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Abstract: Chinese Baijiu distillers' spent grains (DSGs), a major byproduct of liquor production containing valuable
polyphenols, face disposal challenges because of their high moisture content and rapid spoilage. In this study, an opti-
mised cellulase-assisted extraction process was developed for DSG polyphenols (DGPs), and their stability and antioxi-
dant capacity were comprehensively characterised. The extraction yield of DGP was determined as the primary response
variable to evaluate the effectiveness of the process. A central composite design (CCD) was employed to optimise key
operational parameters: enzyme concentration, enzyme temperature and liquid—solid ratio. Results demonstrated that
the optimal process conditions were a cellulase dosage of 4.0%, an enzyme temperature of 50 ‘C and a liquid—solid
ratio of 40 mL-g~}, obtaining a polyphenol yield of 4.20 + 0.10 mg-g. Stability assessment indicated that DGP retained
68.9 + 1.8% of the phenolic content after 7 days of frozen storage at —18 °C, exhibiting better preservation than storage
under refrigeration (47.9 + 2.1%) and room temperature (45.5 + 3.2%) conditions. Antioxidant assays showed concentra-
tion-dependent (0.50-8.0 pg-mL™") scavenging capacities for ABTS (IC, = 6.0 ug-mL"") and DPPH (IC, = 2.8 ug-mL™").
These findings offer valuable insights for the transformation of distillery byproducts into functional food ingredients
while simultaneously addressing the challenges of solid waste management in alcoholic beverage production.

Keywords: Chinese Baijiu byproduct; phenolic compounds; response surface methodology; storability; radical scaveng-
ing activity

As the world's most consumed distilled spirit, the annual output of Chinese Baijiu exceeds 236.7 million hecto-
litres (National Bureau of Statistics of China 2023; Lee et al. 2025). Sorghum (Sorghum bicolor L. Moench) serves
as the primary raw material for its production. As the fifth most important cereal crop globally, sorghum holds
a prominent position in Chinese grain production. Red sorghum varieties from Northeast China, characterised
by a high starch content and moderate tannin levels (1.0-2.0%), have become a key raw material for leading dis-
tilleries such as Maotai and Wuliangye (Kassara et al. 2022; Shi et al. 2024). Sorghum grains are rich in diverse
polyphenolic compounds, mainly phenolic acids (e.g. ferulic acid, p-coumaric acid, and syringic acid), flavonoids,
and alkylresorcinols (Meenaa et al. 2022). These compounds are predominantly located in the bran layer and
exhibit remarkable antioxidant, anti-inflammatory, and anticancer properties, making them important targets
in nutritional and pharmacological research.
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The production of Chinese Baijiu typically involves
solid-state fermentation using a starter culture called
Daqu, followed by distillation. During this process,
sorghum and other grains undergo simultaneous sac-
charification and fermentation in pits or tanks, where
microorganisms convert starch into ethanol and
various flavour compounds. After spirit is obtained
through distillation, the residual solid material, known
as distiller's spent grains (DSGs) or Jiuzao, constitutes
amajor byproduct. The brewing process generates sub-
stantial quantities of DSG, a nutrient-rich byproduct
of fermentation. As of June 2023, China's annual DSG
output exceeded 25 million tonnes. DSG contains valu-
able bioactive compounds, including proteins, dietary
fibre, phenolic compounds and polysaccharides (Sha et
al. 2017; Hu et al. 2020; Yang et al. 2021; Zeng et al.
2021), making it a promising resource for the food in-
dustry. However, its high moisture content (60-70%),
combined with its acidic nature and susceptibility
to rapid spoilage, poses significant storage challenges
and environmental risks (Espana-Gamboa et al. 2011).
Currently, only a small portion of DSG is valorised, pri-
marily through the extraction of functional ingredients
for applications in food, biodegradable films, packag-
ing materials and cosmetics (Prabhakumari et al. 2018;
DeRose et al. 2019). Meanwhile, the majority of DSG is
utilised as low-value animal feed or discarded as waste
(Jara-Palacios et al. 2019; Sancho-Galén et al. 2020; Liu
et al. 2023). This situation underscores the urgent need
to develop high-value utilisation pathways for DSG
to align with the circular economy principles.

Polyphenols, which are widely present in cereals,
fruits, vegetables and tea, exhibit considerable struc-
tural diversity and bioactivity. Cereal-derived poly-
phenols, predominantly comprising phenolic acids,
flavonoids, and alkylresorcinols (Shanmugam 2024),
have attracted increasing interest because of their no-
table antioxidant, anti-inflammatory, and anticancer
properties (Tian et al. 2019). Sorghum, in particular,
contains substantial amounts of flavonoids and phe-
nolic acids, contributing to its high antioxidant capac-
ity. Given that DSG is rich in bioactive polyphenols
(DGPs) derived from raw grains, it represents a prom-
ising source of natural antioxidants.

