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ABSTRACT

The seeds of Mucuna pruriens (Mp) and Cajanus cajan (Cc) legumes are known to be rich in phenolic compounds
(PC) that have various beneficial properties. However, there is limited knowledge on the composition of their
pods (Mp-p and Cc-p, respectively), which are considered as agricultural waste. This study investigated the
extraction of PC with antioxidant capacity (AOC) from in Mp-p and Cc-p using different solvents and the
decoction method. The results showed that 50 % ethanol and 100 % methanol were the most effective solvents
for extracting PCs with AOC from Mp-p and Cc-p, respectively. The decoction method was also found to be
efficient for extracting PCs from Mp-p. The major PC detected in Mp-p extracts were caffeic acid and chlorogenic
acid, while quercetin was found in high amounts in Cc-p extracts. Moreover, the combination of Density
Functional Theory and the quantum theory of atom in molecules approaches allowed to provide a detailed
understanding of the relationship between the PC detected in the extracts and their antioxidant activity. The
results suggest that both Mp-p and Cc-p are viable sources of natural antioxidants with potential health benefits.

1. Introduction

Agricultural activity produces substantial amounts of wastes which
are mainly disposed of in landfills. This waste accumulation not only
poses a significant environmental risk but also represents a vast un-
tapped reserve of bioactive compounds. Several studies have demon-
strated the presence of valuable bioactive compounds, particularly
phenolic compounds (PC), in agricultural wastes (Nguyen, 2017; Skendi
et al., 2022). These compunds are known for their ability to scavenge
free radicals, which can cause cellular damage and contribute to the
development of various chronic diseases (Zhang et al., 2020). Further-
more, the harmful effects of free radicals, coupled with the toxic effects
exerted by synthetic antioxidants used as food preservatives, have pro-
moted the search for natural and sustainable sources of antioxidant
compounds (Gasmi et al., 2022).

Legumes constitute a large group of flowering plants belonging to the
Fabaceae family, which are cultivated in different parts of the world.
Mucuna pruriens (Mp) and Cajanus cajan (Cc) also known as Velvet bean
and Pigeon pea, respectively, are legumes common in tropical and
subtropical regions around the world including the Northeastern region
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of Argentine (Dilipkumar et al., 2011; Sathiyanarayanan & Arulmozhi,
2007). Mp and Cc seeds are used as a source of nutrition for both humans
and animals. Importantly, the seeds, stems, and roots of Mp and Cc
contain bioactive compounds including tannins, polyphenols, and al-
kaloids, which contribute to their therapeutic potential (Green et al.,
2003; Lampariello et al., 2012).

Several studies have reported that Mp and Cc exhibit potent anti-
oxidant, anti-inflammation, hypoglycemic (Njemuwa et al., 2019;
Rachsee et al, 2021), anti-microbial, hypocholesterolemia, hep-
atoprotective, anticancer, and nephroprotective activities with potential
applications in both medicine and the health food industry (Jiao et al.,
2020; Prasob-on & Suthira, 2018). Moreover, Mp has showed to improve
male fertility with no toxicity on male reproductive system (Choo-
wong-in et al., 2021). Since ancient times, both legumes are widely
acknowledged by the traditional folk medicine for the treatment of
several human diseases such as respiratory infections, reproductive
system infections, dysentery, diabetes, hepatitis, measles, jaundice, ul-
cers, sores, and menstrual disorders (Kong et al., 2011; Vo et al., 2020).

The processing of the Mp and Cc seeds for the production of flours or
their use in food recipes generates a significant amount of waste in form
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of pods (Mp-p and Cc-p, respectively) or other by-products. The pods are
recognized as non-starch lignocellulosic biomass material that also
contains PCs, whose concentration increases as the plant reaches
maturity while the tannin content decreases (Chikagwa-Malunga et al.,
2009).

Currently, there is limited information available regarding the
bioactive components in Mp-p and Cc-p, which limits their utilization.
Consecuently, a substantial, renewable and low-cost natural resource
remains untapped. This contrasts with the rising demand for eco-
sustainable utilization of natural matrices and the search of by-
products for the development of novel food products, specifically
those containing antioxidant compounds.

Hence, this study was designed to investigate the extraction of PCs
from Mp-p and Cc-p using different solvents and assess their antioxidant
capacities (AOC). Additionally, to better understand the relationship
between the PCs detected in selected extracts and their AOC a theoret-
ical study using Density Functional Theory (DFT) and the quantum
theory of atom in molecules (QTAIM) was performed (Bader, 1990). The
results of this study will provide a baseline data related to the extraction
of PCs with AOC from these agricultural wastes which unlock their po-
tential for several applications.

