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Abstract

In this research, an industrially important enzyme tannase and product gallic acid was produced with an inexpensive novel
substrate Swietenia macrophylla. Fermentation of S. macrophylla was optimized using a two-step approach: First, the tradi-
tional One variable at-a-time technique, and second, the statistical Box-Behnken design for co-production of tannase enzyme
and gallic acid. This two-step method of optimization showed the highest tannase activity and gallic acid yield of 0.0497 U/
mL and 225 pg/mL respectively which is a 29.5 and 49-fold increase when compared to unoptimized conditions. Further,
the partially purified tannase enzyme was characterized and showed optimal tannase activity at pH 4.0 and 30 °C, and was
stable between pH 3.0-6.0 and 4—40 °C for 24 h and 10 h, respectively. Also, metal ions such as Ca’*, Na*, and K* at | mM
concentration; and organic solvents methanol, and isoamyl alcohol at 20% v/v exhibited the highest activity at optimized
reaction conditions. Whereas, Mn**, Zn**, Mg?*, Fe** and Fe**, EDTA, TritonX 100, toluene, and hexane caused the tannase
inhibition at higher concentrations. In the end, the fermentative production of gallic acid was verified qualitatively through
thin-layer chromatography and Fourier transform infrared spectroscopy.
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Statement of Novelty

Currently, gallic acid is produced with acid hydrolysis of
>4 Subbalaxmi Selvaraj synthetic substrate tannins, which results in low purity, high
subbalaxmi.s@manipal.edu cost, and causes environmental pollution. Hence, in the pre-
Department of Biotechnology, Manipal Institute sent study an alternative cost-effective natural substrate i.e.

of Technology, Manipal Academy of Higher Education the bark and leaves of Swietenia macrophylla was discovered
(MAHE), Manipal 576104, India
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for the co-production of tannase enzyme and gallic acid.
The mathematical model was developed to optimize the fer-
mentation of S. macrophylla and showed a 29.5 and 49-fold
increase in tannase and gallic acid respectively. The par-
tially purified tannase was optimized for enzyme-substrate
reaction conditions for possible industrial applications. The
production of the product gallic acid was validated through
thin-layer chromatography and Fourier transform infrared
spectroscopy.

Introduction

Semi-solid-state fermentation (semi-SSF) describes the pro-
cess of producing microbial metabolites using solid sup-
port and substrate while using minimal amounts of liquid
medium. The defining characteristic of solid-state fermen-
tation (SSF) is that microbial growth in the fermentation
system happens without a free-flowing aqueous phase. This
method has been widely exploited to produce antibiotics,
organic acids, enzymes, and other such compounds by using
natural or semi-synthetic substrates [1]. The process of SSF
has been extensively practiced in history, mostly in Asian
countries to create processed and fermented food items such
as soy sauce, miso, sake, etc. In ancient Egypt, basic SSF
techniques were used to bake bread for more than 4000 years
[2]. In the modern world, SSF has been applied in the fields
of large-scale food processing, biorefineries, processing of
fossil fuel alternatives, and other industries to minimize the
use of water and optimize the economics of process bio-
technology [3]. The most crucial characteristic displayed by
SSF and semi-SSF is that of the resistance of microorgan-
isms to the inhibition of enzyme production due to catabolic
repression due to the fermentation system containing carbon
sources such as sucrose, glucose, and other substrates [4].
Semi-SSF can be considered over SSF due to the advantage
of providing moisture to the microbial culture can lead to
more stable growth. However, adding excess moisture to the
substrate, as in the case of submerged fermentation (SmF),
can lead to lower levels of oxygen penetration, leading to
growth inhibition of the microbial culture [5, 6].

The process of semi-SSF is being conducted on Swiet-
enia macrophylla by using a strain of Bacillus gottheilii
M2S2, which is aerobic, rod-shaped, Gram-positive, and
motile bacteria that has optimum growth at pH 8.0 and
30 °C. The bacterial cell fatty acid profile contains major
amounts of is0-C15:0, anteiso-C17:0, and anteiso-C15:0,
while the phospholipids contained in the cell are phosphati-
dylglycerol, aminophospholipid, diphosphatidylglycerol,
and phosphatidylethanolamine. The G+ C content of the
genomic DNA determined was 38.7 mol% as per previ-
ously conducted experiments [7]. It has been characterized
via various research articles that Bacillus gottheilii M2S2
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has a good yield in producing extracellular tannase enzymes
[8, 9]. Hence, this strain of bacterial isolate can be used as
a method of converting tannic acid present in the substrate
to produce gallic acid as tannase extracted from bacterial
fermentation can hydrolyze tannic acid [10].

Swietenia macrophylla, also called Big-Leaf Mahogany
is a plant species generally found in major regions of South
America, Central America, and certain parts of South India
and Malaysia. This plant also bears fruits appropriately
named “sky fruits” due to the fruits pointing towards the
sky and are widely used as a natural remedy for improving
blood circulation and skin conditions in folk medicine. Due
to its pharmacological activity such as anti-inflammatory,
antimicrobial, antidiabetic, and antioxidative behavior, it
has been used in folk medicine for hundreds of years [11].
In past research, S. macrophylla has indicated the capacity
of inducing mitochondrial-mediated apoptosis of HCT116
colorectal carcinoma cells via the upregulation of p53 [12].
The S. macrophylla has also been studied for its exhibition
of antioxidant, antimicrobial, antimutagenic, antimalarial,
antifeedant, antidiabetic, acaricidal, anti-nociceptive, anti-
diarrheal, hypolipidemic, and heavy metal phytoremedia-
tion activity [11]. The high levels of hydrolyzable tannins
in S. macrophylla make the plant sample a good candidate
for bioprocessing to extract gallic acid. The ready availabil-
ity of S. macrophylla in temperate regions makes it a cost-
effective alternative as the production of gallic acid from
hydrolyzable tannins can be conducted by the bioconversion
and biotransformation of tannic acid to gallic acid with the
use of enzyme tannase [8, 10]. The action of B. gottheilii
M?2S2 on the plant sample is majorly due to the production
of the tannase enzyme, leading to a yield of gallic acid. To
the best of our knowledge, this is the first report on the bark
and leaves of Swietenia macrophylla, as an alternative cost-
effective natural substrate for the co-production of tannase
and gallic acid.

Tannase, also referred to as tannin acyl hydrolase (EC
3.1.1.20), acts on tannins by hydrolyzing the bonds in hydro-
lyzable tannins and also in gallic acid—based esters. The
catalysis by tannase on these substrates leads to the produc-
tion of gallic acid [13]. This action breaks down tannins
which are toxic secondary metabolites produced by various
plants. A variety of microorganisms face growth inhibition
as tannins are capable of binding to and precipitating pro-
teins and iron, interfering in various biological processes
[14]. A major use of tannase occurs in the detannification
of food, removal of pollutants, production of gallic acid, or
in producing leather [9, 13]. Another major impact of the
tannase enzyme is in the process of preserving vitamin C in
fruit juices as the hydrolysis of tannins produces gallic acid,
which can act as an antioxidant, preventing the oxidation of
vitamin C [15]. The area of interest for the use of tannase
as a biocatalyst is to reduce the use of chemicals to conduct
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acid hydrolysis of tannins, which would in turn reduce the
purification costs during the extraction of compounds such
as gallic acid from the reaction mixture [13, 16]. This shift in
using biocatalysts also helps in reducing the environmental
strain and the release of pollutants into the environment as
a result of using highly corrosive acids and bases. Another
advantage of using biocatalysts is that they generally have
high bioavailability of the products, leading to easier uptake
by the human body.