Conventional methods for extracting DGP, such
as solvent extraction (Wang et al. 2019) and ultra-
sound-assisted extraction (Alonso-Riafio et al. 2020),
are often hampered by drawbacks such as presence
of solvent residues, complex procedures, and rela-
tively low extraction efficiency. To overcome these
drawbacks, this study utilised an enzymatic hydroly-
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sis approach to improve the recovery of DGP. The ex-
traction conditions were systematically optimised using
a combination of single-factor experiments and re-
sponse surface methodology. Additionally, the stability
and antioxidant activity of DGP were investigated. This
work aims to establish an efficient and environmental-
ly friendly DGP extraction protocol, thereby promot-
ing the high-value utilisation of brewing byproducts,
creating new conversion pathways for functional
food ingredients, reducing the environmental impact
of Baijiu production waste, and ultimately contributing
to a more sustainable beverage industry.

MATERIAL AND METHODS

Material and chemicals

DSG was procured from Shenyang Tianjiang Old
Longkou Brewing Co., Ltd. (China). The samples were
pre-dried and derived from a locally specific North-
east Chinese red sorghum, with the following typical
composition: > 68.0% starch, 9.0-11.0% crude protein,
3.0—4.0% fat and 6.0—9.0% total dietary fibre. This com-
position supports solid-state fermentation and ensures
sample consistency. Gallic acid standard (HPLC pu-
rity > 98%), cellulase (CAS: 9012-54-8, derived from
Trichoderma viride; enzyme activity > 600 U-mg;
pH 4.0-5.5; and optimal temperature 40-60 ‘C), and
Folin—Ciocalteu reagent were sourced from Shanghai
Jinshui Biotechnology Co., Ltd. (China). 1,1-Diphenyl-
2-trinitrophenylhydrazine (DPPH) was purchased
from Shanghai Huhui Biotechnology Co., Ltd. (Chi-
na); 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonate)
diammonium salt (ABTS) was obtained from Hefei
Bomei Biotechnology Co., Ltd. (China); and Trolox
was sourced from Anhui Coolsaint Biological Technol-
ogy Co., Ltd. (China). Distilled water was used for all
the experiments.

Pretreatment of DSG

Dry DSGs were crushed and then sieved through
a 60 mesh sieve (Theertha and Suresh 2025). A spe-
cific amount of the resulting powder was accurate-
ly weighed and mixed with petroleum ether (boiling
point at 60-90 °C) at a liquid-solid ratio of 40 mL-g.
The mixture was placed in an oscillator at room
temperature and defatted for 4 h at a rotation speed
of 150 rpm. After defatting, the mixture was filtered,
and the filtrate was discarded. The remaining resi-
due was dried at a low temperature to obtain defat-
ted DSG. Finally, the defatted DSG was stored at 4 °C
for preservation.
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Extraction process for DGP

Abuffer solution with a pH of 4.8 was preheated to 50°C
and added to the defatted DSG, followed by thorough
stirring. Afterwards, an appropriate amount of enzyme
was added and mixed again. The mixture underwent
enzymatic digestion at the preset temperature.
Subsequently, the enzyme was inactivated in a water
bath at 90 ‘C for 3 min. The mixture was centrifuged
at 4 000 rpm for 15 min, and the supernatant was di-
luted to an appropriate concentration for determining
the total phenolic content.

Determination of total phenolic content

The total phenolic compound concentration was de-
termined via the Folin-Ciocalteu reagent method
(Kovacev et al. 2020; Tariq et al. 2023) with minor mod-
ifications. Briefly, 0.5 mL gallic acid standard solution
or diluted sample extract was combined with 1 mL Fo-
lin-Ciocalteu reagent and 3 mL 8.0% Na,CO, solution
in a 10 mL volumetric flask. Following dilution to the
mark, the mixture was incubated in dark for 1 h pri-
or to measuring its absorbance at 760 nm. A standard
curve was generated using gallic acid standards, whose
concentration ranged from 1.05 to 6.65 mg-L™", fitting
the linear equation y = 0.117 6x + 0.026 2 (R* = 0.999 2).
The total phenolic content was calculated as gallic acid
equivalents (GAE) using Equation 1:

Y:C><V><N
m

(M

where: Y — the total phenol extraction (mg-g™!);
C - the DGP concentration (mg-L™%); V - the volume
of extract (mL), N - the dilution factor; m — the mass
of the defatted DSG (g).