2. Materials and methods
2.1. Samples

Pods of Mucuna pruriens (Mp-p) and Cajanus cajan (Cc-p) were ob-
tained from Estacién Experimental “El Sombrero-Corrientes” (Instituto
Nacional de Tecnologia Agropecuaria-INTA) Argentina. These samples
were ground in an electric mill (Decalab Fbr, Argentine) and subse-
quently sieved through were collected between 18 ASMT (1000 um) and
100 ASMT (140 pm).

2.2. Extraction techniques

Preparation of Macerates: ground pods dispersions (10 g/ 100 mL)
were prepared in different solvent mixtures: water, 50 % methanol, 100
% methanol, 50 % ethanol, 100 % ethanol. Mixtures were macerated for
24 h at room temperature.

Preparation of Decoctions: 2 g of ground pods were added to 100 mL
and boiled for 15 min. Then, all the resultant dispersions were centri-
fuged (Sorvall ST 8R, Thermo Scientific, Germany) at 3000 rpm for 25
min, and filtered. The solvent was evaporated using a rotary evaporator
(RE100-Pro, DragonLab, China) and a freeze-dryer (Christ alpha 1-4 LD-
2; Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz,
Germany). The dried extracts were stored at 4 °C until used. The
extraction yield was expressed as plant material percentage.

2.3. Analysis of phenolic compounds

2.3.1. Total phenolic content (TPC)

The TPC was performed by the colorimetric method, as described by
Singleton and Rossi (1965), with some modifications. Five mg of extract
was re-dissolved in 1 mL of extraction medium. Ten pL of sample was
mixed with 50 pL of Folin-Ciocalteu reactive and 190 pL of water. After
1 min, 150 pL of 20 % aqueous solution of NapCO3 were added. The
mixture was kept for 2 h in the dark at room temperature. Three hundred
pL of each reaction mixture were transferred to a 96-well microplate.
The absorbance was measured at 760 nm in a microplate reader (Mul-
tiskan GO, Thermo Scientific, Finland). Gallic acid (2 mg/mL) was used
for constructing the standard curve, and the results were expressed as
mg of gallic acid equivalents (GAE)/ g dry extract.

2.3.2. Total ortho-diphenol content (TODC)
TODC was determined as described by Bendini et al. (2003), with
some modifications. Briefly, 5 mg of extract was re-dissolved in 1 mL of
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extraction medium, then and 0.1 mL of it was mixed with 1 mL ofa 5 %
solution sodium molybdate in 50 % ethanol. After incubation in the dark
for 15 min, 300 pL of each reaction mixture were transferred to a 96-well
microplate and the absorbance was measured at 370 nm in a microplate
reader (Multiskan GO, Thermo Scientific, Finland). The results were
expressed as mg of caffeic acid equivalents (CAE)/ g of dry extract using
the prepared standard curve.

2.3.3. Total flavonoids content (TFC)

The TFC was estimated by using aluminum chloride colorimetric
method as described by Wang et al. (2019) with some modifications.
Briefly, 5 mg of extract was re-dissolved in 1 mL of extraction medium.
The assay was conducted by mixing 100 pL of each sample extract, 140
pL of methanol, 60 pL of 8 mM aluminum trichloride solution. The
mixture was incubated in the dark at room temperature for 30 min, and
the absorbance was measured at 425 nm using a microplate reader
(Multiskan GO, Thermo Scientific, Finland). A calibration curve of
quercetin (24 pg/mL) was prepared and the TFC was expressed as mg
quercetin equivalent (QE)/ g dry extract.

2.4. Antioxidant assays

2.4.1. DPPH radical scavenging assay

The DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging
method was determined as reported by Brand-Williams et al. (1995)
with some modifications. A DPPH working solution (6.107> M) was
prepared from a DPPH stock solution (6.10~* M) in methanol. Both
solutions were stored at 4 °C until used. Five different concentrations of
extracts were tested (from 0.625 to 10 mg/mL). Twenty-five uL of each
extract concentration solution were mixed with 975 pL of DDPH solu-
tion. After shaking, 300 pL of each reaction mixture were transferred to a
96-well microplate, and the absorbance was measured at 516 nm in a
microplate reader (t = 0 h) (Multiskan GO, Thermo Scientific, Finland).
The reaction was kept in the darkness for 4 h at room temperature and
once the reaction was finished, the absorbance was measured again. The
DPPH concentration remaining in the reaction medium was calculated
from a calibration curve (0.75-9.10~> M). The percentage of remaining
DPPH was then plotted against the extract concentration to obtain the
antioxidant capacity necessary (expressed in pg/mL) to decrease the
initial DPPH concentration by 50 %, that is, the ECgq value.