The hydrolysis of tannic acid, gallic acid esters, and other
tannins produces gallic acid and is the primary method of
production for gallic acid. Gallic acid is a phenolic acid with
two intramolecular and five intermolecular hydrogen bonds.
It is a significant bioactive compound due to its well-pro-
nounced antioxidant and anti-cancer capabilities. Deriva-
tives of gallic acid have been used in various phytomedicines
due to their varying pharmacological activities such as radi-
cal scavenging, cell signaling pathway interference, cancer
cell apoptosis, and other activities. This range of the appli-
cability of gallic acid is caused because of a fine amalgam
between its pro-oxidant and antioxidant potential [17]. A
major obstacle observed in the process of synthetic produc-
tion of gallic acid is the use of synthetic chemicals result-
ing in low purity, high cost, and low yield given by acidic
hydrolysis of tannic acid [18]. However, bacterial semi-SSF
can be a great alternative to improve the above-mentioned
parameters and also improve the bioavailability of the gallic
acid produced, while also ensuring sustainable production
economics and better efficiency of processing.

Materials and Methods
Materials

Rhodanine, gallic acid, methyl gallate, methanol, Bovine
serum albumin (BSA), sodium dodecyl sulfate (SDS), tri-
ethanolamine, potassium hydroxide, Coomassie Blue dye,
ferric chloride, and citrate buffer solution were used as rea-
gents in this study and all procured from Hi-media Labora-
tories Pvt. Ltd., Mumbai-India and Sigma Aldrich Co. LLC,
Mumbai-India.

Microorganism and Cultural Conditions

A previously isolated strain of Bacillus gottheilii M2S2 was
used for this study due to its well-researched capabilities of
tannase production. This strain was isolated from tannery
effluent soil [9]. Identification of the strain was done by 16 S
rRNA sequence analysis, where the nucleotide sequence
was further submitted to Gene Bank (Accession number:
KU866380). A sample of the isolated strain was deposited in
the Microbial Type Culture Collection Centre- Chandigarh,

India (MTCC 12,554). Cultures of Bacillus gottheilii M2S2
were maintained on nutrient agar plates at 4 °C.

Inoculum Preparation

The preparation of the inoculum was done before semi-SSF.
250 mL Erlenmeyer flasks with 50 mL of nutrient broth were
inoculated with 2 mL of an 18 h old Bacillus gottheilii M2S2
culture. The flasks were then incubated in an incubator at 32
°C and 180 rpm for 18 h. The inoculum was then further used
to inoculate the substrate and perform Semi-SSF. A load of
viable cell count in the inoculum was found to be 4 x 10'?
cells/mL using the colony count technique [9].

Substrate Preparation

Swietenia macrophylla was chosen as the substrate after
conducting a literature review on the composition of bio-
active compounds of multiple plant samples due to having
a high concentration of phenolic compounds such as free
gallic acid, tannins, and flavonoids [11]. Equal-weight bark
and leaf samples were retrieved from End Point, Manipal,
Karnataka, India (13°22' 11" N, 74°47'6" E). The samples
were then dried for 48 h under sunlight at 30 °C + 3 “C and
atmospheric pressure at 1008 hPa+3 hPa. The samples were
pulverized to minute particles, sieved, and further preserved
for analysis of bioactive compounds.

Qualitative Test for Tannin Content

The presence of tannins in the substrate was checked by
mixing 0.5 g of pulverized plant sample in 20 mL of distilled
water in a test tube and boiling for 10 min. The mixture was
filtered using a Whatmann filter. The filtrate was taken and
3—4 drops of 0.1% FeCl; were added to be allowed to sit till
a color change was observed. The color change of the filtrate
to a blue-black/brownish—green hue indicates the presence
of hydrolyzable tannins in the substrate [19].

Semi-Solid State Fermentation of Swietenia
macrophylla

Semi-solid state fermentation (semi-SSF) was conducted on
the plant sample by measuring 1 g of plant substrate, add-
ing modified Czapek—Dox media with the composition (g/L)
[20]: FeSO,-7H,0, 0.01; NaNO;, 3; MgSO,-7H,0, 0.5; KClI,
0.5; K,HPO,, 1 and then autoclaved at standard conditions.
Post autoclaving, the flasks were cooled to room temperature
and inoculated with 1 mL of inoculum per 1 g of a solid
substrate in a laminar airflow chamber and further incubated
in an incubator at 32 °C for 48 h.

@ Springer



2572

Waste and Biomass Valorization (2023) 14:2569-2587

Tannase Enzyme Production Optimization via One
Variable at-a-time (OVAT) Analysis

Six variables were selected to optimize the production
of tannase using the OVAT analysis technique in shake
flasks. The variables were the amount of substrate (1-5 g),
amount of moistening media (Czapek—Dox media) (2—-10
mL), carbon sources (sucrose, dextrose, fructose, maltose,
lactose, glucose), inducers (1% tannic acid, 1% methyl gal-
late), inoculum volume (2—-10 mL) and fermentation time
(8=72 h). The use of OVAT analysis entailed changing
one variable while keeping the other variables constant
and repeating the studies upon finding the optimum value
for that particular variable. OVAT was chosen as it is a
convenient method of designing media composition for
initial studies and the optimization of process factors [21].
All studies were conducted in duplicate.

Table1 Coded and uncoded values of parameters used in Box-
Behnken design for co-production of tannase enzyme and gallic acid
with Swietenia macrophylla under semi-SSF

Optimization of Fermentation Media Using
Box-Behnken Design

Optimization of media conditions was done with the use
of the Box-Behnken design (BBD) of experiments for the
most optimum tannase activity and gallic acid yield. Three
parameters were chosen for the conducting BBD and were
designed using MINITAB 17 Software (Trial Version).
Parameters chosen for the optimization were the amount of
substrate (1-5 g); the amount of moistening media (2-10
mL) and inoculum volume (2-10 mL). BBD was con-
ducted at 3 levels (— 1, 0, + 1) and 15 trials were designed.
The moistening media was enriched with 1% tannic acid.
Table 1 represents the coded values of parameters used for
BBD. Table 2 represents the experimental design matrix of
BBD design for the optimization of media. All the experi-
ments were conducted in duplicates and the average values
of tannase activity and gallic acid yield are represented in
Table 2.