Single-factor experiment design

Based on the preliminary experimental results,
the influence of four factors — the liquid—solid ratio
(10.0-70.0 mL-g™!), enzyme concentration (1.0-6.0%),
enzyme temperature (30-80 ‘C), and enzyme time
(30-120 min) — on the DGP extraction yield was in-
dividually investigated using the DGP extraction yield
as the index. During each single-factor test, the other
conditions were fixed at 50 'C, 3.0% enzyme addition,
a 40 mL-g™! liquid-solid ratio, and a 40 min enzyme
time. Moreover, the parameter ranges for each factor
in the subsequent optimisation experiments were de-
termined.

Response surface experiment design. The single-
factor experiment results showed that the enzyme
concentration (X;), enzyme temperature (X,), and
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Table 1. Factor level coding table by central composite
design (CCD) experimental design

Factors
Level X, (enzyme X, X,
concentration, (enzyme (liquid-solid
%) temperature, °C) ratio, mL-g™!)
-1 1.0 30 20
0 3.0 50 40
1 5.0 70 60

liquid-solid ratio (X,) significantly affected DGP ex-
traction. To optimise the extraction process, a three-
factor and three-level central composite design (CCD)
was used, with the DGP extraction yield utilised as the
response variable (Y) (Sun et al. 2023). The factor-level
coding is shown in Table 1.

Stability study of DGP. Following the methods re-
ported by Al et al. (2023) and Salazar-Orbea et al.
(2023) with slight modifications, the DGP test solution
was prepared via the optimal extraction process and di-
luted to polyphenol extracts at 1.0, 2.0, and 5.0 pg-mL ",
After storing under different conditions [room temper-
ature (20.0 ’C), room temperature without light (20 °C),
refrigeration (4 °C), and freezing (-18 'C)], samples were
taken at time points ranging from 1 to 168 h to monitor
changes in the polyphenol content. The rate of change
was calculated using Equation 2:

C,-C
Change of DGP (%) :% x100% 2)
0
where: C, - the post-treatment DGP content (pug-mLY;
C, - the pre-treatment DGP content (ug-mL™).

Antioxidant capacity

ABTS radical scavenging assay. A method report-
ed by Wang et al. (2017) was adopted with modifica-
tions. Before use, the ABTS solution was prepared,
and its concentration was adjusted to an absorb-
ance of 0.70 + 0.02 at 734 nm (A,). Afterwards,
4.0 mL of this solution was mixed with 40 pL di-
luted sample solution and reacted in dark for 6 min.
Subsequently, the absorbance (As) of the resulting
solution was measured. The free-radical scaveng-
ing ability of the sample was calculated using Equa-
tion 3. A standard curve was constructed by plotting
the ABTS scavenging rate against different concen-
trations of Trolox, ranging from 10 to 500 pug-mL™".
The resulting linear equation was y = 0.148 1lx
+5.940 6 (R? = 0.999 4). The results of the ABTS as-
say were expressed as Trolox equivalents.
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A
ABTS radical scavenging rate (%) = (1 —Zi) x100% (3)

DPPH radical scavenging assay. In accordance
with Lu et al. (2016) and with slight modifications,
the assay was performed as follows. A 2.0 mL aliquot
of the diluted sample solution was mixed with 2.0 mL
0.2 mmol-L! DPPH ethanol solution and incubated
in the dark at room temperature for 1 h. The absorb-
ance of the resulting solution was then measured
at 517 nm (4;). Control measurements were performed
by replacing the sample with anhydrous ethanol (4,)
and replacing the DPPH solution with anhydrous etha-
nol (A.). The radical scavenging rate was calculated
using Equation 4. A standard curve was established
using Trolox solutions, whose concentration ranged
from 2.0 to 25.0 ug-mL~". The fit of the linear equation
was y = 3.505 3x + 5.746 7 (R* = 0.999 8), and the results
were expressed as Trolox equivalents.

DPPH radical scavenging rate (%)= (1— ASI; A ) x100% (4)
b

Statistical analysis. The results were analysed using
one-way ANOVA with SPSS 26.0 (IBM, USA). The ex-
perimental design was evaluated by Design Expert
8.0.6 (StatEase, USA), and Prism 9.0 (GraphPad, USA)
was employed for data visualisation. All experiments
were conducted thrice, and all measured values are
presented with one decimal place to maintain consist-
ency, unless otherwise specified for particular statisti-
cal analyses requiring higher precision.

