diego, CA, USA.
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Fig.1 Enzymatic profile of the SSF system using grape pomace
(GP), soybean hull (SH), or a combination of both with and without
tannic acid (TA) addition. A Aspergillus niger. B Aspergillus ory-
zae. Different letters denote significant difference between groups
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3 Results

3.1 SSFs of A. niger and A. oryzae using grape
pomace and soybean hull as support substrate
and tannic acid as tannase inductor

SSFs of A. niger and A. oryzae were conducted using a
combination of grape pomace and soybean hull as sup-
port substrate (1:1), with an 84% moisture content, for
72 h at 30 °C. In these conditions, relevant enzymatic
activities were induced, such as cellulase, pectinase, and
a-amylase (Fig. 1). The production of cellulase by A. niger
was significantly higher than that by A. oryzae when the
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(p<0.05) for each enzymatic activity and fungus. A greater produc-
tion of one enzyme by one of the fungi in a specific condition is indi-
cated as follows: *p <0.05; **p <0.01. SS stands for solid substrate
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combination of grape pomace and soybean hull was used
as support substrate (p <0.01). The inclusion of soybean
hull favored the production of cellulase in both fungi. In
the case of tannase, the addition of tannic acid at a con-
centration of 2% w/v induced its production in both fungi,
and this induction was greater (p < 0.05) in the presence
of grape pomace. A. oryzae produced more tannase than
A. niger, although the differences found were not signifi-
cant (p > 0.05). Regarding the production of pectinase, in
the case of A. niger, it was significantly higher (p <0.05)
when soybean hull was used as support substrate with
the addition of tannic acid 2% w/v, while in A. oryzae
it was significantly higher (p < 0.05) when soybean hull
and grape pomace were used as support substrate with the
addition of tannic acid 2% w/v. No significant difference
(p > 0.05) was observed between both fungi in the case of
pectinase production. The production of a-amylase by both
fungi was similar for all the support substrate tested, but
A. oryzae production was significantly greater than that of
A. niger (p>0.05).

When grape pomace and soybean hull were used as sub-
strate support in the absence of tannic acid, the total phe-
nolic content of the extracts after SSF was not increased
(Fig. 2A). The addition of tannic acid at a concentration of
2% wiv gave rise to an increase in the total phenolic content
(Fig. 2A) and antioxidant activity (Fig. 2B) of the extracts.
This effect was observed with soybean hull as support sub-
strate, but was only significant in the A. oryzae SSF extract
(p>0.05). When grape pomace was used as support sub-
strate, alone or in combination with soybean hull, both fungi
produced a significant increase in the total phenolic content
and antioxidant activity (p > 0.05). This trend correlates with
the production of the tannase enzyme.

3.2 Quantification of gallic acid in SSF extracts
by HPTLC

HPTLC was performed to identify and quantify the major
component of the polyphenol extract. The resulting finger-
prints of the samples are shown in Fig. 3A and B (detec-
tion at 365 and 266 nm, respectively). Gallic acid was run
in parallel for the identification and quantification of the
corresponding bands in the samples (GA, Rf =0.8). Gallic
acid was detected at a very low amount in cultures with no
tannic acid. The results corresponding to gallic acid quan-
tification in the SSFs with added tannic acid are shown in
Fig. 4. In the case of A. oryzae SSFs, a significant increase
is observed in gallic acid yield with respect to the corre-
sponding controls in all the systems tested as solid support
substrate. In the case of A. niger, a significant increase in
gallic acid production was observed when grape pomace or
grape pomace/soybean hull was used as support substrate,
but not when soybean hull was used alone. The maximum
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Fig.2 Extraction yields of total polyphenols and antioxidant activ-
ity after A. niger and A. oryzae SSFs using as support soybean
hull (SH), grape pomace (GP) or a combination of both, and tan-
nic acid (TA). GAE, gallic acid equivalent; SS, solid substrate; TE:
trolox equivalent. Different letters denote significant difference
between groups (p <0.05). SS stands for solid substrate

yield of gallic acid—0.36 +0.02 mg/mg of tannic acid—was
obtained in the SSF of A. oryzae using the combination of
grape pomace/soybean hull.