Validation of the Mathematical Model

The data of tannase enzyme activity acquired from BBD

Parameters Lowest level (—1)  Highest was analyzed by analysis of variance (ANOVA) using
level MINITAB 17 software (Trial version). This analysis iden-
+1) tified statistically significant variables and interactions

A: Amount of Substrate, g 1 5 between variables. Further, multiple regression analysis

B: Moistening Media, mL 2 10 determined the coefficients of regression for linear, quad-

C: Inoculum Volume, mL 2 10 ratic, and linear interactions of variables. The coefficients

were then modeled to fit a polynomial equation (Eq. 1).

Tab|e~2 Box-B ehnken L. Run order A B C Tannase activity (U/mL) Gallic acid

experimental df:s1gn to optimize : . yield (ug/

the co—productlop of Fannflse Experimental Predicted mL)

enzyme and gallic acid with

Swietenia macrophylla under 1 1(=1) 2(-1) 6 (0) 0.0097 0.0106 25.091

semi-SSF 2 5(+1) 2(=1) 6 (0) 0.0054 0.0069 35.909

3 1(-1) 10(+1) 6 (0) 0.0497 0.0481 224.818
4 S 10(+1) 6 (0) 0.0014 0.0004 142.000
5 1(-1) 6 (0) 2(-1) 0.0333 0.0331 169.727
6 5H1) 6 (0) 2(-1) 0.0040 0.0032 106.000
7 1(-1) 6 (0) 10(+1) 0.0253 0.0261 108.455
8 5H1) 6 (0) 10(+1) 0.0043 0.0045 87.000
9 30 2(-1) 2(-1) 0.0013 0.0005 59.818
10 30 10(+1) 2(-1) 0.0173 0.0191 219.000
11 30 2(-1) 10(+1) 0.0025 0.0007 48.091
12 30 10 10(+1) 0.0122 0.0131 139.909
13 30 6 (0) 6 (0) 0.0092 0.0092 115.273
14 30 6 (0) 6 (0) 0.0090 0.0092 114.727
15 3(0) 6 (0) 6 (0) 0.0092 0.0092 115.545
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3 3
Y=o+ DB+ ) B + ), D By e (1)
i=1 i=1 i j

Where Y pertains to the tannase enzyme production (pre-
dicted response); x refers to independent variables of the
model; B, represents the intercept; ; refers to the model’s
linear coefficients; B;; refers to the quadratic coefficients for
the factor i; B;; represents the interaction coefficients relat-
ing to factors i and j. F-values and R? were determined via
ANOVA and used to determine the validity of the polyno-
mial equation. A semi-SSF was conducted at optimal condi-
tions to validate the statistical model. Through the response
optimizer in the model programmer, the response optimized
values were obtained [22].

Extraction of Crude Tannase

The fermented matter was extracted after semi-SSF and was
suspended with 30 mL of citrate buffer (0.05 M citrate buffer
at pH 5.0). Incubation was done at 180 rpm at 32 “C for 1 h.
Post incubation, centrifugation was carried out for 15 min
at 4 °C and 10,000 g to retrieve the crude tannase enzyme.
Further, the cell-free supernatant was analyzed for gallic
acid, protein, tannic acid, and tannase activity by various
biochemical assays [9].

Analytical Methods
Gallic Acid Estimation

Gallic acid content in the crude extract of fermentation
matter was estimated as described elsewhere [23]. Here, the
gallic acid produced during fermentation reacts with metha-
nolic rhodanine to form an intermediate. The intermediate
complex reacts with KOH to form a pinkish-red complex,
which can be spectrophotometrically analyzed. This method
is capable of sensing gallic acid concentrations as low as
5 nmol, with a precision of 1.7% relative standard devia-
tion. To conduct the assay, 0.25 mL of the crude enzyme
was mixed with 0.25 mL of citrate buffer and incubated at
room temperature for 5 min. 0.3 mL of 0.667% methanolic
rhodanine was added to the mix and let incubate for 5 min.
Post incubation, 0.2 mL of 0.5 N KOH was added to the
mix and incubated for 5 min at room temperature. Distilled
water was added and the volume was brought up to 5 mL and
incubated at room temperature for 10 min. The absorbance
was spectrophotometrically analyzed at 520 nm.

Tannase Activity Estimation

The modified tannase activity estimation assay [23] works
on the principle of the hydrolysis of tannic acid in the

reaction mixture yielding gallic acid from the substrate.
Measurement of tannase activity is conducted by consid-
ering one unit of tannase enzyme to be the formation of
one micromole gallic acid formed per min, which can be
analyzed spectrophotometrically at 520 nm. The assay was
conducted on the crude sample by mixing 0.25 mL each of
crude enzyme and tannic acid and allowed to incubate for
5 min. 0.3 mL of 0.667% methanolic rhodanine was added to
the mix and let incubate for 5 min. Further, 0.2 mL of 0.5 N
KOH was mixed into the reaction mixture and incubated
for 5 min. The volume of the reaction mixture was brought
up to 5 mL by adding distilled water. The mix was then
incubated for 10 min and then the absorbance was analyzed
spectrophotometrically.

Protein Content

Bradford’s method [24] is a very widely used protein esti-
mation assay. This assay works on the principle of bind-
ing protein molecules to Coomassie Blue dye under acidic
conditions, causing a change of color from brown to blue
[25]. The assay was conducted by taking 0.25 mL of crude
tannase enzyme and adding 0.75 mL of distilled water. 3mL
of Bradford’s reagent was added to the mix, vortexed, and
then let incubate for 5 min in a dark environment. The reac-
tion mixture was then analyzed in a spectrophotometer at
595 nm.

Tannic acid Estimation Assay

Tannic acid content was determined as described by Hager-
man and Butler [26], which is a rapid and reproducible
method where the bovine serum albumin (BSA) precipitates
the tannic acid and can be pelleted out upon centrifugation,
which can be further analyzed by spectrophotometrically. In
brief, 1 mL of the crude enzyme was vortexed with 2 mL of
BSA (1.0 mg/mL) and incubated for 15 min. The reaction
mixture was subjected to centrifugation for 15 min at 4 ‘C
and 5000 g. The supernatant was then discarded, and 4 mL
of SDS-triethanolamine solution was added to the pellet for
dissolution. 1 mL of FeCl; was added to the reaction mix-
ture and immediately vortexed and let incubate for 15 min.
Analysis of the reaction mixture was done spectrophoto-
metrically at 510 nm.

Partial Purification of Tannase Enzyme

Ammonium Sulfate Precipitation

The crude tannase enzyme was concentrated for partial puri-
fication by adding ammonium sulfate ((NH,),SO,) salt to the

enzyme, dissolving and then subjecting it to dialysis. Add-
ing salt to a protein mix increases the solubility of globular
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proteins due to salting-in but at higher concentrations, salt-
ing-out occurs and precipitation occurs [27]. The ammonium
sulfate salt (20-80% w/v) was added to the crude enzyme
at 4 °C with the use of a magnetic stirrer. The extract after
each cut was then centrifuged, precipitated, and analyzed
further. The workflow of the protein precipitation with the
use of ammonium sulfate was conducted as described in the
standard protocol [28].