2.4.2. Ferric reducing antioxidant power (FRAP) assay

Antioxidant capacity of samples was analyzed by using FRAP assay
(Benzie & Strain, 1996). The working FRAP reagent was prepared by
mixing 300 mM acetate buffer (pH 3.6), 10 mM 2,4,6-tripyridyl-s-tria-
zine (TPTZ) solution and 20 mM FeClI3-6H20 in a ratio of 10:1:1.
Forty pL of each extract were mixed with 1160 uL of FRAP reagent and
after shaking, 300 pL of each reaction mixture were transferred to a
96-well microplate. The changed in absorbance was measured at 593 nm
using a microplate reader (Multiskan GO, Thermo Scientific, Finland),
after 90 min of incubation at 37 °C. Sample AOC was determined by
generating a FRAP standard curve using a series of Trolox standard so-
lutions (0.00-0.40 mg/mL). Results were expressed as mmol Trolox
equivalent (TE) / g dry extract.

2.5. HPLC determination of individual polyphenols

The extracts were prepared as previously described for TPC and fil-
trated through 0.45 pm Nylon membrane before injection into HPLC
Shimadzu LC-10/20 A (Tokyo, Japan). The mobile phase was composed
of acetic acid 1 % (A) and methanol:acetic acid (99:1) (B) (Zhang et al.,
2008). The flow rate was 0.8 mL min "~ and the elution gradient program
was set as follows: 0 to 10 min: 10 % to 26 % B; 10 to 25 min: 26 % to 40
% B; 25 to 45 min: 40 % to 65 % B; 45 to 55 min: 65 % to 95 % B; 55 to
58 min: 95 % to 10 % B; and 58 to 60 min: 10 % B. A Hypersil ODS
column 250 x 4.6 mm, 5 pm particle size (Thermo Scientific, Walthman,
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MA, USA) was used to separate compounds and a UV-Visible DAD de-
tector Shimadzu, SPD-20 MA (Tokyo, Japan) was set at 280 nm. Stan-
dard solutions of catechin, quercetin and gallic, chlorogenic and caffeic
acids, were injected in the same conditions. Retention time (ry) and UV
spectra were used to evaluate the compounds and quantification was
made by comparison to calibrations curves of the standard compounds.

2.6. Statistical analysis

All experiments were carried out in triplicates, and data were re-
ported as mean + standard deviation. The differences of mean values
among solvent systems were determined using analysis of variance
(ANOVA) followed by LSD tests at the significant level of p < 0.05.
Correlation analysis was performed between TPC, TODC, TFC, and
antioxidant activity of sample extracts using Pearson’s correlations co-
efficient. All statistical analyses were conducted using Infostat software
(Balzarini et al., 2017).

2.7. Computational methods

The PC geometries were optimized at the B3LYP/6-311++G(d,p)
level, and verified as stationary points via frequency calculations. Sol-
vent effects were taken into account by full optimizations using the
SMD-continuum solvation method. Restricted and unrestricted calcula-
tion schemes were applied to closed-shell and open-shell systems,
respectively.

The radical scavenging activities of selected PCs were determinate by
evaluating the AOC via three mechanisms: hydrogen atom transfer
(HAT), electron transfer-proton transfer (SET-PT), and sequential proton
loss-electron transfer (SPLET).

The thermodynamic parameters such as bond dissociation enthalpy
(BDE), adiabatic ionization potential (IP), proton dissociation enthalpy
(PDE), proton affinity (PA), and electron-transfer enthalpy (ETE) were
calculated to explore these mechanisms, following the literature (Leo-
poldini et al., 2011). All calculations were performed with Gaussian 09
suite of programs (Frisch et al., 2009). The topological QTAIM analysis,
including the population of atomic spin densities (Bader, 1990), was
carried out using the AIMALL program. Further theoretical background
and computational details can be found in the Supporting Information.

3. Results and discussion

The extraction of solid samples using organic solvents is widely
employed for the recovery of PCs from agricultural waste. The optimal
solvent selection and condition is typically varied for different plant
matrices analyzed. To our knowledge, there is no information in the
literature regarding the extraction conditions for the samples under
study. Therefore, we have tested the extraction efficiency of water,
methanol and ethanol and their mixtures (50 %) as solvents (Vijaya-
laxmi et al., 2015). In addition, the extraction by decoction method was
evaluated because it is commonly used extraction method in herbal
preparation such as tisanes, tinctures and similar solutions (Isla et al.,
2021).

3.1. Extraction yields

The extraction yields of each sample obtained with different solvents
are shown in Table 1. The results indicated that the yields of the extracts
from Mp-p were higher than those from Cc-p. The extract yields from
Mp-p were about 6 % by using water, 50 % ethanol and 50 % methanol
(p < 0.05), while lower values (< 2 %) were obtained with pure organic
solvents. Similar yield (6.57 %) was obtained from roasted seeds of
M. pruriens by continuous extraction with a Soxhlet by using 80 %
ethanol as solvent (Rachsee et al., 2021).