Although other few bands were also visualized at UV 365
and 266 nm (Fig. 3A and B), gallic acid was apparently one of
the most abundant components in the SSFs with tannic acid.
A. oryzae is a well-known producer of kojic acid, which has
antioxidant and tyrosinase inhibitory properties. Therefore,
we seeded the compound in the TLCs, but it was not detected
in any of the samples (KA, Rf=0.7), (Fig. 3A and B).

3.3 Bioautography detection of antioxidant
compounds

The extracts obtained after SSFs showed increased antioxi-
dant activity as described in Sect. 2.1. To identify the main
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Fig.3 Characterization of the
extract composition by HPTLC-
bioautography. (A) Detection SH GP
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266 nm. (C) Bioautography
detection of antioxidant com-
pounds through ABTS radical
scavenging assay at 734 nm.
(D) Bioautography detection of
tyrosinase inhibitors at 475 nm.
SH, soybean hull; GP, grape
pomace; GA, gallic acid; KA,
kojic acid; TA, tannic acid
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compounds responsible for that activity, we conducted an
effect-directed analysis of antioxidants. Once the plate was
spotted and developed, the ABTS™* radical was immobi-
lized in agar gel and the bands corresponding to compounds
with antioxidant activity appeared as white spots against
the blueish-green background. As shown in Fig. 3C, the
most outstanding antioxidant clear white spots correspond
to gallic acid (Rf=0.8). In those samples in which gallic
acid was not produced at a high concentration, clear spots
were found at the origin of the plate (Rf =0.0). These spots
are likely related to tannic acid or other phenolics of great
MW from the extracts. Nonetheless, the antioxidant activity
was more prominent in the bands corresponding to gallic
acid, in accordance with the increase observed in the total
antioxidant activity of the extracts (Fig. 2). Therefore, the
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biotransformation of the added tannic acid and the tannins
present in the agro-industrial waste produced extracts with
increased antioxidant activity, mainly related to the produc-
tion of gallic acid.

3.4 Bioautography detection of tyrosinase
inhibitors

In order to detect anti-tyrosinase activity in the extracts,
we used the improved agar gel version of the assay with
entrapped tyrosinase [26]. Gel containing tyrosinase covered
the plate with a brownish background, and active compounds
inhibiting tyrosinase appeared as white zones. As shown in
Fig. 3D, inhibition was detected in the zones matching with
the Rf of gallic acid (Rf=0.8).
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Fig.4 Yield of production of gallic acid in the SSFs. Gallic acid
(GA) present in the extracts after the SSFs was quantified by HPTLC
and the obtained yield is shown in respect of the initial added tannic
acid (TA). ###%p <0.0001

4 Discussion

The conventional process for the preparation of gallic
acid entails acid-mediated hydrolysis of synthetic tannic
acid or tannin-rich materials. This process presents some
drawbacks regarding less purity, low yield, high cost, and
the release of toxic effluents to the environment. Previous
studies have reported the conversion of tannic acid to gal-
lic acid through the fermentation of a tannase-producing
microorganism. Sporidiobolus ruineniae was shown to
produce 11.2 g/L gallic acid from 12.3 g/L tannic acid and
31.1 mU/mL of the tannse activity after 48 h of cultiva-
tion in a 1-L stirred tank fermenter, i.e., a 90% conversion.
In this case, the culture medium was supplemented with
10 g/L yeast extract, 2 g/L. (NH,),SO,, 0.5 g/L Tween-80,
6.91 g/L glucose, and 1 g/L glutamate [15], all of which
increase the cost of the process. A. niger Aa-20 produced
7.64 g/L gallic acid from 12.5 g/L tannic acid (60% con-
version) with a maximum tannase activity of 2479 U/L
in a SSF process using polyurethane matrices as support
substrate [16]. These synthetic matrices can increase the
cost of the process and its impact on the environment.
Bioconversion of tannic acid to gallic acid by Aspergillus
aculeatus DBFO retrieved a yield of 6 g/L gallic acid from
30 g/L tannic acid in optimized conditions [27], i.e., a 20%
conversion. Anaerobic fermentation of B. subtilis AM1
and Lactobacillus plantarum CIR1 in 10 g/L tannic acid
and under non-optimized conditions resulted in maximum