Dialysis

Dialysis was followed after ammonium sulfate salt pre-
cipitation to further purify the enzyme tannase. Dialysis
membranes are generally treated before use to remove any
impurities on the membrane or to decrease protein absorp-
tion in the membrane [29]. Dialysis was conducted on the
60% extract from the ammonium sulfate protein purifica-
tion experiment and also on a pooled sample of all ammo-
nium sulfate extracts. After conducting dialysis, the sam-
ples were analyzed by using Bradford’s assay and tannase
activity estimation assay. The dialysis membrane (10 kDa)
was prepared for purification by boiling the membrane in
distilled water for 10 min. and then boiling in 2% sodium
bicarbonate for 10 min to activate the membrane, post which
the membrane was again kept in boiling distilled water for
10 min. Extracted ammonium sulfate cuts were then loaded
into the membrane, clipped, and then suspended with citrate
buffer in a beaker. The suspension was stirred constantly for
24 h by placing the beaker on a magnetic stirrer at 4 ‘C. The
buffer was changed every 2 h [30] and the analysis was done
by Bradford’s assay and tannase activity estimation assay as
per standard protocol.

Characterization of Tannase Enzyme

Characterization of the enzyme is an integral process in
determining the process conditions. The study conducted
on the enzyme by testing it against various parameters
helps in understanding the effects of additives and reac-
tor conditions, helping us in optimizing the process for
maximum enzymatic activity and yield of product. To
characterize the tannase enzyme, the following param-
eters were considered and tested: pH, pH stability, tem-
perature, thermal stability, additives, metal ions, and
organic solvents.

The effect of pH on tannase were studied with different
buffer systems: 0.05 M HCI/KCI buffer (pH 1.0-2.0), 0.05 M
citrate buffer (pH 3.0-6.0), 0.05 M phosphate buffer (pH
7.0-8.0) and 0.05 M Tris/HCI buffer (pH 9.0) at the standard
reaction conditions as described elsewhere [23]. Whereas
the stability of the tannase enzyme at various pH (1.0-9.0)
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was studied by incubating with their respective buffers at
30 °C and 4 °C for 24 h. After the incubation, the residual
tannase activities were analyzed [31, 32].

The effect of temperature on tannase activity was studied at
different ranges from 4 to 90 °C at optimum pH as described
elsewhere [23]. Whereas the thermal stability of the tannase
was also studied by incubating the enzyme at various tem-
peratures for 10 h. Then, the residual tannase activity was esti-
mated at standard reaction conditions [31, 32].

Next, the effect of additives such as sodium dodecyl sulfate
(SDS), Tween60, Ethylenediaminetetraacetic acid (EDTA),
B-mercaptoethanol, and TritonX 100 at 1%(w/v) was studied
by incubating with tannase enzyme for 30 min at optimum pH
and temperature. Then, the residual activity was analyzed at
standard reaction conditions.

Further, the effect of metallic salts on the tannase enzyme
was studied as described elsewhere [31, 32]. Metallic salts
such as MnCl,, KCl, ZnCl,, MgCl,, CaCl,, NaCl, FeClz, and
FeCl,; were prepared individually in a citrate buffer of pH 4.0
at three different concentrations of 1 mM, 5 mM, and 10 mM.
To study the impact of metal ions on the tannase enzyme, 0.5
mL of each salt solution was mixed with 0.5 mL of enzyme
and incubated at 30 °C for 30 min. Then, the individual tan-
nase-metal salt mixture was analyzed for the residual tannase
activities.

Finally, the effect of organic solvents on the tannase enzyme
was studied. The organic solvents used were methanol, hex-
ane, toluene, butanol, and isoamyl alcohol of three different
concentrations i.e. 20%(v/v), 40%(v/v), and 60%(v/v) solu-
tions (prepared in citrate buffer). A 0.5 mL of the respective
organic solvent was mixed with 0.5 mL of tannase enzyme
and incubated for 30 min at 30 °C. After incubation, residual
tannase activity was estimated as per the standard reaction
protocol [31, 32].

Reaction Kinetics of Tannase Enzyme

The determination of the reaction kinetics of an enzyme is
essential in studying the kinetic parameters of the enzymatic
reaction. Using a Lineweaver—Burk double reciprocal plot
[33], tannase enzyme activity was analyzed by conducting
a tannase activity estimation assay and plotting in a double
reciprocal graph. Tannic acid at varying concentrations (0.2-2
mM) was used as the substrate for the reaction at 30 “C and
pH 4.0. The Michaelis—Menten constant (K, mM) and the
maximum rate (V,, umol/mL min) were determined according
to the given equation (Eq. 3):

1 K, 1

= +
VO Vmax { S } Vn

nax

3



Waste and Biomass Valorization (2023) 14:2569-2587

2575

Characterization of Gallic Acid Production
Thin-Layer Chromatography (TLC)

Thin-layer chromatography describes the process where
chromatography is employed to separate non-volatile
mixtures. It just generally conducted on inert sheets with
a coating of an adsorbent material such as silica acting as
the stationary phase. The sample is loaded on this phase
along with a standard to compare. A mobile phase solvent
is then prepared, the composition of which is based on the
targeted separation for a given quantitative or qualitative
test (Ethyl acetate: Butanol: Formic acid (5:4:1)) [34]. The
mobile phase travels up the plates by capillary action and the
movement of the solvent results in the separation of com-
ponents of the samples at varying rates due to the analytes
traveling up the plates at varying rates. After the completion
of the chromatography run, the analytes are visualized with
the use of a spraying reagent and then the retention factor
(R,) is computed by dividing the travel of the analyte on the
plate by the travel of the mobile phase. The formula is given
as (Eq. 2):

Distance travelled by analyte

Ry = Distance travelled by mobile phase @

For this study, silica plates were marked and coated with
100% methanol. The plates were then activated at 110 C in
a hot air oven for 5 min [34, 35]. The protocol mentioned
in [34] was modified to conducted TLC on a pure gallic
acid standard and the gallic acid obtained after enzymatic
hydrolysis of tannins. The dialysis sample was then spotted
on the plate along with a standard gallic acid (1.0 mg/mL)
and run with the use of a mobile phase composed of ethyl
acetate, butanol and formic acid in the ratio of 5:4:1. The
plate was then air-dried and sprayed with the spraying agent
(1% FeCl,) and again air-dried. Post-air-drying, the plates
were photographed and the R; values were calculated.

