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ARTICLE INFO ABSTRACT

Sorghum is a drought tolerant, gluten—free cereal, which is known for the abundance of polyphenol compounds, including flavonoids. It
is proved that these compounds have important health benefits as antioxidants and anti—inflammatory agents. They are found in seed walls
in a free form or in a bound, esterified form, which affects their digestion and utilization. The main purpose of this research was to evaluate
the ratio of free and bound polyphenols in sorghum brans extracted with different solvents, and see how the extraction step can influence
the physiology importance of a sorghum extract. Solvents had significant effects on the polyphenol and flavonoid content of free
polyphenol extracts, but there was not any difference in terms of their antioxidant activities. In case of bound fractions from different
extractions, there were significant differences in all parameters, except for the flavonoid content. Correlation analysis showed strong
connection between parameters, and there were differences in correlation between extraction. Among the two varieties, Alfldil had
significantly higher content of total phenol, flavonoid and higher values of antioxidant capacity as well compared to Zador in both
extractions. In this research only the effect of the extraction solvent was evaluated, but further investigation is necessary to specify more
extraction factors. This research aimed to emphasize the importance of extractant selection in determination of bioactive compounds from
plants. Our results highlights that selecting the proper extractant is essential for determination of total polyphenolic content, however, the
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analysis if antioxidant power is not sensitive for extraction agents.
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INTRODUCTION

Sorghum (Sorghum bicolor L. Moench) is a staple food source for nearly 500
million people in arid and semi-arid regions of the world, and it is also an important
source of polyphenols, and flavonoids and other bioactive compounds (Girard
and Awika 2018; Xiong et al. 2019; Li etal. 2021). It is a unique type of grain
with one of the most abundant and diverse polyphenol content among cereals,
having several positive effects, thus sorghum consumption can influence human
health significantly (Ragaee et al. 2006; Awika 2017; Girard and Awika 2018;
Pontieri et al. 2021). Depending on genotype and environmental conditions,
sorghum seeds can contain a significant amount of condensed tannins, which are
powerful antioxidants against reactive oxygen species (ROS) due to their
numerous hydroxyl groups, and they also have antibacterial, anticancer properties,
and they are also related to the health of the microbiota in the gut (Taleon et al.
2014; Wu etal. 2016; Amoako and Awika 2016; Rao et al. 2018b; Dykes 2019;
Sharma et al. 2019). Meanwhile, other sorghum flavonoids are effective agents
against inflammation, chronic diseases and aging processes as well (Awika 2011;
Xuetal. 2021a). These polyphenols can be found in plant species basically in two
forms: free phenols, which are extractable and bound phenols by either ester or
covalent bounds to non-starch polysaccharides (Alves et al. 2016; Shen et al.
2018; Rao et al. 2018a; Xiong et al. 2020; Pontieri et al. 2021). While
extractable or free phenols and flavonoids are easily available during digestion,
until insoluble bound phenols are digested only by the microbiota of the human
gut. This also determine their final utilization during digestion.

In the last few years research about sorghum and its biological value increased
multiple times as sorghum dishes and products became widespread in several
western countries (Rumler et al. 2022; George et al. 2022; Meena et al. 2022).
Scientific interest includes the possible biological and industrial utilization of
sorghum polyphenols, especially condensed tannins, development of high value
gluten free food products, and production of new sorghum breeds/genotype for
specific demands and environmental conditions (Girard and Awika 2018;
Rashwan et al. 2021; Silva et al. 2021).

Nutrient enrichment and functional food products are considered a fairly popular
trends in the food industry nowadays and bioactive compounds such as tannins and
flavonoids are the key components to increase the quality of our products
(Widowati and Luna 2022; Frankowski et al. 2022; Khalid et al. 2022). Thus,
it is increasingly important to maximise the amount of available bioactive
compounds for consumption or incorporation into food or medicine.