levels of tannase activity of 1400 and 1239 U/L and gallic
acid contents of 2.41 and 2.37 g/L, respectively, around
a 24% conversion in these cases [28]. When biomass was
used as the source of tannins for gallic acid production in
attempts to valorize agro-industrial wastes, lower amounts
of gallic acid were obtained [14, 17]. This was attributed
to the presence of sugars in the agro-industrial wastes
that are more accessible and promote the growth of the
fungus [29]. In addition, the tannin concentration may
not be enough to reach the minimum necessary quantity
for induction, which is between 1 and 2% v/w for tannic
acid [30]. In light of our results, both Aspergillus spp.
produced a very low level of tannase in the absence of
tannic acid (Fig. 1A and B). With lower amounts of the
inductor, lower amounts of tannase being produced and
lower amounts of gallic acid obtained when agro-industrial
wastes are used as the sole source of tannins.

An integrated strategy was evaluated, in which agro-
industrial wastes, soybean hull and grape pomace, are used
for a double purpose as support substrate, while tannic
acid is added for its conversion. In this way, supplemen-
tation with costly ingredients and the usage of synthetic
matrices were avoided. At the same time, high produc-
tion of gallic acid was achieved. The biomass with an
initial concentration of tannic acid of 20 g/L produced
7.2 g/L of gallic acid in the best condition—A. oryzae
SSF in soybean hull + grape pomace + tannic acid, 72 h at
30 °C—i.e., 0.36 +0.03 g gallic acid/g tannic acid (Fig. 4).
At the same time, the tannase enzyme is produced at a
high yield, ca. 6000 U/mL. In addition, other relevant
enzymes can be recovered from the extracts, including cel-
lulase, pectinases, and a-amylases. The general scheme
of the proposed biorefinery is shown in Fig. 5. Also, the
enzymes, partially purified or in combination, could be
used for direct treatment of grape pomace or soybean hull
for the liberation of a variety of polyphenols as has been
previously reported for tannase, cellulase, pectinase, and
a-amylase in grape pomace and soybean hull [31-33].

The successful SSF of soybean hull and grape pomace
mixed waste allowed to produce gallic acid, a phenolic
compound with strong free radical scavenging activ-
ity. Previous studies have shown the inhibitory effect of
gallic acid in mushroom tyrosinase activity with a low
IC50 value (3.59 x 107 M) in comparison with kojic acid
(59.72 x 107% M), with no cytotoxicity effect in the range
of 50-400 pM [30]. The present study showed that gal-
lic acid’s dual role as antimelanogenic and antioxidative
agents are preserved in fungi extracts and can be assessed
using TLC bioautographies. In this way, a process for the
production of gallic acid—enriched polyphenol extracts
through SSF and a practical method for bioactivity assess-
ment is provided.
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Fig.5 Proposed biorefinery
scheme for the production

of gallic acid and relevant
industrial enzymes from agro-
industrial wastes and tannic
acid using SSF of A. niger or A.
oryzae Drying/

Milling
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5 Conclusions

In this study, a biorefinery scheme was developed to produce
gallic acid from tannic acid along with relevant industrial
enzymes, based on the reutilization of soybean hull and
grape pomace. The combination of SSF by tannase-pro-
ducing fungi and aqueous extraction allowed us to obtain
polyphenol extracts substantially enriched with gallic acid.
The aqueous extracts showed increased antioxidant activity,
and HPTLC-based bioautography showed high antioxidant
activity and anti-tyrosinase activity that could be assigned
to gallic acid. The gallic acid—enriched extract could be used
as a natural ingredient with valuable bioactivities in foods
and cosmetics. The process also leads to the production of a
high yield of tannase and carbohydrase enzymes. The SSF
is a process that can generally save energy, which is clean
and reduces waste consumption. The procedure is an envi-
ronmentally green approach that could be adapted to other
by-product combinations.
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