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR method of spectroscopy focuses on obtaining an infra-
red absorption spectrum of a sample, collecting high-resolu-
tion spectral data over a given spectral range. They analyze
samples by probing the vibrational characteristics of amino
acids and other co-factors. These factors can be analyzed
via FTIR as these properties are very sensitive to structural
changes. In the case of plant extracts, FTIR is used to probe
the molecular vibrational properties of proteins, co-factors,
and amino acids as they are hypersensitive to conformational
changes. IR signatures of these molecules can be visualized
for each specific residue of the extract and can be used to

identify the specific compound [36]. For the analysis of the
gallic acid in the fermented matter, the probe and plate were
cleaned with trichloromethane and a few drops of the gallic
acid extract and placed on the plate. The probe was then
placed on the gallic acid extract and FTIR was conducted to
find the IR signatures. Further, different wavenumbers can
be used to identify structures in the sample and classify the
compounds present in the sample [37].

Results and Discussion
Qualitative Test of Tannin Content

The semi-solid-state fermentation of plant substrates allows
us to extract bioactive compounds that have essentially been
used for centuries in ayurvedic medicine, food preservation
and processing, and other purposes. With advancements
in technology and the use of sophisticated equipment, we
can exploit plant samples to release compounds that can be
used for medical treatment, replacing synthetic compounds
in cosmetics, health maintenance, and other purposes [11,
12]. The qualitative test for tannin content indicated the pres-
ence of tannins in the plant substrate. The substrate exhibited
a color change of a brownish-green hue after being reacted
with 3—4 drops of FeCl; (Fig. 1). The presence and concen-
tration of tannins in the substrate may vary based on the
soil composition, mean atmospheric temperature, moisture
content of the soil, and other environmental conditions in
different regions.

Tannase Enzyme Production Optimization via One
Variable at-a-time (OVAT) Analysis

Impact of the Amount of Substrate

The yield of tannase and gallic was expressed to be maxi-
mum at 1 g of the substrate after 24 h of fermentation, with
0.0017 +3.333E-04 U/mL and 5.3636 +0.2682 ug/mL
respectively (Fig. 2a). This phenomenon can be interpreted
as an increase in substrate quantity that could lead to inter-
mediate hydrolysates inhibiting the action of the tannase
enzyme either competitively or non-competitively. Further,
the increase in bed height of the substrate can lead to inad-
equate diffusion of liquid in the substrate, leading to lesser
hydrolysis of the substrate [38].

Impact of Moistening Media
The tannase activity and gallic acid yield were expressed
when levels of moistening media were varied and reached

a peak value at 6 mL with 0.0018 + 1.543E-04 U/mL and
8.0909 +0.4046 pg/mL respectively (Fig. 2b). The presence
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Fig. 1 Qualitative analysis of tannic acid content in the substrate Swi-
etenia macrophylla; Left: Control; and Right: substrate

of moisture in the initial stage of fermentation is integral to
the growth of B. gottheilii M2S?2 and the yield of the enzyme
as cell development and synthesis require a certain amount
of substrate moisture. It was observed that the tannase activ-
ity and subsequently, the gallic acid content increased gradu-
ally peaked at the optimum level of 6 mL, later decreased
with an increase in moisture content. However, excess water
can lead to a lack of oxygen penetration in the system and
lead to growth inhibition, lower accessibility of nutrients,
and lower enzyme yield [5, 6].

Impact of Carbon Sources

The addition of synthetic carbon sources such as sucrose,
dextrose, fructose, glucose, maltose, and galactose to the
fermentation media exhibited a net negative effect on the
activity of the tannase enzyme and yield of gallic acid when
compared with the control (Fig. 2¢). This can be explained
by the inference that the carbon sources such as sucrose
are inhibiting the binding of substrate to the enzyme either

@ Springer

competitively or non-competitively, leading to lower pro-
duction of tannic acid [4]. As per previously conducted
research, the addition of carbon sources caused inhibition
of tannase enzyme production in Bacillus licheniformis [39,
40] and Lactobacillus sp. ASR-S1[41]. It is possible that the
addition of carbon sources to the substrate may have caused
osmotic stress and result in lower tannase yield as previously
reported by [42].

Impact of Inducers

The inducers methyl gallate and tannic acid were added into
the fermentation media individually at 1%(w/v). After fer-
mentation, the media with 1% tannic acid showed an increase
in tannase activity and gallic acid yield of 0.02 +0.0052 U/
mL and 27.3636 +1.369 pg/mL respectively (Fig. 2d). In
comparison to the control, both inducers helped in improv-
ing the yield of tannase enzyme and gallic acid during fer-
mentation. Among them, the addition of 1% (w/v) tannic
acid increased the yield of tannase enzyme and gallic acid
by 11.765 and 5.102-fold respectively. Previously conducted
research indicated the maximum tannase production in the
range of 0.6%(w/v) to 1.5%(w/v) of tannic acid [39-41].
Whereas the addition of tannic acid above 1%(w/v) caused
inhibition of tannase production, a result of substrate toxicity
as described elsewhere [43].

Impact of Inoculum Volume

An increase in the inoculum volume resulted in increased
tannase and gallic acid yield and showed their maximum at
6 mL/g (i.e. 24 x 10'? cells/g) with 0.023 +0.0011 U/mL
and 49.818 +2.491 ng/mL respectively (Fig. 2e). This can
be attributed to the microbe having easy access to carry out
hydrolytic action throughout the substrate. Lower inoculum
volume may not be adequate for efficiently yielding tannase
and providing high-growth kinetics. Increasing the inoculum
concentration causes rapid synthesis of the enzyme due to a
higher proliferation of biomass [44, 45].

Impact of Fermentation time

At the end of the OVAT analysis, the kinetics of tannase,
gallic acid, tannic acid, and protein were studied through
semi-SSF of Swietenia macrophylla at the above-discussed
optimized conditions (Fig. 2f and g). The maximum tan-
nase activity recorded was 0.0258 +3.729E-04 U/mL at
48 h of incubation, indicating a 15.31-fold increase from
the unoptimized conditions. The maximum gallic acid yield
observed was 70.545 +3.3273 ug/mL (i.e. 2116 pg/g of the
substrate) which is a 13.15-fold increase from unoptimized
conditions (Fig. 2f), whereas the initial gallic acid content
in the substrate was very negligible 4.141 +0.561 pg/mL
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Fig.2 Experimental results of one variable at-a-time analysis opti-
mize the co-production of tannase enzyme and gallic acid with Swiet-
enia macrophylla under semi-SSF: Impact of the amount of substrate

(i.e.120.141 pg/g of the substrate). The study also showed
the maximum yield of total protein at 48 h, reported
1.3603 +0.02497 mg/mL protein (Fig. 2 g). The initial tan-
nic acid present in the crude substrate Swietenia macro-
phylla was 12.6 £0.211 mg/mL; and at 48 h of fermentation
time the 60% tannic acid was utilized i.e. 7.26 £ 0.240 mg/
mL (Fig. 2 g). The reported specific activity of the tannase as

(a); Impact of moistening media (b); Impact of carbon sources (c);
Impact of inducers (d); Impact of inoculum volume (e); Impact of
fermentation time (f and g)

shown in Fig. 2f and g indicates an exponential growth phase
occurs from 16 to 48 h for Bacillus gottheilii, which also
corresponds to the exponential increase in tannase activity
and gallic acid yield. The variation of the optimized time
for fermentation occurs due to the differences in the strain
of microorganisms, environmental conditions, nutrient con-
tent of media, and other factors [46]. Arshad et al., [47],
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reported the optimum incubation time of 96 h for A.oryzae
(FCBP-PTF-1202), indicating that Bacillus gottheilii is a
better alternative due to shorter incubation time, leading to
faster production of gallic acid. It is also observed that the
increase in protein content corresponds to increased tannase
activity, indicating the higher production of tannase enzyme
till 48 h and thereby decreasing due to depletion of nutrients.
The increased yield of the tannase enzyme has also resulted
in a gradual decline of tannin content in the plant substrate
due to the hydrolysis of tannins into gallic acid through bac-
terial semi-SSF as depicted in Fig. 2g.