The chemical structures of polyphenols and other bioactive molecules of a plant
sample are crucial factors of the selection of extraction method. One key property
is the polarity of a chemical compound, which is attributed to the electron-
negativity of the building molecules. It determines the inter- and intramolecular
interactions, reactivity and solubility of the compounds, and they are important
factors during extraction. Choosing an appropriate extraction solvent for extraction
is the first step for making plant extracts with specific biological value. Other
parameters, such as temperature, pH, solvent type and composition are key
regulators of extraction efficiency and selectivity (Tang et al. 2016; Alves et al.
2016; Wang et al. 2019; Luzardo-Ocampo et al. 2020). According to previous
literature, the most frequent solvents used for extraction of polyphenols from plant
materials are the following: methanol/ethanol, acetone, water, diethyl ether or ethyl
acetate (Rodriguez et al. 2000). Methanol and acetone are common solvents of
analytical extraction, and while methanol is more effective to obtain a higher level
of polyphenols and extraction of anthocyanins, acetone is highly selective for
specific subclasses of polyphenols, for example flavonoids and tannins (Downey
and Hanlin 2010; Rao et al. 2018a; Das et al. 2020; Xu et al. 2021a).

In this study our aim was to evaluate the ratio of extractable and bound phenols in
different polyphenol-rich sorghum varieties, as well as to evaluate the effect of the
applied extraction method during sample preparation in terms of solvent type and
ratios. The final aim was to determine if there is any statistical difference between
different extraction methods and to obtain some data about the bioactive profile of
sorghum varieties.
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MATERIAL AND METHODS
Experimental design

Sorghum grains were acquired from the Research Institute of Karcag
(47°17°27.2”N 20°53°27.8”E), Hungary in 2020. Two red varieties of sorghum
bred in Hungary were included in this research, named “Zador” and “Alfoldil”
with higher expected polyphenol contents. Grains were grown in a randomized
design small plot field experiment. Seeds included in this work was not treated
with any supplementation. Grains were cleaned and dehulled with a SATAKE
Stone Peeler at maximum power for 50 seconds. Sorghum bran was used for
further evaluation and they were stored in plastic bags at -20 °C until further
analysis.

Chemical reagents

Folin—Ciocalteu reagent, sodium-carbonate, hydrochloric acid, ethyl-acetate,
sodium-hydroxyde, diethyl-ether, acetone and methanol were sourced from VWR
International (Debrecen, Hungary). Gallic acid standard, ABTS (2,2’-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid)), potassium persulfate, DPPH (1,1-
diphenyl-2-picrylhydrazyl), vanillin, Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) and catechin hydrate were bought from
Merck (Budapest, Hungary). All chemicals and reagents used in this experiment
were at least analytical grade and met quality standards.

Extraction of free polyphenols from sorghum bran

After homogenization, 5 g bran was weighted on an analytical scale and 50 ml
methanol-distilled water mixture (80:20 % by volume) or acetone—distilled water
(70:30 % by volume) was added. The mixture was shaken throughly and it was put
into an ultrasonic water bath (25 °C, W) for 30 minutes. Extracts were centrifuged
(EBA-21, Hettich Lab, Tuttlingen, Germany) at a maximum of 4020 x g for 10
minutes and the supernatant was decanted. The residues were extracted again twice
with the same solvent. After extraction the supernatants were pooled and
evaporated until dryness by a rotary evaporator (Hei-VAP, Heidolph Instruments,
Schwabach, Germany). Samples were reconstituted in 10 ml methanol-distilled
water (80:20 % by volume) in both extraction methods for later analysis, and stored
at -20 °C until evaluation. The weight of the dried samples was noted. The
remaining residues were put into a drying oven and they were dried until weight
equilibrium at a moderate temperature of 40 °C for 24h. All samples were stored
at -20 °C until further analysis.

Acid hydrolysis and extraction of bound polyphenols from sorghum bran

For the extraction of bound phenols the dried residues of previous extractions were
used. Extraction of bound phenols were done by the method of Wang et. al. (2019)
1 g of sample was weighted on an analytical scale and 10 ml 2M HCI solution was
added in a 50 ml centrifuge tube (Wang et al. 2019). Samples were incubated in
a shaking water bath at 85 °C for 1 hour. After hydrolysis the samples were filtrated
using a filtration paper and pH was set to pH=2 using NaOH solution. Hydrolysed
samples were extracted using a separation funnel with 15 ml diethyl-ether: ethyl-
acetate (1:1 % by volume) solvent four times and extracts were pooled in centrifuge
tubes. After extraction samples were evaporated until dryness by a rotary
evaporator, and reconstituted in 10 ml methanol-distilled water (80:20 v/v%), and
stored at -20 °C until evaluation.