The yield of DGP (mg-g™")
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RESULTS AND DISCUSSION

Single-factor experiment. As shown in Figure 1,
single-factor experiments demonstrated the influence
of key factors on polyphenol extraction.

Enzyme concentration (X1)' Cellulase addition sig-
nificantly influenced polyphenol release through cell
wall hydrolysis. An enzyme concentration of 3.0-5.0%
maximised the extraction efficiency; meanwhile, exces-
sive amounts (> 5.0%) led to substrate saturation with-
out further yield improvement.

Enzyme temperature (X,). The temperature had
a bi-directional effect on DGP extraction. Moder-
ate temperatures (30-70 °C) accelerated enzymatic
reactions and increased the extraction amount, where-
as temperatures exceeding 70 °C caused thermal degra-
dation of bioactive compounds.

Liquid-solid ratio (Xz)' An initial increase in the
liquid-solid ratio accelerated molecular diffusion and
increased the polyphenol extraction rate. Meanwhile,
when the substrate was limited, the enzyme concen-
tration was decreased and polyphenols were fully re-
leased; additionally, a further increase in the ratio had
a minimal effect on extraction. A ratio in the range
of 40—-60 mL-g™! struck a balance between the efficien-
cy and cost.

Enzyme time. A prolonged enzyme activity time
caused polyphenol oxidation. After 40 min, the en-
zymes fully extracted polyphenols while avoiding
structural damage. Consequently, this parameter
was excluded from the primary factors in the subse-
quent optimisation.

Enzyme temperature ('C)

Enzyme addition (%)

Figure 1. Effect of single factor
on polyphenol extraction
of DSG: enzyme temperature
(30-80 °C); enzyme addition
(1.0-6.0%); liquid—solid ratio
(10-70 mL-g™1); enzyme time

Solid-liquid ratio (g-mL™") (30-120 min)

DSG - distillers' spent grains;

DGP - DSG polyphenols

Enzyme time (min)
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Table 2. Central composite design (CCD) experimental
design and response values

Factors DGP
X, (enzyme X, (enzyme X, (liquid— extraction

Test

number concentra- tempera- solid ratio, yield
tion, %) ture, °C) mL-g™) (mg-g™)
1 0 0 0 4.40
2 0 0 0 3.90
3 1 1 0 3.50
4 0 -1 1 3.70
5 -1 0 -1 3.10
6 0 1 -1 3.50
7 0 0 4.10
8 0 0 4.20
9 -1 0 1 2.70
10 -1 1 0 2.20
11 -1 -1 0 2.80
12 0 -1 -1 3.10
13 0 1 2.60
14 1 0 -1 3.10
15 1 -1 0 3.20
16 0 4.10
17 1 3.90

Optimisation of extraction process. The results
of the CCD design are shown in Table 2. Response
surface regression analysis was performed on the ex-
perimental data using Design Expert 8.0 to estab-

Table 3. Regression model ANOVA table

https://doi.org/10.17221/64/2025-CJES

lish a multiple quadratic regression model (Table 3).
The derived equation is as follows:

Y =4.14 + 0.42X, - 0.14X, - 0.07X, + 0.22 X X,
+043 X, X, - 039X, X, - 0.69 X>*-0.52X> (5)
- 038X,

where: Y — the extraction yield; X, — enzyme concentration
(%); X, — temperature ("C); X, - liquid—solid ratio (mL-g™).

This quadratic equation describes the individual
effects of each factor, their quadratic curvilinear re-
lationships, and the interaction effects. Y exhibited
apositive linear relationship with X (coefficient +0.42),
whereas it demonstrated negative linear relationships
with X, (-0.14) and X, (-0.07). Owing to the pres-
ence of negative quadratic terms (-0.69X % -0.52X 7%,
and —0.38X32), all factors displayed a quadratic rela-
tionship (inverted U shape), indicating that their ef-
fects first peak before declining. Interaction effects
were also observed: X X, (+0.22) and X X, (+0.43)
represent positive interactions, signifying that simul-
taneous increases in both factors enhance the yield.
Meanwhile, X, X, (-0.39) denotes a negative interac-
tion, indicating that a concurrent increase in these two
factors reduces the yield.

