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A B S T R A C T   

This study sought to establish an optimized solid-state fermentation (SSF) conditions for extraction of chloro
genic acid (CA) from heilong48 soybean (HS) variety using two-step process: Plackett–Burman Design (PBD) and 
Box-Behnken Design (BBD) systematically. Both designs revealed the significant screened and optimum SSF 
conditions as pH (5.02), incubation time (11.52 h), inoculation size (5.00 %) and liquid-solid ratio (0.67). CA 
yield (8.80 ± 0.08 mg/g), fermentation efficiency (31.29 ± 0.28 %), and antioxidant activity (DPPH) 
(77.45 ± 0.60 μmol AA eq/g dry sample) obtained were acceptable (desirability, 1.00). Both the relative errors 
and the residual standard errors obtained for the predicted and experimental values were less than 5%. Higher 
(p < 0.05) CA yield and DPPH were obtained for the Lactobacillus casei fermented HS variety (LCFHS) than that of 
the unfermented HS variety (RHSF). The effectiveness of the optimized SSF conditions on the degradation of the 
cell wall of HS variety was affirmed by Scanning electron microscopy (SEM), Atomic force microscopy (AFM) and 
Fourier transform infrared (FTIR) results. The optimized extraction process was feasible, and HS variety could be 
used for CA extraction.   

1. Introduction 

The consumption of legumes has received significant attention 
globally, due to their positive effect on chronic diseases (Magro et al., 
2019). One of such legumes is soybean (Glycine max L.), a most valuable 
crop worldwide with notable health benefits. From their clinical studies, 
Rehal et al. (2019) assented to the several health benefits derived from 
the consumption of soybean. Soybean thus, play a promising role in the 
prevention and treatment of cancer, atherosclerosis, osteoporosis, and 
coronary heart disease (Miladinovic et al., 2012). Zhang et al. (2014) 
reported that the potential of soybean to decrease the risk of cardio
vascular diseases and cancers is associated to some functional compound 
it contains. According to Correa Deza et al. (2019) and Miladinovic et al. 
(2012), the high isoflavone genistein (a phytoestrogen) content of soy
bean is responsible for its effectiveness in cancer prevention and sup
pression. Soybean is rich in saponin, protease inhibitors, phytic acid, and 

fiber (Miladinovic et al., 2012). It also contains chlorogenic acid (CA) 
[least mentioned (Pratt and Birac, 1979)] which has numerous health 
benefits. Nevertheless, in the scientific community, isoflavones are the 
most mentioned bioactive compound in soybean with a very great in
terest attached (Chen et al., 2012). 

That notwithstanding, recent studies (Wang et al., 2018), reference 
to flavonoids, suggest that CA is a more powerful antioxidant. Wang 
et al. (2018) further indicated that CA is extensively applied in cardio
vascular and age-related diseases prevention, as well as protection 
against ischemia-reperfusion. Some researchers (Ji et al., 2013) also 
reported that CA prevents the production of cancerous cells in the colon 
and liver of mice. In addition, Cho et al. (2010) found that CA amelio
rates lipid metabolism in mice. Yun et al. (2012) stated that CA exhibits 
anti-bacterial, anti-inflammatory, and anti-diabetic activities. As a 
result, application of natural CA in medicine, pharmaceutics, chemicals, 
foods (preservation, nutraceuticals, functional foods, food additives), 
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and cosmetics at present is on the demand. However, CA is mostly 
extracted from coffee; an expensive cash crop which is not availa
ble/accessible all-year round, limiting its commercial production, and 
hence making it expensive to produce. Lately, for cost-effective pro
duction, other dietary plants sources such as sweet potato peel are being 
studied for CA extraction (Alves Filho et al., 2020). 

Nonetheless, soybean (an economical crop, available/accessible all- 
year round, easy to store with long shelf-life) has not been investi
gated for CA extraction yet. Soybean is used in solid-state fermentation 
(SSF) to obtain value added food, produce enzyme, and antioxidant 
compounds (Correa Deza et al., 2019). However, application of SSF 
technology using Lactobacillus casei (Generally Recognized as Safe) for 
extraction of CA from soybean has not been studied. Lactic acid bacteria 
(LAB) contain the enzyme β-glucosidase which hydrolyses isoflavone 
glucosides to form isoflavone-aglycones (Correa Deza et al., 2019). 
Hence, LAB play a significant role in changing isoflavone profile and 
increasing its content during fermentation of soymilk. Sub-merged 
fermentation (SmF) is commonly used to study the behaviour of LAB; 
however, low concentrations of active compounds are normally ob
tained. Higher yields with better product characteristics are obtained 
with SSF than SmF (Martins et al., 2011). As a result, SSF, a process of 
growing microorganisms on solid materials without free liquid, has 
received more interest from researchers and has become an important 
alternative for yield improvement. Therefore, the aim of this study was 
to screen and optimize the significant SSF conditions for cost-effective 
extraction of maximum CA yield with high antioxidant activity from 
heilong48 soybean (HS) variety using L. casei starter culture. 

2. Materials and methods 

HS variety was purchased from Tianxia Agricultural and Sideline 
Products and Distribution Department, China. L. casei LC-122 was 
bought from Synbio Tech Inc. (Taiwan) and stored at 4 ◦C until use. 
Reagents and chemicals including potassium bromide (KBr), saline 
phosphate buffer (PBS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), Folin- 
Ciocalteu reagent, sodium carbonate (Na2CO3), pure CA standard, 
gallic acid standard and de Man, Rogosa and Sharpe (MRS) agar used 
were bought from Sinopharm Chemical Reagent Co., Limited (China). 