Measurement of total polyphenol content and total flavonoid content of
methanol and acetone extracts of sorghum

The Folin-Ciocalteu method was used for total phenol content measurement,
according to Singleton and Rossi (Singleton and Rossi 1965). 0.5 ml adequately
diluted extract was added to a plastic chemical tube, with 2.5 ml Folin-Ciocalteu
reagent added, and after 6 minutes, 2 ml sodium-carbonate (7 % m/V) was added
and, after a 2h incubation at room temperature in the dark absorbance values were
measured at 765 nm. Absorbance values were taken using a two channel
spectrophotometer in the UV-VIS range (Perkin EImer Lambda 2S) with cuvettes.
Gallic acid was used as a standard and results were given in milligram per 100 g
gallic acid equivalent (GAE).

For total flavonoid content evaluation, the aluminium-chloride method was used
according to Zhishen et al. (1999) with some modification (Zhishen etal. 1999).
Extracts prepared for TPC measurement were used for this measurement too. 4 ml
distilled water and 1 ml of extract or standard was added to each plastic chemical
tube, then 0.3 ml sodium-nitrite was added. After 5 minutes incubation 0.3 ml
aluminium-chloride was added to the tubes, and after 1 minute 2 ml of sodium-
hydroxid was pipetted to the tubes. Solutions were supplemented up to 10 ml with
distilled water and absorbance values were taken immediately against distilled
water at 510 nm. Catechin was used for standard calibration curve, which was
prepared using a 1 mg ml stock solution. All values were given as dry matter.

Measurement of condensed tannin content of methanol and acetone extracts
of sorghum bran

For measuring condensed tannin (CT) content of sorghum brans vanillin-HCL
method was used according to Price et al. (1978) with some modifications (Price
etal. 1978; Nemes et al. 2018). The previously described extracts were used after
proper dilution. 100 pl sample/methanol/standard, 2000 pl vanillin (4 % m/V) and
1000 pl cc. HCI were pooled together and after 15 minutes incubation absorbance
values were measured at 500 nm against methanol blank solution. Catechin was
used as standard for calibration curve. 1 mg ml* stock solution was prepared and
diluted for twofold calibration curve, values were given as mg g* dry weight
values.

Measurement of antioxidant properties of methanol and acetone extracts of
sorghum bran

DPPH and TEAC antioxidant assays were used to measure the antioxidant effects
of sorghum extracts according to the methods of Zhu et al. (2009) and Blois et al.
(1958) modified by Nemes et. al. (2018) (Blois 1958; Nemes et al. 2018). For
DPPH assay DPPH reagent (9 % m/V) was prepared on day of measurements and
100 pl sample/methanol/standard, 1400 pl methanol, and 1500 pl DPPH reagent
was pooled together and absorbance values were measured at 517 nm after 30
minutes incubation. For TEAC assay ABTS reagent was prepared on the day
before analysis using ABTS radical and potassium—persulfate. For analysis 100 pl
sample/distilled water/standard, 900 pl ABTS solution, and 1000 pl distilled water
were pooled together, and after 20 minutes incubation absorbance values were
taken at 734 nm. Trolox calibration curve was prepared using 1mg ml* stock
solution, which was diluted to twofold dilution series. All values were given as
umol Trolox equivalent g™ dry weight values, using Trolox standard stock solution
(1 mg g*) for calibration curve.

Statistical analysis

The effect of extraction methods was analysed using GraphPad Prism 8 software.
Independent sample T tests were applied to evaluate the effect of extraction
solvents on measured variables in case of freely extractable and bound
polyphenols. The effect of variety was not included as we already knew there are
significant differences between varieties from our previous research (Nagy et al.
2023). Correlation analysis was performed to evaluate the connections between
chemical parameters and antioxidant activity values after different extractants
using SPSS Statistic Software version 24.