The extract yields from Cc-p were about 3 % by using water, 50 %
ethanol and 50 % methanol (p < 0.05). Again, the use of pure organic
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Table 1
Extraction yield, total phenolic (TPC), ortho-diphenols (TODC) and flavonoids
(TFC) contents of the Mp-p and Cc-p extracts using different solvents.

Sample Extraction TPC TODC TFC
extract yield (%) (mg GAE/g) (mg CAE/g) (mg QE/g)
Mp-p
H,0 6.05+0.35b 175.35 + 103.93 + 31.69 +
8.76b 5.37b 0.66¢
50% MeOH 6.01+0.14b 155.56 + 103.96 + 42.79 +
7.17bc 5.20b 0.52ab
100% MeOH 1.33+0.21c 140.31 + 92.65 + 4.63 45.34 £
7.30c b 1.22a
50% EtOH 5.45+0.07b 251.21 + 132.85 + 43.07 +
6.17a 6.64a 0.50ab
100% EtOH 0.77+0.02c 78.99 + 3.49d 50.56 + 2.53 27.71 +
c 0.52d
H»0 100° 12.51 263.90 + 137.02 + 40.97 £
+0.71a 4.19a 6.85a 0.92b
Ce-p
H,0 3.05+0.07b 39.79 + 2.02e 15.20 + 25.55 + 1.28
0.76¢ d
50% MeOH 2.75+0.07b 67.43 £ 36.81 + 43.69 +
3.37cd 0.91b 2.18bc
100% MeOH 1.95+0.07¢ 87.20 + 4.36a 45.81 + 57.94 +
2.29a 2.90a
50% EtOH 3.10+0.42b 72.49 + 39.98 + 46.07 +
3.62bc 2.00b 2.30ab
100% EtOH 0.77+0.02d 58.58 + 2.93d 32.87 + 29.04 +
1.64c 1.45¢
H,0 100° 7.91+0.28a 81.01 + 41.05 + 55.89 +
0.83ab 2.05a 2.79ab

Data were expressed as mean standard deviation (n = 3). Means with the same
letters within a column do not differ significantly (p > 0.05) for each species.

solvents led to the lowest extract yields, especially with 100 % ethanol
(0.77 %). Overall, the use of water and hydroalcoholic mixtures resulted
in higher yields compared to pure organic solvents, aligning with pre-
vious studies (Vijayalaxmi et al., 2015).

The decoction method resulted in the highest yields (12.5 % for Mp-p
and 7.9 % for Cc-p). The extract yields for Mp-p and Cc-p yields were
nearly double those of the aqueous extracts obtained at room tempera-
ture. These results agree with that (10.68 % + 0.04 %) of the M pruriens
seed extract obtained using water at 80-95 °C for 30 min (lamsaard
et al., 2020). A higher temperature can help to soften plant tissues and
weaken the interaction between the phenol and the protein or poly-
saccharide, which facilitates the extraction of PCs from plant material.
However, care must be taken when using high temperatures because
these can promote the oxidation of PCs, reducing their bioactivity
(Antony & Farid, 2022).

3.2. Total phenolic contents

The recovery of PCs was significantly varied depending on the type
and ratios of the solvents used and the vegetal matrix (Table 1). The
highest TPC value for Mp-p extracts obtained at room temperature was
achieved using 50 % ethanol (251.21 mg GAE/g). The TPC values
decreased in the following order HoO > 50 % methanol > 100 %
methanol > 100 % ethanol. For M. pruriens leaves extracts obtained with
ethanol and methanol using Soxhlet equipment for 36 h, the reported
TPC were of 155.89 and 72.11 mg GAE/g, respectively, falling within
the range of TPC values obtained for Mp-p extracts (Njemuwa et al.,
2019).

The TPC values of Cc-p extracts were lower than those of Mp-p ex-
tracts. Among the different solvents used, the highest TPC value for Cc-p
was obtained with 100 % methanol (87.20 mg GAE/g). Notably, a sig-
nificant amount of TPC was also achieved with 50 % ethanol (72.49 mg
GAE/g). However, the TPC values decreased for the extracts obtained
with 50 % methanol, and further with 100 % ethanol and H5O. In a
related study, Gerrano et al. (2022) reported lower levels of TPC
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(13.50-20.42 mg GAE/g) in C. cajan seed extracts obtained with 50 %
methanol using a sonication bath for 1 h.

The decoction extracts of Mp-p and Cc-p yielded higher TPC values
(almost twice as high) compared to the extracts obtained with water at
room temperature.

3.3. Total ortho-diphenol content

Ortho-diphenol compounds have shown to improve radical stability
by forming an intramolecular hydrogen bond between the hydrogen and
phenoxyl radicals (Vella et al., 2019). TODC of the pods extracted by
using different solvents and decoction method are presented in Table 1.