As presented in Table 3, model's P value was 0.000 1,
indicating statistical significance. The lack-of-fit term's
P value was 0.846 9, which exceeded 0.05, suggesting
no significant lack of fit between the regression equa-

Project Sum df Mean? F p Significance
Model 7.330 9 0.810 50.27 <0.000 1 o

X, 1.390 1 1.390 86.09 <0.000 1 o

X, 0.150 1 0.150 9.34 0.018 4 *

X, 0.039 1 0.039 2.42 0.163 7

XX, 0.200 1 0.200 12.50 0.009 5 o
XX, 0.740 1 0.740 45.66 0.000 3 o

X, X, 0.610 1 0.610 37.56 0.000 5 o

X12 2.030 1 2.030 125.02 <0.000 1 o

)(22 1.150 1 1.150 71.24 <0.000 1 o

)(32 0.600 1 0.600 37.24 0.000 5 o
Residual 0.110 7 0.016 - - -
Lack of fit 0.019 3 0.006 3 0.27 0.846 9 not significant
Pure error 0.150 4 0.024 - - -
Total error 5.320 16 - - -

* and **significance levels at 0.05 and 0.01, respectively

1
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X, — enzyme concentration (%); X, — enzyme temperature (°C); X, — liquid—solid ratio (mL-g™1)


https://cjfs.agriculturejournals.cz/

Original Paper

Czech Journal of Food Sciences, 43, 2025 (2): 157-166

tion and actual results. These results show that the
model can be employed to analyse the DGP vyield.
The coefficient of determination R? = 0.984 8 and ad-
justed coefficient of determination R, d42 =0.965 2 indi-
cate a strong correlation of the model. The coefficient
of variation CV% was 3.75, suggesting high accuracy
and reliability of the experimental data.

X, had a significant effect on the DGP yield
(P < 0.05). Moreover, the main effects of X and the in-
teraction terms X1X2, X1X3, and X2X3 as well as quad-
ratic terms X % X% and X, were extremely significant
(P <0.01). The F value of the regression model indicates
that the factors affect the extraction of DGP in the fol-
lowing order: enzyme concentration (X,) > enzyme
temperature (X,) > liquid-solid ratio (X3).

The optimal extraction parameters were as follows:
an enzyme concentration of 4.0%, an enzyme tempera-
ture of 47.69 °C, and a liquid—solid ratio of 40.72 mL-g ™!,
potentially resulting in a DGP yield of 3.96 mg-g'.
To facilitate experimental operations, the process pa-
rameters were adjusted to an enzyme concentration
of 4.0%, an enzyme temperature of 50 °C, and a liquid—
solid ratio of 40 mL-g!. Multiple parallel experiments
were carried out under these optimised conditions,
obtaining an actual DGP yield of 4.20 + 0.10 mg-g".
The prediction error was 1.0%, indicating that the pa-
rameters obtained from the regression equation are ac-
curate and reliable and the model has good predictive
performance.

Response surface analysis. Figure 2 illustrates the in-
teractive effects of the three factors on the DGP yield.
The slope of the response surface serves as an indicator
of the sensitivity of the response value to changes in the
factors. A steeper slope implies that the response value
is highly sensitive to variations in the factors. In con-
trast, a gentler slope suggests relatively low sensitiv-
ity of the response value to such changes. The contour
plot, which represents the projection of the response
surface, reflects the magnitude of the interaction be-
tween factors. An elliptical contour shape indicates
a significant interaction between two factors.

As shown in Figure 2A, the extraction yield of DGP
initially increased and then decreased as the enzyme
concentration and temperature increased. The steep
response surface and elliptical contour lines indicate
a significant interaction between X, (enzyme concen-
tration) and X, (enzyme temperature) (P < 0.05). Fig-
ure 2B reveals that the extraction yield of DGP initially
increased and then decreased with increasing enzyme
concentration and liquid—solid ratio. The steep re-
sponse surface and elliptical contour lines indicate
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a significant interaction between X, and X; (liquid-sol-
id ratio) (P < 0.05). Figure 2C shows that the extraction
yield of DGP first increased and then plateaued as the
enzyme temperature and liquid—solid ratio increased.
These results suggest a significant interaction between
X, and X, (P < 0.05).

Data diagnostics for analogue. As depicted in Fig-
ures 3A and 3B, the residuals follow a normal distri-
bution, with the data points closely aligning along
a straight line. This implies a strong agreement be-
tween the predicted and actual values of the experi-
ment. Figures 3C and 3D illustrate relationships among
the predicted values, residuals, and experimental runs.