RESULTS AND DISCUSSION
Total Phenol and Total Flavonoid content of methanol and acetone extracts

For this research the extraction efficiency of methanol and acetone, two commonly
used extraction solvents were compared using two polyphenol rich red sorghum
genotypes. The varieties were evaluated for their free and bound phenol and
flavonoid contents which can be seen at the following figures below of Figurel.
and Figure 2.

Several previous publications have provided evidence that sorghum can be a rich
source of bound polyphenols which only will be fermented by colon bacteria.
Depending on genotype, 40% of total phenols and as much as 50% of total
flavonoids can be found in an esterified form (Shen et al. 2018; Miafo et al.
2020). As it can be seen at Figure 1., despite these evidences, our samples showed
low values of bound phenols and flavonoids in a total 2-5 % of the measured total
amounts, which can be attributed to genetic and environmental variables, and to
the applied extraction procedure. In most cases, extraction solvents used in this
project had significant differences between acetone and methanol extracts for both
free and bound polyphenol fractions (p<0.01). There was no significant difference
in the case of Zador free phenol extracts. Alf6ldil had the highest polyphenol
content in both free and bound fractions with 2667+4 mg GAE 100 g™ and 104.1
+11.5 mg GAE 100 g™, and acetone proved to be a more efficient solvent to extract
polyphenols for this genotype and conditions (p<0.01). Several previous research
measured high levels of polyphenol content of red-brownish sorghum varieties
with values of 4000-6000 mg GAE g TPC concentrations (Salazar-Lépez et al.
2018; Xu et al. 2021b). Shen et al. (2018) analysed several differently coloured
sorghum grains for their free and bound phenol content. They found bound phenols
in the range of 3.4-194.5 mg 100 g™ from white to red or black varieties with free
extractable polyphenols ranging from 171 mg GAE 100 g™. to 1051 mg GAE 100
g, respectively (Shen et al. 2018). While Miafo et al. (2019, 2020) found in their
continuous research that that dietary fiber isolated from sorghum bran contains
different amount of esterified phenols with values of 93-1183 mg GAE100 g*,
concentration depending on the extractability of fibers. Meanwhile, whole grains
contained around 20 mg FAE 100 g * bound and 290 mg FAE 100 g * freely
extractable phenols (Miafo et al. 2019, 2020).
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Figure 1 Total Phenol Content of two red sorghum variety extracted by two different extraction solvents. Notes: MeOH =methanol,
AC= acetone n.s= not significant, p>0.05, * and ** means statistically significant differences at p<0.05 and 0.01, respectively

Total flavonoid content of evaluated samples can be seen at Figure 2. below. In
case of total flavonoid content, statistical differences were found only between the
free flavonoid extracts (p<0.05, and p<0.01). Alfoldil had the highest flavonoid
content with 1574.9+4.1 mg CE 100 g concentration, and there were high
variations between methanol and acetone extracts. There were no statistically
meaningful differences in case of bound flavonoids in case of extraction solvent.
Also values were similar to each other for both varieties. Shen et. al. (2018) found
that sorghum varieties contained from 7.11 to 194 mg rutin equivalent 100 g*
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flavonoids depending on genotype (Shen et al. 2018). These values are much
lower compared to values measured in this project, but this can be attributed to the
sample matrix used for the evaluation. In our research only the bran fraction was
evaluated, which is the main place where flavonoids are accumulating, thus high
level of flavonoids were expected. All values are given as amount measured in the
bran fraction. Furthermore, in our study we used catechin as standard instead of
rutin which also influences the final result.
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Figure 2 Total Flavonoid Content of two red sorghum variety extracted by two different extraction solvents. Notes: MeOH =methanol,
AC= acetone, n.s= not significant, p>0.05, * and ** means statistically significant differences at p<0.05 and 0.01, respectively.