The highest TODC value for Mp-p was obtained in 50 % ethanol
extract (132.85 mg CAE/g). In contrast, the lowest TODC value was
observed in the 100 % ethanol extract. The TODC values were found to
be lower in extracts obtained using H,0, 50 and 100 % methanol, and
there was no significant difference among them (p > 0.05).

The Cc-p extract obtained with 100 % methanol showed the highest
TODC value (45.81 mg CAE/g). The TODC exhibited a slight decrease in
extracts obtained with 50 % ethanol and 50 % methanol. Furthermore,
the extract obtained with 100 % ethanol and water showed the lowest
TODC values.

Therefore, using 100 % ethanol resulted in a low recovery of TPC and
TODC from both pods. This outcome may be attributed to the selective
capability of pure ethanol, which predominantly extracts hydrophobic
PCs, while hydrophilic ones remain in the plant matrices. Conversely, an
ethanol-water mixture is more effective in extracting a wider range of
PCs from different plant material, as was observed for Mp-p.

Regarding the solvent used for the extraction, the TODC values fol-
lowed a similar trend as the TPC values. Notably, a strong linear cor-
relation was found between the TPC and TODC values for the extract of
both pods obtained at room temperature with the different solvents, as
evidenced by high R? values of 0.92 and 0.94 for Mp-p and Cc-p,
respectively (See Fig. S1 in the Supporting Information).

The decoction extracts of Mp-p and Cc-p showed TODC values
(137.02 and 41.05 mg CAE/g, respectively) as high as those of 50 %
ethanol and 100 % methanol extracts, respectively, and this difference
was not statistically significant (p < 0.05).

In the extracts obtained from Mp-p at room temperature, TODC
values represented between 52 and 67% of TPC, while for Cc-p extracts,
those levels varied from 38 % to 56 %. The TODC values for Mp-p and
Cc-p decoction extracts were 52 and 50% of the TPC values, respec-
tively. These findings suggest that ortho-diphenols are relatively abun-
dant PCs in the extracts under study. To the best of our knowledge,
TODC in seeds, leaves and pods of Mp and Cc has not been reported in
the literature and, because of these compounds are highly antioxidant,
their presence in the pods is encouraging (Vella et al., 2019).

3.4. Total flavonoid contents

The TFC of samples extracted by different solvents are shown in
Table 1. For Mp-p, the highest levels of TFC were achieved using 100 %
methanol, 50 % ethanol and 50 % methanol. There were no significant
differences observed between these three solvents (p < 0.05), indicating
their effectiveness in extracting flavonoid compounds from Mp-p.
Interestingly, a similar trend was observed for the Cc-p extracts, with
the highest TFC value obtained using 100 % methanol, and a slight
decrease in the value for the 50 % ethanol and 50 % methanol extracts.
These findings are in agreement with previous studies that have
demonstrated methanol to be the most suitable solvent for extraction
flavonoid from plant matrices (Chirinos et al., 2007). The lowest TFC
values were found in 100 % ethanol and water extracts for both pods.

On the other hand, the decoction extracts showed higher TFC values
than the water extracts, indicating that the heat treatment may
enhanced the release of flavonoid from the pods. For Mp-p decoction
extract, the TFC (40.97 mg QE/g) was lower than that obtained with
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100 % methanol and 50 % ethanol, while for Cc-p decoction extract, the
TFC was as high as that of the 100 % methanol and 50 % ethanol ex-
tracts. Vo et al. (2020) reported TPC (14.24-33.33 mg GAE /g) and TFC
(8.42-23.54 mg QE/g) values for C. cajan roots extracts using hot water
(98 °C + 2 °C for 2 h), 50 % and 95 % ethanol (for 48 h). Such values
were lower than those for Cc-p extracts obtained using similar solvents.
This clearly demonstrates that the phenolic concentration in the extracts
varies depending on the part of the plant and the extraction conditions.

3.5. Antioxidant capacity

The DPPH radical scavenging activity and the FRAP assays are
commonly used to measure the AOC of a sample. The DPPH assay
measures the ability of a compound to scavenge free radical by donating
hydrogen atoms, while FRAP assay measures the ability of a compound
to reduce the ferric ion to ferrous ions. The AOC estimated by means of
the DPPH and FRAP assays for the Mp-p and Cc-p extracts are displayed
in Fig. 1.

The AOC values exhibited variations depending on the plant matrix
and solvent utilized, as depicted in Fig. 1. Among the Mp-p extracts,
those obtained with 50 % ethanol (5.90 mg/mL) and Hy0 (7.32 mg/mL)
displayed the lowest ECsq values, (p > 0.05), indicating a stronger
antioxidant capacity. Furthermore, the ECsp values followed an
increasing trend in the order of 50 % methanol < 100 % methanol <
100% ethanol for Mp-p extracts. It is worth noting that the crude
methanol extract of M. pruriens leaves was reported to have an ECsg
value of 19.63 pg/mL, which aligns with the values observed for Mp-p
100 % methanol extract (Ferdous et al., 2021).