(A)

a DGP extraction yield (mg-g™) = DGP extraction yield (mg-g™")

DGP extraction yield (mg-g™')

X2 X3
Figure 2. Response surface analysis of the effects of key
parameters on DGP extraction yield

X,, X,, X, — enzyme concentration (1.0-5.0%), enzyme
temperature (30—70 °C), liquid—solid ratio (20-60 mL.g™}),
respectively; DGP — distillers' spent grain polyphenols
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Normal probability (%)
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(B) Predicted vs. actual

b=l

b

Q

2

=

&

Actual

(D) Residuals vs. run

Internally studentized residuals

Run number

Figure 3. (A) Normal probability plot of residuals; (B) predicted vs. actual values; (C) residuals vs. predicted values;

(D) residuals vs. run order

The scattered and irregular distribution of points indi-
cates a good fit between the predicted and measured
values, accompanied by minimal prediction errors.
These findings demonstrate that the model accurately
and reliably predicts and analyses the experimental
outcomes.

Results of DGP stability measurements. As shown
in Figure 4, the stability of DGP was affected by the
temperature and storage time. The DGP amount
in samples at different concentrations decreased
over time under the four storage conditions. After
7 days of storage at room temperature (both under
light and dark conditions) and under refrigeration
(4 °C), a significant degradation (rate > 50%) of DGP
was observed, with the highest degradation rate
(~ 80%) occurring at room temperature. In contrast,
under freezing conditions, DGP degradation was the
slowest, with the polyphenol content remaining
at approximately 70% after 7 days. The samples with
higher DGP concentrations degraded more slowly
and consequently were more stable. Overall, freez-
ing is the best storage condition for polyphenols, and
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higher DGP concentrations enhance the storage sta-
bility. Thus, the storage temperature and polyphenol
concentration must be carefully considered for opti-
mal storage (Benhur et al. 2025).

Determination of antioxidant capacity. As shown
in Figure 5, the scavenging rates of DGP against
DPPH and ABTS radicals linearly increased with
increasing concentration. For a DGP concentration
of 8.0 pg-mL™}, the sample exhibited a maximum
scavenging rate of 93.0% for both radicals, demon-
strating a substantial increase in the rate with the in-
creasing addition of DGP. The results of antioxidant
activity evaluation demonstrated that the radical
scavenging abilities of DGP for both ABTS and DPPH
increased in a concentration-dependent manner
within the range of 0.5-8.0 pg-mL~'. Specifically,
for the ABTS radical, DGP exhibited an ICs, value
of 6.0 pg-mL~!, equivalent to 50.0 mg Trolox-g™! DW,
while for the DPPH radical, it demonstrated an ICj,
value of 2.8 pgmL™!, corresponding to 4.5 mg
Trolox-g”! DW. This phenomenon can be attributed
to abundant hydroxyl groups in the phenolic struc-
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(A) Room temperature (20 ‘C) (B) Room temperature .(20 ‘C) .
Room temperature in the dark (20 ‘C) Room temperature in the dark (20 °'C)
Refrigeration (4 'C) Refrigeration (fl C)
Rreezing (-18 °C) Rreezing (-18 "C)
= s
xX <
o 2
2 <
dt—q' -
° &
E 5
" 3
> =9
By Q
0
A A
Time (d)
(@) Room temperature (20 °C) (D) Time (d)
Room temperature in the dark (20 "C)
Refrigeration (4 "C) 1 ug/mL
Rreezing (18 °'C) 2 pg/mL
~ 5uq/mL
= g
X <
e s
& g
S %
L%
B =
5 5
> [N
=] 0
Q0
A a

Time (d)

Room temperature
(20°C)

Room temperature ~ Refrigeration (4 'C) Rreezing (~18 'C)
inthe dark (20°C) ~ Storage condition ('C)

Figure 4. Changes in DGP concentration versus (A, B, C) time for initial loads of 1.0, 2.0, and 5.0 pg-mL~! and (D) the cor-

responding 7-day change rate

* and ****significance levels at 0.05 and 0.01, respectively; DGP — distillers' spent grain polyphenols

ture in samples with high DGP concentrations, which
significantly increase the antioxidant activity.

CONCLUSION

Chinese baijiu DSGs, organic by-products gener-
ated during the production of alcoholic beverages, are

(A) (B)

DPPH scavenging rate (%)

Concentration of DGP (mg:-mL™")

primarily used as animal feed despite their untapped
potential. In this study, an efficient cellulase-mediated
approach was employed to extract polyphenols from
defatted DSG derived from a specific Northeast Chi-
nese red sorghum variety, whose distinct composition-
al traits are shaped by local agroclimatic conditions.
The optimised extraction parameters resulted in high

ABTS scavenging rate (%)

Concentration of DGP (mg-mL™)

Figure 5. Scavenging abilities of polyphenols from distillers' spent grain (0.5-8.0 pug-mL™") against (A) DPPH and (B)

ABTS radicals
DGP - distillers' spent grain polyphenols
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yields with minimal variability. Stability tests revealed
that higher concentrations of polyphenols and storage
under freezing conditions were the most favourable
for their retention. Moreover, polyphenols demon-
strated strong antioxidant activity, which was positive-
ly correlated with their concentration.