Condensed tannin content of methanol and acetone extracts

Condensed tannins (CT) were found only in the freely extractable fraction, and
there was not any detectable amount in case of bound fractions as it can be seen at
Figure 3. This was against to previous findings described by Terril et. al. (1992)
presenting freely extractable and protein or fiber bound CTs in sorghum, which
suggests either these sorghum genotypes are not containing protein and fiber bound
CTs, or the applied extraction method was not appropriate to extract them (Terrill
et al. 1992). In our extraction tests, Zador showed only significant (p<0.05)

differences between tannin contents of different extracts, which may be caused by
the uncertainty of the applied method as the Alf6ldil had not have this difference.
Measured CT contents were fairly higher compared to our previous research with
15.9+0.4, 26.2+1.3, and 5.6+0.6, 14.8+0.8 mg g * concentration values,
respectively (Nagy et al. 2023). These differences can be caused by the differences
between the applied preparation methods, where for the first time a onetime
methanol extraction was used, here we changed the polarity of the solvents and
used a three-time extraction repetition step as well, increasing the efficiency of our
methods (Nagy et al. 2023).
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Figure 3 Condensed of two red sorghum variety extracted by two different extraction solvents. Notes: MeOH =methanol,
AC= acetone, * means statistically significant differences at p<0.05 and n.s= not significant, p>0.05, respectively.

Antioxidant properties of methanol and acetone extracts
To measure the antioxidant properties of the polyphenol rich sorghum extracts two

antioxidant assay methods (TEAC, DPPH), appropriate for polyphenolic
compounds, were used. Measured values can be seen at Figure 4. and Figure 5.

DPPH Antioxidant Activity

_ 150 1

‘st

: 100 '
T

i e

Z w07

s 8- * ok

I 6

g 4 |

~ 74

ot

0-
DPPH Free DFPPH Bound

mm Zidor MeOH Fraction ™ Zador AC

Interestingly, the significant changes between extracts experienced previously
were not detectable for the measured antioxidant values. For DPPH only the bound
fractions showed any significant discrepancy (p<0.05, and p<0.01) between
extraction methods, while acetone and methanol extracts of freely accessible
bioactive compounds had similar values.
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Figure 4 Antioxidant capacities measured by DPPH assay of two red sorghum variety extracted by two different extraction solvents. Notes:
MeOH =methanol, AC= acetone, *, ** means statistically significant differences at p<0.05, and 0.01. n.s= not significant, p>0.05

In our previous research the measured DPPH values from 100 % methanol extracts
were slightly higher compared to TEAC antioxidant capacities (Nagy et al. 2023).
Meanwhile in this study TEAC values were significantly higher for both extracts
compared to DPPH values with 125-150 umol TE g, and 241-269 pmol TE g
concentration values against 80-86 umol TE g?, and 151-165 pmol TE g*
concentration values for DPPH. Again, the different solvents and polarity of
solvents can explain these experienced differences in measured values.
Antioxidant properties of bound fractions were negligible compared to the free
extracts with a maximum of 10 pmol TE g? concentration values. The lack of
differences between antioxidant properties of two different extracts can be
attributed to the different composition of the aforementioned extracts, which
affects the antioxidant effects of the extracts. Luo et. al (2018) compared
ultrasound assisted extraction with solvent extraction and they have found

significant differences in composition in terms of extracted amount of specific
compounds. This resulted in significant differences between extracts (Luo et al.
2018). Xiong et al. (2021) found similar tendencies to our results with several
sorghum varieties where they measured the antioxidant properties of free and
bound phenolic extracts of sorghum bran and whole kernel. They experienced
higher values for antioxidant effects measured by TEAC compared to DPPH with
a two-fold difference between different assays. The ratio of bound phenol
antioxidant properties were fairly low compared to free phenol extracts (Xiong et
al. 2021). Similar tendencies could be observed for different plant extracts as well
in many literature data (Venkatesan et al. 2019; Ghazzawi et al. 2021; El
Mannoubi 2023).
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Figure 5 Antioxidant capacities measured by TEAC assay of two red sorghum variety extracted by two different extraction solvents.
Notes: MeOH =methanol, AC= acetone, n.s= not significant, p>0.05, *

Correlation analysis of antioxidant capacities and bioactive profile

A correlation analysis was done between free and bound polyphenol, flavonoid,
and antioxidant contents to evaluate if there is any connection between the
experienced differences in antioxidant power and content. Pearson correlation
values for free and bound extracts can be observed at Table 1., and Table 2. below.