The Cc-p extract obtained with 100 % methanol demonstrated the
greatest radical scavenging capacity, with an ECs( value of 6.82 mg/mL.
In comparison to the other extracts, this extract displayed a significantly
higher AOC. The ECso values increased following the order 50 %
methanol < 50 % ethanol < 100 % ethanol < water.

The Mp-p decoction extract showed a low value of ECs( that was not
significantly different from the values obtained from the 50 % ethanol
and Hy0 extracts (p > 0.05). In contrast, the ECsy value for Cc-p
decoction extract was higher than that of 100 % methanol extract, but
notably lower than that obtained with water at room temperature.

Significant differences in the AOC, assessed by the FRAP assay, were
observed between the extracts obtained from the two matrices. Partic-
ularly, the Mp-p (123.43-29.28 mmol TE/g) displayed a significantly
higher AOC than the Cc-p extract (40.30-6.79 mmolTE/g).

The Mp-p extracts obtained with 50 % ethanol and water exhibited
the highest AOC. Whereas the FRAP values decreased for 50 % and
100% methanol extract. The 100 % ethanol extract exhibited the lowest
value of FRAP indicating a lower antioxidant activity compared with the
other extracts.

For Cc-p, the highest AOC was observed for 100 % methanol extract
(40.30 + 2.02 mmol TE/g). The AOC of Cc-p decreased with the solvent
polarity, with the 50 % methanol extract showing higher AOC than 50 %
ethanol and 100 % ethanol extracts. In contrast to the results observed
for Mp-p, the lowest value of FRAP was measured in Cc-p aqueous
extract.

The Mp-p decoction extract showed AOC that was as high as that of
the 50 % ethanol and water extracts. The AOC of Cc-p decoction extract
was lower than that obtained with 100% methanol.

Overall, the increase of the FRAP values and the decrease of ECsg
values follow the same trend relative to the solvent used. These findings
suggest that active compounds in Mp-p are likely to be soluble in a
mixture of water and ethanol, as well as in water alone, while their
solubility in pure ethanol is limited. The active compounds in Cc-p are
more soluble in methanol. The highest AOC was observed in the Cc-p
100 % methanol extract, and the AOC significantly decreased with
decreasing solvent polarity. This indicate that the active compounds in
Cc-p are more polar in nature and thus more soluble in polar solvents
such as methanol. In addition, the results demonstrate that the high
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Fig. 1. Antioxidant capacity evaluated through of a) DPPH and b) FRAP assays in Mp-p and Cc-p extracts obtained with different solvents and decoction method.
Results are expressed as mean + standard deviation of three means (n = 3). Different letters denote significant differences (p < 0.05).

temperatures in short times implemented by decoction method, does not
significantly affect the AOC of the compounds.

3.6. Correlation between TPC, TODC and TFC with antioxidant activity

Overall, the extracts with higher AOC showed higher TPC and, hence
higher TODC. However, there was not clear relationship between AOC
and TFC. In the literature, some authors have found correlation between
these parameters while others did not (Sulaiman et al., 2011). To eval-
uate the relationship among AOC with TPC, TODC and TFC, a Pearson
correlation test was performed, and r-values are presented in Table 2.

The results revealed a significant negative correlation (p < 0.05)
between TPC and TODC with DPPH (ECs) for the extracts of both pods.
However, the correlation between TFC and DPPH (ECsp) was moder-
ately negative for Cc-p and weak for Mp-p, with a r-value of —0.5131,
but it was not statistically significant (p > 0.05).

Strong positive correlations (r > 0.91) were observed between TPC
and TODC with FRAP for both legume pods. Furthermore, a moderate
positive correlation was found between TFC and FRAP for Cc-p extracts.
However, in the case of Mp-p extracts, only a weak positive correlation
was observed between these parameters, which was not statistically
significant (p > 0.05). Therefore, the consistency of the relationship
between TFC and FRAP may be lower in Mp-p extracts compared to Cc-p
extracts.

Comparing both legume pods, the relationships between TFC and
AOC evaluated by both assays, showed the greatest differences in cor-
relations. The results suggest that the PC present in Mp-p and Cc-p ex-
tracts significantly contribute to their AOC. However, the influence of
other compounds and factors on these properties cannot be ruled out.

3.7. Quantitative RP-HPLC analysis

Based on the above results, PCs were detected in 50 % ethanol of Mp-

Table 2

Pearson’s correlation test (r-values) between total phenolic content (TPC), ortho-
diphenols content (TODC), total flavonoid content (TFC) and antioxidant ac-
tivities (obtained from DPPH and FRAP assays) for Mp-p and Cc-p extracts.