In conclusion, this research presents an efficient
method for extracting polyphenols from a well-char-
acterised DSG source, ensuring internal validity and
providing a reference baseline for future comparative
studies. It also underscores DSG's potential as a valu-
able resource for secondary utilisation, enhancing
economic value and promoting sustainability within
the Baijiu industry. We acknowledge that the polyphe-
nol profile and extraction efficiency may vary across
sorghum varieties or sources because of genetic and
environmental factors. Future work should focus on
refining the extraction process, expanding its applica-
tions across the food, pharmaceutical, and cosmetic
sectors, and investigating the effects of extraction
conditions on specific polyphenol subclasses to fully

elucidate the compositional and functional properties
of DSG.

Acknowledgement. The author thanks for all
the members in the laboratory for their help, discus-
sions and suggestions.

REFERENCES

Alonso-Riano P, Sanz Diez M.T., Blanco B., Beltran S., Trigue-
ros E., Benito-Romdn O. (2020): Water Ultrasound-assisted
extraction of polyphenol compounds from brewer's spent
grain: Kinetic Study, extract characterization, and concen-
tration. Antioxidants, 9: 265.

Benhur D.R,, Kalai S.I., Thota N. (2025): A study to enhance
the milling recovery, functional properties and storage
stability of 13 Kharif sorghum millet cultivars. Journal
of Food Science and Technology.

DeRose K., Liu F, Davis R.W., Simmons B.A., Quinn J.C.
(2019): Conversion of distiller's grains to renewable fuels
and high value protein: Integrated techno-economic and
life cycle assessment. Environmental Science & Technol-
ogy, 53: 10525-10533.

Espana-Gamboa E., Mijangos-Cortes J., Barahona-Perez L.,
Dominguez-Maldonado J., Hernandez-Zarate G., Al-
zate-Gaviria L. (2011): Vinasses: Characterization and
treatments. Waste Management & Research: The Journal
for a Sustainable Circular Economy, 29: 1235-1250.

HuR., Dunmire K.M., Truelock C.N., Paulk C.B., Aldrich G.,
LiY. (2020): Antioxidant performances of corn gluten meal

165

https://doi.org/10.17221/64/2025-CJES

and DDGS protein hydrolysates in food, pet food, and
feed systems. Journal of Agriculture and Food Research,
2:100030.

Jara-Palacios M.J. (2019): Wine lees as a source of antioxidant
compounds. Antioxidants, 8: 45.

Kassara S., Norton E.L., Mierczynska-Vasilev A., Lavi
Sacks G., Bindon K.A. (2022): Quantification of protein
by acid hydrolysis reveals higher than expected con-
centrations in red wines: Implications for wine tannin
concentration and colloidal stability. Food Chemistry,
385:132658.

Kovacev K., Hughes B., Smith J.S. (2020): Polyphenol stability
and physical characteristics of sweetened dried cranberries.
Foods, 9: 551.

Lee D., Weston A., Chen X., Davenport F,, Shukla S., Sahajpal R.,
Budde M., Rowlan ], Verdin J., You L.Z., Ahouangbenon M.,
Davis K.F, Kebede E., Ehrmann C., Justice C.., Meyer C.
(2025): HarvestStat Africa — Harmonized subnational crop
statistics for sub-Saharan Africa. Scientific Data, 12: 690.

Liu X., Chang R., Zhou Z., Ren Q., Shen C,, Lan Y., Mao J.
(2023): Conversion of Baijiu distillers' grains to functional
peptides: Process optimization and antioxidant activity
evaluation. Journal of Functional Foods, 108: 105722.

Lu W., Wei W.H., Tian X.E, Shi K., Wu Z.Q. (2016): Im-
proving bioactivities of polyphenol extracts from Psidium
guajava L. leaves through co-fermentation of Monascus
anka GIM 3.592 and Saccharomyces cerevisiae GIM 2.139.
Industrial Crops and Products, 94: 206-215.

Meenaa K., Visaradaa K.B.R.S., Meena D.K. (2022): Sorghum
bicolor (L.) Moench a multifarious crop-fodder to thera-
peutic potential and biotechnological applications: A future
food for the millennium. Future Foods, 6: 100188.