Table 1 Pearson correlation analysis of measured parameters for free compounds
extracted by two solvents

Methanol

TPC DPPH TFC TEAC CTC
TPC 1 0.940** 0.984** 0.979** 0.909*
DPPH 1 0.964** 0.972** 0.760
TFC 1 0.966** 0.834*
TEAC 1 0.890*
CTC 1
Acetone

TPC DPPH TFC TEAC CTC
TPC 1 0.955** 0.977** 0.955** 0.983**
DPPH 1 0.955** 0.947** 0.914*
TFC 1 0.970** 0.985**
TEAC 1 0.962**
CTC 1

*=p<0.05, “=<0.01

In case of free methanol and acetone extracts strong positive correlations could be
observed between measured parameters (p<0.05, and 0.01), All parameters
correlated stronger for acetone extracts compared to methanol solvent, especially
between DPPH, TFC, and CTC content. This suggests acetone was more suitable
to extract bioactive compounds with higher antioxidant properties from sorghum.
This can be also linked to structural differences and molecule size as there was no
significant difference between total condensed tannin content of extracts except for
Zador at p<0.05. Further HPLC analysis is required to confirm this hypothesis.
As for bound polyphenols, correlations between parameters were not significant in
most cases, and negative correlation could be observed for acetone extracts,
although without statistical significance (Table 2.). There were no clear tendencies
between them, which further proved that evaluated varieties did not contain
relevant amount of polyphenols using the evaluated extracts.

Table 2 Pearson correlation analysis of measured parameters for bound
compounds extracted by two solvents

Methanol

TPC DPPH TFC TEAC
TPC 1 0.251 0.745 0.970™
DPPH 1 0.528 0.372
TFC 1 0.698
TEAC 1
Acetone

TPC DPPH TFC TEAC
TPC 1 0.604 0.016 0.451
DPPH 1 - 0.633

0.122

TFC 1 -0.164
TEAC 1
CTC
"==<0.01

CONCLUSION

In this study polyphenol rich sorghum varieties were evaluated for their polyphenol
distribution between free and bound forms of phenols with the influence of two
different extraction solvents applied during sample preparation. Overall the bound
polyphenol content of the analysed varieties was relatively low compared to other
literature, but there were significant differences between extraction methods for
both free and bound polyphenol content, and free total flavonoid content as well.
It was discussed by several earlier publications that acetone is a more appropriate
solvent to extract flavonoid type compounds like tannins or flavanones. We
confirmed sorghum flavonoids are also more readily available with acetone
compared to methanol (p<0.05, p<0.01). There were evidences from the measured
antioxidant properties that the two extracts had different polyphenol composition,
which would be worth to further investigate with HPLC technics. Overall, two
polyphenol rich sorghum genotypes were identified with the potential to use as a
functional food ingredient, and there were significant differences between
extraction methods. This is important because the utilization of plant based extracts
is an upcoming trend both in science and nutrition. Plants are usually rich source
of polyphenols, flavonoids, and other bioactive compounds with strong antioxidant
properties. It is necessary to know how these compounds can be extracted from the
complex plant matrix effectively. We found significant differences between two
commonly used extractants in terms of extractable polyphenols and flavonoids.
However, these solvents are not suitable for human consumption, thus in the future
other, more compatible solvents should be evaluated for producing food grade
extracts. Furthermore, both of the evaluated varieties contained a high amount of
freely extractable polyphenols with high antioxidant properties, but the amount of
bound compounds were considerably lower. Further investigation is needed to
justify these findings, and to investigate how different solvents and sample
preparation methods influence the composition of a specific plant extract, thus
influencing their biological effects as well. In case of our research it turned out,
that red sorghum extracts contain high amount of polyphenol type compounds, and
flavonoids were its major constituents. Among them condensed tannins were one
of the more important subgroup. As these condensed tannins have anti-nutrition
effects as well, their digestion and absorption in human nutrition would be
important to evaluate and, if it is justified, their intake should be regulated.
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