Sample DPPH FRAP

TPC TODC TFC TPC TODC TFC
Mp-p —0.8939* —0.9518* —0.5131 0.9115* 0.9132*  0.3079
Cc-p —0.9439* —0.9699* —0.8573  0.9407* 0.9192* 0.8889*

" Correlation is significant at p < 0.05.

p and 100 % methanol Cc-p extracts, as well as in decoction extracts. The
sample peaks in the chromatogram were tentatively identified as gallic
acid, chlorogenic acid, caffeic acid, catechin and quercetin by
comparing their retention time with those of the corresponding stan-
dards (Fig. S2 and Table S1 in the Supporting Information). Table 3
summarize the quantification of all identified peaks.

The results indicated that the major phenolic acids present in the Mp-
p extracts are chlorogenic acid and caffeic acid. The concentration of
chlorogenic acid was almost twice higher in the 50 % ethanol extract
(31.3834 mg/100 mg) compared to the decoction extract (14.0299 mg/
100 mg). Conversely, the concentration of caffeic acid in the decoction
extract (11.2628 mg/100 mg) was higher than in ethanoic one (7.1943
mg/100 mg). Gallic acid was detected in a small amount in both the
decoction and 50 % ethanol Mp-p extracts, while catechin and quercetin
were not quantifiable in either Mp-p extracts.

Chlorogenic acid was also detected in significant amount in Cc-p
extracts. The content of chlorogenic acid in both 100% methanol
(5.3991 mg/100 mg) and decoction extracts (6.8574 mg/100 mg), did
not show significant difference (p > 0.05). The Cc-p decoction extract
was found to contain caffeic acid and gallic acid. The Cc-p 100%
methanol extract had a lower concentration of caffeic acid than decoc-
tion extract, and gallic acid was not quantifiable in it.

Quercetin was detected in high concentration (6.1059 + 0.0132 mg/
100 mg) in Cc-p 100 % methanol extract, while its presence was
significantly reduced (0.3370 + 0.0071 mg/100 mg) in the Cc-p
decoction. These findings support a previous study that identified
quercetin as one of the most abundant PC in methanolic extracts of
C. cajan pod surfaces (Green et al., 2003). The results suggest that
methanol is more effective in extracting quercetin than the decoction
method, but it should also be considered that flavonoids are sensitive to
heat (Antony & Farid, 2022).

Chlorogenic acid is a natural phenolic compound found in various
plant species and is structurally an ester of caffeic acid and quinic acid.
Dawidowicz and Typek (2010) showed that high-temperature water
extraction can cause chlorogenic acid hydrolysis, leading to changes in
the extract’s chemical composition. As a result, the decrease in chloro-
genic acid concentration and increase in caffeic acid in the Mp-p
decoction extract compared to the ethanolic extract may not only be
due to solvent efficiency but also the transformation of chlorogenic acid
at high temperatures. Hence, it is important to consider the possibility of
chemical transformations occurring during the extraction process.

The similar high AOC of 50 % ethanol and decoction Mp-p extracts
(p < 0.05) suggests that both caffeic acid and chlorogenic acid have
comparable antioxidant capacity. Moreover, the higher amount of
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Table 3
Concentration of major PCs detected in Mp-p and Cc-c extracted by selected solvent and decoction methods. Results are expressed in mg /100 mg dry extract.
Sample Extraction method Gallic acid Chlorogenic acid Caffeic acid Catechin Quercetin
Mp-p 50 % EtOH 0.6178 + 0.0505 ° 31.3834 + 2.7442 7.1943 + 1.3651 ° *ND “ND
Decotion 2.6753 + 0.0897 # 14.0299 + 0.8040 ° 11.2628 + 0.4525 2 *ND *ND
Cc-p 100 % MeOH *ND 5.3991 + 0.0031 ° 0.6779 + 0.0019 ® *ND 6.1059 + 0.0132
Decoction 0.0663 + 0.0042 6.8574 + 0.0666 * 1.6788 + 0.0073 * *ND 0.3370 + 0.0071 ®

abed different superscripts indicate significant differences for the same compound between samples.

* ND: not detected.

quercetin in Cc-p 100 % methanol extract resulted in the highest AOC
among all extracts. To gain a better understanding of the antioxidant
activity of the phenolic compounds detected in Mp-p and Cc-p, a theo-
retical study was conducted.

3.8. Computational chemistry calculations

Thermodynamic parameters related to HAT, SPLET, and SET-PT
mechanisms calculated for caffeic acid (CA), chlorogenic acid (CGA)
and quercetin (QE) are shown in Table 4. Fig. 2 depicts the molecular
graph with the spin density distribution of the most stable phenoxyl
radicals of CA, CGA and QE (the remain radicals are depicted in the
Supporting Information). Additionally, the contour plot of the Laplacian
of electron density for anionic species of CA and CGA were computed
and compared (Fig. 2c).