Optimization of Media Using Box-Behnken Design

To optimize the extraction of tannase enzyme and free gallic
acid in the system, the BBD of response surface method-
ology was employed. The results of the BBD experiments
yielded maximum tannase activity of 0.0497 +0.0025 U/mL
and a maximum gallic acid yield of 224.818 +11.241 pg/
mL at run 3 (Table 2). The process conditions of run order
3 were: 1 g of the substrate; 10 mL of moistening media;
and 6 mL of inoculum volume. The lowest value for tannase
activity and gallic yield were observed in run 16 and run 11
respectively, with the values as 0.0013 +£0.0001 U/mL and
48.091 +0.00013 pg/mL. The linear terms for the amount of
substrate (A), and moistening media (B); the quadratic term
for the amount of substrate (Az); and the two-way interac-
tion of the amount of substrate and moistening media (AB)
were determined to be significant due to 95% confidence
(P-value <0.05). As determined by ANOVA, the linear

model can be observed to be highly significant due to achiev-
ing an F-value of 189.64 and a P-value of 0.000 (Table 3).
The regression equation obtained was as follows (Eq. 4):

TannaseActivity( m—UL) =0.01128 — 0.011534 + 0.0070328 — 0.000326C

+0.001974% — 0.000032B% — 0.00002C>
— 0.00138(AB) + 0.000261(AC) — 0.000097(BC)

)
Where, A = Amount of substrate (g), B =Moistening media
(mL) and C=Inoculum volume (mL).

The interaction effect of the parameters was studied further
through 3D-surface plots as depicted in Fig. 3, in which a posi-
tive effect for the interaction between the amount of substrate
(A) and moistening media (B) on the yield of tannase enzyme
as the levels converged towards the center point (0). Whereas
the interactions between the amount of substrate (A) and inoc-
ulum volume (C); and moistening media (B) and inoculum
volume (C) showed a net negative effect on the yield of tannase
enzyme, possibly due to varying combinations of B and C at
different levels, even if B is individually significant.

Validation of the Mathematical Model

The solution for the mathematical regression model was
obtained by using the response optimizer in MINITAB
17 (Trial version). This was used to optimize the design
model for maximum tannase enzyme yield, where the
optimum values for the parameters were: the amount of
substrate = 1.0 g; moistening media=10.0 mL; inoculum

Table 3 Analysis of

. . Source DF  SeqSS Contribution, %  Adj SS Adj MS F-Value  P-Value*
mathematical model equation

Model 9 0.002566  99.38 0.002566  0.000285 89.36 0.000
Linear 3 0.001815  70.30 0.001815  0.000605 189.64 0.000
A 1 0.001321 51.16 0.001321 0.001321 414.04 0.000
B 1 0.000477 18.48 0.000477  0.000477 149.56 0.000
C 1 0.000017 0.066 0.000017  0.000017 5.30 0.070
Square 3 0.000236 9.16 0.000236  0.000079 24.71 0.002
A? 1 0.000235 9.11 0.000229  0.000229 71.83 0.000
B? 1 0.00001 0.03 0.000001 0.000001 0.30 0.607
C? 1 0.000000 0.01 0.000000  0.000000 0.12 0.744
Interaction 3 0.000514 19.92 0.000514  0.000171 53.74 0.000
AB 1 0.000487 18.88 0.000487  0.000487 152.75 0.000
AC 1 0.000017 0.68 0.000017  0.000017 5.47 0.067
BC 1 0.000010 0.37 0.000010  0.000010 3.00 0.144
Lack of Fit 3 0.000016 0.62 0.000016  0.000005 359.00 0.003
Error 5 0.000016 0.62 0.000016  0.000003

Pure Error 2 0.000000 0.00 0.000000  0.000000

Total 14 0.002582 100

A Amount of substrate (g), B Moistening media (mL), C Inoculum volume (mL)

*P-value < 0.05 indicates significant
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Fig.3 Interaction plots among the significant parameters for
enhanced co-production of tannase enzyme and gallic acid with Swi-
etenia macrophylla under semi-SSF: the amount of substrate X mois-

volume =2.0 mL. All obtained values were contained within
the experimental range and the predicted enzyme activity
at optimized conditions was 0.0529 U/mL (Table 4). The
validation of the mathematical regression model was carried
out under optimized conditions of the fermentation process
in duplicates. The experimental tannase activity obtained at
above mentioned optimized conditions was 0.0497 +0.0025
U/mL. The experimental and predicted activities show a
good correlation, indicating that the model is viable (Fig. 4).
The optimization resulted in a 29.5-fold increase in tan-
nase activity when compared to the unoptimized condition.
Whereas, the gallic acid yield under optimized conditions
was observed to be 224.818 +11.241 pg/mL, which is a
42-fold increase in comparison with unoptimized condi-
tions (Table 4). To determine the goodness of fit of the
model, the determination coefficient (R?) was calculated
to be 0.9938. The R? value observed was 99.38% and the
predicted R? value was 90.13%, indicating good validity of
experimental data and reasonable agreement with the tan-
nase production experiment model.

(©)

tening media (a); amount of substrate X inoculum volume (b); mois-
tening media X inoculum volume (c)

Partial Purification of Tannase Enzyme
Ammonium Sulfate Precipitation

Ammonium sulfate salt was added from 0 to 80% w/v and
the maximum yield was observed at 60% w/v, quantified by
measuring protein content and tannase activity. The results
observed at 60% w/v for yield and purification fold were
21.3% and 0.8527, while total activity was 286.52 uM/
min and total protein content was 17.704 mg/mL. It can be
inferred that salting-in of the ammonium sulfate salt occurred
till 60% w/v of the salt and salting-out occurred at concentra-
tions above that (Table 5 and Supplementary Fig. 1).