National Bureau of Statistics of China (2023): National Data
[Dataset]. Available at https://data.stats.gov.cn/easyquery.
htm?cn=A01 (accessed Aug 18, 2023).

Prabhakumari P., Chatzifragkou A., Kosik O., Lovegrove A.,
Shewry P.R., Charalampopoulos D. (2018): Development
and characterisation of protein films derived from dried
distillers' grains with solubles and in-process samples.
Industrial Crops and Products, 121: 258-266.

Salazar-Orbea G.L., Garcia-Villalba R., Bernal M.]., Her-
nandez-Jimenez A., Egea J.A., Tomas-Barberan F.A.,
Sanchez-Siles L.M. (2023): Effect of storage conditions
on the stability of polyphenols of apple and strawberry
purees produced at industrial scale by different processing
techniques. Journal of Agricultural and Food Chemistry,
71:2541-2553.

Sancho-Galdn P,, Amores-Arrocha A, Jiménez-Cantizano A.,
Palacios V. (2020): Physicochemical and nutritional char-
acterization of winemaking lees: A new food ingredient.

Agronomy, 10: 996.


https://cjfs.agriculturejournals.cz/
https://data.stats.gov.cn/easyquery.htm?cn=A01
https://data.stats.gov.cn/easyquery.htm?cn=A01

Original Paper

Czech Journal of Food Sciences, 43, 2025 (2): 157-166

Shanmugam G. (2024): Polyphenols: Potent protectors
against chronic diseases. Natural Product Research,
39: 6941-6943.

Sha S., Chen S., Qian M., Wang C., Xu Y. (2017): Character-
ization of the typical potent odorants in Chinese roasted
sesame-like flavor type liquor by headspace solid phase
microextraction—aroma extract dilution analysis, with
special emphasis on sulfur-containing odorants. Journal
of Agricultural and Food Chemistry, 65: 123-131.

ShiX., Fan C., Pan C., Zhang F.,, Hou X., Hui M. (2024): Analy-
sis of differences in physicochemical properties of different
sorghum varieties and their influence on the selection
of raw materials for winemaking. Food Chemistry: X,
23:101517.

SunY, Lu]J., LiJ., Li P, Zhao M., Xia G. (2023): Optimization
of ultrasonic-assisted extraction of polyphenol from Areca
nut (Areca catechu L.) seeds using response surface meth-
odology and its effects on osteogenic activity. Ultrasonics
Sonochemistry, 98: 106511.

Tariq A., Sahar A., Usman M., Sameen A., Azhar M., Ta-
hir R., Issa Khan M. (2023): Extraction of dietary fiber and
polyphenols from mango peel and its therapeutic potential
to improve gut health. Food Bioscience, 53: 102669.

Theertha D.P., Sakhare S.D. (2025): Effect of pre- and
post-milling processing techniques on the physico-chem-
ical, functional, and pasting properties of sorghum. Cereal
Chemistry, 102: 641-652.

166

https://doi.org/10.17221/64/2025-CJES

Tian S., Sun Y., Chen Z., Yang Y., Wang Y., Najla T., Trabel-
siN. (2019): Functional properties of polyphenols in grains
and effects of physicochemical processing on polyphenols.
Journal of Food Quality, 2019: 2793973.

Wang L., Bei Q., Wu Y., Liao W., Wu Z. (2017): Characteri-
zation of soluble and insoluble-bound polyphenols from
Psidium guajava L. leaves co-fermented with Monascus
anka and Bacillus sp. and their bio-activities. Journal
of Functional Foods, 32: 149-159.

Wang X., Wang S., Huang S., Zhang L., Ge Z, Sun L., Zong W.
(2019): Purification of polyphenols from distiller's grains
by macroporous resin and analysis of the polyphenolic
components. Molecules, 24: 1284.

YangJ., Zhang Z., Ding X., Chen X,, Yin C,, Yang E., Sun D.,
Wang W., Guo F. (2021): Multiple responses optimization
of antioxidative components extracted from distiller’s
grains using response surface methodology and identify
their chemical compositions. Journal of Food Processing
and Preservation, 45: e15885.

Zeng Z.K., Jang J.C., Shurson G.C., Thakral S., Urriola P.E.
(2021): Ammonia fiber expansion increases in vitro di-
gestibility and fermentability of corn distillers dried grains
with solubles with or without carbohydrases. Animal Feed
Science and Technology, 273: 114824.

Received: April 25, 2025
Acccepted: February 26, 2026
Published online: April 22, 2026


https://cjfs.agriculturejournals.cz/

	MTBlankEqn
	page3