The results disclosed that the 4-Oe radical of CA and CGA exhibit
lower BDE than their 3-Oe counterpart, implying that the 4-Oe radical
possesses a higher reactivity towards radical scavenging. For QE, the 3-
Oe radical showed the lowest BDE value.

The calculated IP values for all three compounds were significantly
higher than the corresponding BDE values, indicating that the studied
compounds are not inclined towards the SET-PT mechanism.

The PA values of the three compounds were considerably lower than
their BDE and IP values, indicating that the SPLET pathway may be a
more likely route for them in methanol. In the case of CA and CGA, the 4-
OH position exhibited the lowest PA values, while for QE, the lowest
value was observed at the 7-OH position. Therefore, these positions are
more susceptible to proton extraction than others, which is consistent
with previous studies conducted in water (Markovi¢ & Tosovic, 2016).

CA and CGA exhibited remarkably similar values for all thermody-
namic descriptors. Additionally, we examined the topological pattern
and spin density distribution on the radicals CA-4-Oe and CGA-4-Oe and
found them to be comparable. The spin density was primarily located on
their catechol and acrylic groups, and the charge density distribution on
their CA-4-Oe and CGA-4-Oe species showed similar patterns in those
regions (Fig. 2b).

The CA-4-O" and CGA-4-O~ species displayed a bcp between the
anionic O4 and HO-3 group (Fig. 2c). The values of r, (0.024 au) and
Nzrb (0.090 au) at these beps are consistent with the characteristic of a
weak H-bond interaction, and the atomic charge on 04 was similar for
both species. Thus, CA and CGA and their derivative species, exhibited

Table 4
Thermodynamic parameters (in kcal/mol) of antioxidative mechanisms for CA,
CGA and QE in methanol.

position HAT SET-PT SPLET
BDE P PDE PA ETE
CA 3-OH 80.6 111.9 9.1 35.4 85.6
4-OH 76.0 4.5 28.3 88.1
CGA 3-OH 80.8 113.0 8.2 35.2 86.0
4-OH 76.4 3.8 28.1 88.7
QE 3-OH 69.2 108.9 0.7 24.7 84.9
5-OH 79.9 11.4 27.2 93.1
7-OH 78.1 9.6 22.0 96.5
3-OH 70.9 2.4 23.8 87.4

4-OH 70.8 2.3 24.1 87.0

similar thermodynamic properties and electronic structures.

Based on our findings, it can be inferred that the shikimic moiety in
CGA has a negligible impact on its radical scavenging activity. This
suggests that the observed activity of CGA is mainly attributable to the
presence of the catechol moiety, which is also present in CA. Therefore,
despite the Mp-p decoction extract having a lower concentration of CGA
compared to the ethanolic extract, the higher content of CA in the
decoction extract might have compensated for the reduced CGA levels.
This could potentially account for the similar antioxidant activity
observed in both extracts.

On the other hand, the thermodynamic parameters revealed that QE
exhibits slightly higher radical scavenging power compared CA and
CGA. Furthermore, the spin density distribution on the 3-Oe radical of
QE (Fig. 2b) was more extensive than that on CA and CGA. The large
amount of QE detected in Cc-p methanolic extract could be associated
with its high antioxidant activity, which was comparable to that of
decoction and ethanolic Mp-p extracts. Conversely, the levels of QE and
other PCs were lower in the Cc-p decoction extract, which is consistent
with the lowest observed antioxidant activity.

Although diverse compounds and factors contribute to the antioxi-
dant activity of the analyzed extracts, the theoretical analysis of the
principal compounds detected in the extracts can provide a satisfactory
explanation for their antioxidant activity.

4. Conclusions

This study investigated the effectiveness of different solvents (water,
methanol, ethanol, and 50 % methanol and 50 % ethanol mixture) and
the decoction method for recovering of PCs with AOC from Mp-p and Cc-
p, both agricultural by-products of the legume family.

The results revealed that the effectiveness of different solvents varied
depending on the plant material, with 50 % ethanol and 100 % methanol
showing the highest suitability for the extraction of PCs from Mp-p and
Cc-p, respectively, at room temperature. The decoction method was also
found to be effective in recovering a significant amount of PCs with AOC
from Mp-p, suggesting its potential as a viable alternative method.

Overall, extracts with higher PC content and TODC showed higher
AOC. The Mp-p ethanoic and decoction extracts were rich in chlorogenic
and caffeic acid, while Cc-p methanolic extract contained a larger
amount of the flavonoid quercetin.

Furthermore, the combination of DFT and QTAIM approaches
proved valuable in understanding the relationship between the major
compounds detected in the extracts and their antioxidant activity.

Our findings demonstrate the potential of Mp-p and Cc-p as natural
sources of PCs with antioxidant properties, providing a promising basis
for further research into their applications in the development of func-
tional foods, nutraceuticals, and other natural antioxidant products.
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