Dialysis

Dialysis is a process that occurs between two fluids where
the solute of interest travels across a semipermeable mem-
brane due to a concentration gradient which is by Fick’s
Ist law of diffusion [48]. Dialysis is generally used in the
purification of proteins by using a dialysis membrane of a
pore size that can be used to trap the protein of interest in
the membrane. The optimum 60% ammonium salt precipi-
tation of crude tannase was dialyzed and showed a 6.1%
increase in the yield of protein and thereby the purification
fold was increased to 1.266 (Table 5).
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Table 4 Optimized conditions
for enhanced co-production of
tannase enzyme and gallic acid
with Swietenia macrophylla
under semi-SSF

99

Parameters

Gallic acid
(ug/mL)

Predicted

Optimized Tannase activity (U/mL)
levels

Predicted  Experimental Experimental

A: Amount of Substrate, g
B: Moistening Media, mL

C: Inoculum Volume, mL

1 0.0529
10

0.0497+0.0025 274.5909  224.818 +11.2409

95 4

90 -

80

70 -
60 -|
50
40
30 4

Percent

20 4

10 4

Standardized Residual

0

Fig.4 Normal probability plot of optimized tannase enzyme using Box-Behnken design with R? 0.9938; and predicted R 0.9013

Table 5 Experimental results of partially purified tannase enzyme produced from inexpensive substrate Swietenia macrophylla under semi-SSF

Volume (mL)  Activ- Protein Total activ-  Total protein (mg)  Specific activ-  Yield (%) Purification fold

ity (uM/ content (mg/ ity (uM/ ity (Units/mg)

ml.min) mL) min)
Homogenate 60 25.818 1.3603 1549.092 81.619 18.979 100 1
20% 59 4.291 0.1023 253.163 6.035 41.948 16.6 2.210
30% 58 4.690 0.2023 272.020 11.733 23.185 18.2 1.222
40% 53 4.620 0.2740 244.860 14.524 16.858 17.9 0.888
50% 53 5.000 0.3061 265.000 13.224 16.334 19.4 0.861
60% 52 5.510 0.3404 286.520 17.704 16.184 21.3 0.853
70% 52 5.450 0.2992 283.400 15.560 18.213 21.1 0.959
80% 51 5.130 0.2557 261.630 13.042 20.061 19.9 1.057
Dialysis, 60% 3.1 7.082 0.2946 21.954 0914 24.034 27.4 1.266
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Characterization of Tannase Enzyme
Effect of pH on Tannase Activity

Enzymes work at an optimal pH, above or below which the
activity exponentially decreases, a primary reason for which
is protein denaturation leading to loss of activity [49]. In
this study, the maximum tannase activity of 0.0758 +0.0038
U/mL was observed at pH 4.0 and both temperatures 4 °C
and 30 °C (Fig. 5a). Whereas the tannase enzyme was stable
between the pH range of 3.0-6.0 for 24 h while retaining the

residual activity of 99.6% (Fig. 5a). The higher activity at
a lower temperature can be explained by the reason that at
4 °C, the enzyme structure is the most well preserved from
being denatured, while storage at higher temperatures can
lead to rapid and eventual denaturation of enzymatic activ-
ity [50]. In comparison with previously conducted research,
the tannase procured from B. gottheilii had an optimum
activity at a slightly acidic pH of 4.0 and stable from pH
3.0-6.0, which is in contrast to the results obtained from
the fungal strain Penicillium montanense URM 6486, which
showed maximum activity at pH 9.0 [51]. Saeed et al. [52]
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depicted the optimum pH for highest gallic acid yield at pH
5.0 while using Aspergillus niger FCPB-SF-0002 on vari-
ous fruit peels.

Effect of Temperature on Tannase Activity

In this study, the optimal tannase activity of 0.0761 +0.0038
U/mL was shown at 30 °C and pH 4.0 (Fig. 5b). The increase
in temperature increases the enzymatic activity to the
optimum temperature of the enzyme [53], after which the
protein starts denaturing and losing the enzymatic activity
[49]. This ambient optimum temperature of 30 ‘C may allow
us to process the tannase enzyme from the tannin-rich plant
residues, leading to lower operational costs. In comparison
to other relevant research, the optimum temperature for
tannase activity is concurrent at 30 ‘C. However, the results
of Jiménez et al. [54] show the stability of tannase activity
from Lactobacillus plantarum strains was maintained
between 20 and 30 ‘C; while the tannase in this research
showed stability over a range of 440 °C. As per Saeed et al.
[55], the optimum temperature for incubation was observed
to be 30 °C, which is in agreeance with the results of this
study. Tannase obtained from Fusobacterium nuclear sub.
polymorphum showed the highest activity at 55 °C; which
requires external heating to the fermentation vessel to
provide the necessary process conditions, further increasing
the cost [56].

The enzyme tannase was stable between the range of
4-40 °C for 10 h with residual activity of 98%, indicating
that the enzyme can be stored between this range of tem-
peratures and have a negligible loss in activities (Fig. 2b).

Effect of Additives on Tannase Activity

Additives can act as either an inhibitor or promoters in
the action of the enzyme. Various compounds such as
B-mercaptoethanol act as reducing agents, inactivat-
ing RNases and other enzymes, leading to loss of activ-
ity [57]. In this study, 1%(w/v) of SDS, Tween60, EDTA,
B-mercaptoethanol, and TritonX 100 were tested for
their effect on tannase activity. Among them, SDS and
Tween60 resulted in increased tannase activity, with 9.22%
and 20.2% respectively (Fig. 5¢). In contrast, EDTA,
B-mercaptoethanol, and TritonX 100 showed decreased
enzymatic activity, resulting in a 25.76%, 100%, and 31.94%
decrease in activity respectively (Fig. 5c), indicating that the
additives can be used in tandem with metal ions and organic
solvents to further study the effect on the fermentation kinet-
ics for the optimization of bioprocessing and biotransforma-
tion of tannic acid to gallic acid.
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Effect of Metal ions on Tannase Activity

The study yielded the results where metal ions at 1 mM
concentration increased the activity of tannase activity
in comparison to the control (Fig. 5d). Metal ions of
Mn?*, K*, Ca®>" and Na*t exhibited increased activity
at 1 mM, with an increase of 2.92%, 29.44%, 28.17%,
and 68.02% respectively. At 1 mM concentration, Zn>™,
Mg?*, Fe?* and Fe’* showed a decrease in activity by
72.33%, 14.72%, 24.37% and 41.75% respectively. At 5
mM concentration, only K*, Ca* and Na* ions showed
an increase in activity by 25.13%, 16.5% and 53.05%
respectively. Whereas at 10 mM, an increase in activity
was observed only for K* and Na™ ions, with an increase
of 21.81% and 46.73% respectively (Fig. 5d). Metal ions
can aid in the catalytic activity of an enzyme by providing
metal-protein interactions such as enzyme-bridge, metal-
and ligand- complexes by acting as electron acceptors
and donors, regulators, or Lewis’ acid molecules [58].
Integral active-site amino acid chains in enzymes can act
as electrostatic catalysts and stabilize intermediates of a
catalyzed reaction or act as general acid-base catalysts
that contribute to the transfer of protons [59]. As the
concentration of metallic salts is increased, salting out
of protein is more rapid, which can lead to a loss in
enzymatic activity.

Effect of Organic Solvents on Tannase Activity

The effect of organic solvents was studied by preparing
20%, 40%, and 60%(v/v) solutions of methanol, hexane,
toluene, butanol, and isoamyl alcohol in citrate buffer.
Among them, 20%(v/v), methanol, toluene, butanol, and
isoamyl alcohol produced an increase in tannase activ-
ity by 7.494%, 3.81%, 4.755%, and 46.694% respectively.
Hexane caused a decrease of 14.326% in enzymatic
activity at 20%(v/v). At 40% and 60% concentrations,
all organic solvents caused a decrease in tannase activity
(Fig. 5e). Researchers have reported that the less polar
solvents show higher enzymatic activity due to hydra-
tion of protein, resulting in the onset of activity due to
the protein reaching total mobility [60, 61]. Certain side
reactions such as racemization, decomposition, hydroly-
sis, and polymerization take place in water-based systems,
limiting the catalysis of reactions by enzymes and also
hindering the synthesis of enzymes [62]. Organic sol-
vents can curb this problem and disrupt cell membranes
to release intracellular enzymes and reduce possible
contamination.
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Fig.6 Qualitative analysis of: a substrate tannic acid before fermen-
tation; b product gallic acid without bacterial fermentation of sub-
strate S. macrophylla; and ¢ product gallic acid produced with bacte-

Reaction Kinetics of Tannase Enzyme

The reaction kinetics of the tannase enzyme was stud-
ied by conducting a tannase activity estimation assay on
various concentrations of substrate (0.2-2.0 mM tannic
acid dissolved in 0.05 M citrate buffer). The graphical
analysis was conducted by using a Lineweaver—Burk dou-
ble reciprocal plot resulting in a maximum reaction rate
(Vnay) 0f 0.0232 pmol/mL min and a substrate saturation
constant (K,) of 3.81 mM, with the R? being 0.9584
(Supplementary Fig. 2). A low K, value indicates the
high specificity of the produced tannase enzyme towards
the substrate tannic acid. Comparably, the K, and V.
values for the tannase enzyme produced using Asper-
gillus niger and Streptomyces sp. AL1L with gallotan-
nin and 0.1% tannic acid as substrates respectively were
6.611mM and 12.406 pmol/mL [63] and 1.4 mM and 15.6
pmol/mL [64].

Characterization of Gallic acid Production
Thin-Layer Chromatography (TLC)

The bacterial fermentative production of gallic acid from
Swietenia macrophylla was validated qualitatively by thin-
layer chromatography and was compared against a stand-
ard gallic acid solution (1 mg/mL). The retention factor
of the standard and product gallic acid were 0.356 and
0.323 respectively, indicating the production of a higher

4 ) G

(©

rial fermentation of substrate S. macrophylla through semi-SSF using
Thin-layer chromatography. S, Commercial tannic acid/gallic acid; T/
T,/T,, tannic acid/gallic acid

concentration of gallic acid through semi-SSF of tannin-rich
substrate Swietenia macrophylla (Supplementary Tables 1
and Fig. 6).

Fourier Transform Infrared (FTIR) Spectroscopy

The gallic acid production through semi-SSF from substrate
Swietenia macrophylla was analyzed by FTIR and showed
vibrational frequency bands at wavenumbers 3278.43,
2899.11, 2832.09, 2160.43, 2073.44, 2049.20, 2013.55,
1638.50, 1487.34, 795.72, 737.25, 586.10, 523.35, 501.96,
474.87, 466.31, 439.22, 433.51 and 410.70 cm™" (Fig. 7).
These frequency bands indicate C—H stretching, O-H
stretching, aromatic C—C, C-O stretching, conjugated C-O,
and para—O-H presence in the sample [65]. Flavonoids
such as flavone, fisein, myricetin, quercetin, morin, and
hesperetin generally represent C =0 bands between 1615
and 1655 cm™', while they exhibit —-C—OH stretching
vibrations between 1110 and 1175 cm™" [66, 67]. The strong
peak at 3278.43 cm™! corresponds to —OH group stretching,
indicating that our product contains significant levels of
phenolic compounds i.e. gallic acid (Fig. 7). The frequency
bands between the IR range of 2160.43-2013.55 cm™!
indicate the presence of amino acids corresponding to
the presence of the tannase enzyme and other proteins in
the sample (Fig. 7). The lack of a peak at wavenumber
2260 cm™! represents an absence of cyanide groups in the
optimized sample, indicating a nontoxic behavior. The lack
of strong bands between 1260 and 1130 cm™! indicates
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Fig.7 FTIR spectra of the
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the absence of secondary alcohols and ester compounds.
The presence of a strong frequency band at wavenumber

1638.50 cm™! indicates the presence of amides in the
sample.

Conclusion

The co-production of tannase enzyme and gallic acid from
Swietenia macrophylla through semi-solid state fermentation
is an economically viable and sustainable process. The
optimization studies conducted in this research have
indicated the maximum co-production of tannase enzyme
and gallic acid of 0.04973 U/mL and 224.818 pg/mL which
is a 29.5 and 49-fold increase respectively when compared
to unoptimized conditions. Considering that the partially

purified tannase was thermally stable up to 40 ‘C over a

range of pH 3.0 to 6.0, the semi-SSF can be considered a

sustainable and inexpensive method of producing tannase
enzyme and microbially hydrolyzing tannins from the

inexpensive source S. macrophylla to produce gallic acid
and tannase.

@ Springer

1.

Qualitative analysis of tannic acid content in the sub-
strate S. macrophylla; Left: Control; and Right: sub-
strate.
Experimental results of one variable at-a-time analysis
optimize the co-production of tannase enzyme and gallic
acid with S. macrophylla under semi-SSF: Impact of the
amount of substrate (a); Impact of moistening media (b);
Impact of carbon sources (c); Impact of inducers (d);
Impact of inoculum volume (e); Impact of fermentation
time (f and g).
Interaction plots among the significant parameters for
enhanced co-production of tannase enzyme and gallic
acid with S. macrophylla under semi-SSF: the amount
of substrate X moistening media (a); amount of substrate
X inoculum volume (b); moistening media X inoculum
volume (c).
Normal probability plot of optimized tannase enzyme
using Box-Behnken design with R? 0.9938; and pre-
dicted R* 0.9013.
Results of characterization of enzyme tannase produced
from S. macrophylla through Semi-SSF: (a) Effect of
pH and stability; (b) Effect of temperature and stability;
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(c) Effect of additives; (d) Effect of metal ions on the
enzyme; and (e) Effect of organic solvents.

6. Qualitative analysis of: (a) substrate tannic acid before
fermentation; (b) product gallic acid without bacterial
fermentation of substrate S. macrophylla; and (c) prod-
uct gallic acid produced with bacterial fermentation of
substrate S. macrophylla through semi-SSF using Thin-
layer chromatography. S, Commercial tannic acid/gallic
acid; and T/T/T,, tannic acid/gallic acid.

7. FTIR spectra of the product gallic acid produced with
bacterial fermentation of substrate S. macrophylla
through Semi-SSF.
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tary material available at https://doi.org/10.1007/s12649-022-02023-1.
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