2.1. HS flour preparation 

HS variety was pulverized with a hammer crusher (FC160; 380v 
50hz, Shanghai traditional Chinese medicine machinery factory, China) 
and further sieved (65-inch, 0.25 mm bore diameter, Shaoxing Shangyu 
Huafeng hardware instruments Co., Ltd, China) into fine flour of particle 
size 0.25 mm. The final flour was bagged in zip-lock rubber in weights of 
150 g and stored (− 20 ◦C) for further studies. 

2.2. Inoculum preparation 

Lactobacillus casei LC122 was activated in MRS broth at 37 ◦C for 24 h 
(Li et al., 2020). The culture was centrifuged (Ruijiang RJ-TDL-50A, 
China) at 4000×g for 10 min (Feng et al., 2018). The supernatant was 
discarded and the bacterium cells rinsed in 0.10 % sterile saline (NaCl) 
solution. The inoculum concentration was estimated with a hemocy
tometer (version XB-K-250, Jianling Medical Device Co., China) and 
adjusted to 109 CFU/mL with 0.10 % sterile saline solution (Kwaw et al., 
2017). The obtained suspension was used as starter culture or inoculum 
for SSF. 

2.3. SSF of HS variety 

Distilled water was added to 10 g HS flour (on dry matter basis) to 
obtain moisture contents of 20, 30 and 40 % in a 250 mL conical flask. 
The contents were mixed thoroughly and autoclaved for 15 min at 
121 ◦C (Li et al., 2020). The mixture (after cooling to 25 ◦C) was 

inoculated with L. casei (1, 3 and 5%) containing cell population of 109 

CFU/g, mixed thoroughly and then cultured at 30, 40 and 50 ◦C in a 
microbial incubator (SPX-250, Jintanshizhongdayiqichang, China) for 
0, 24 and 48 h under static aerobic conditions. All fermented samples 
were stored (− 20 ◦C) for further analysis. 

2.4. Screening of SSF conditions using Plackett-Burman design (PBD) 

PBD is used to screen significant variables from a multivariable 
system and to provide a basis for further optimization (Guo et al., 2018). 
In this study, PBD was used to screen the significant SSF factors out of 
five factors namely temperature, pH, incubation time, inoculation size 
and liquid to solid ratio, marked by the symbols; A, B, C, D and E 
respectively which might affect SSF process for maximum CA yield 
extraction. The study design comprised of a two [low (− 1) level and 
high (+1) level] factorial design set to find the important parameters for 
the CA extraction through screening “n” different parameters in “n+1” 
[includes midpoint (0) level] experiments, giving 13 runs of indepen
dent experimental combinations. The main effect was computed as a 
difference between the average measurements of each parameter at the 
high (+1) and low (− 1) levels. PBD was established on a first-order 
polynomial model: 

Y = β0 +
∑5

i=1
βiXi (1)  

where Y = response, β0 = model intercept and βi = variable estimates 
(Karlapudi et al., 2018; Plackett and Burman, 1946). 

2.5. Optimization of selected screened SSF conditions with Box-Behnken 
design (BBD) 

The optimization of SSF conditions for CA extraction was achieved 
with Response Surface Methodology (RSM). Using BBD, the effect of the 
respective factors or parameters on the CA extraction was evaluated 
having CA yield, fermentation efficiency and DPPH as the dependent 
variables. The four important SSF conditions [pH (X1), IT (X2), IS (X3) 
and L–S ratio (X4)] selected by PBD were optimized using BBD for 
maximum CA yield extraction from HS variety. A BBD of four-factor- 
three-level (comprising of 29 experimental runs: 24 factorial and 5 
mid runs) was applied based on preliminary experiments of A 
(30–50 ◦C), B (5–7), C (0–96 h), D (1–5%) and E (0.25–1.50). A second- 
order polynomial model was fitted to correlate the relationship of each 
factor to the response. The equation was: 

Y = β0 +
∑3

(i=1)

β1Xi +
∑2

i=1

∑3

(j=i+1)

βijXiXj +
∑3

(i=1)

βiiXi
2 (2)  

Where Y = predicted response variable, β0 = intercepts, βi = linear 
regression coefficients, βii = second-order regression coefficients and βij 
= interaction regression coefficients, all estimated by the model and Xi 
and Xj = values of the independent variables. The overall Desirability 
Index (DI) was the basis for selection of the optimized parameters ac
cording to the relation: 

DI =

[
∏3

i=1
di(yi)

]1 /

3

(3)  

Where di = DI (0 to 1) for the dependent variable and yi = response. 

2.6. Preparation of standard CA solution 

The method of Adane et al. (2019) was used for the preparation of 
the standard solution and validated against Beer-Lambert’s law. 
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2.7. DPPH assay 

The antioxidant activity of the raw HS flour (RHSF) and L. casei 
fermented HS (LCFHS) extracts against DPPH was performed using the 
method described by Haida and Hakiman (2019). Briefly, aliquots of 
1 mL RHSF and LCFHS extracts were added to 2 mL of 1 mM methanolic 
dilution of DPPH (1 × 10− 3 M). The mixture after vortexing, was incu
bated in the dark for 30 min at 37 ◦C and absorbance taken at 517 nm 
against a blank in a UV-1600 spectrophotometer (Beijing Rayleigh 
analytical instrument, Beijing, China). The results were expressed in 
μmol ascorbic acid equivalents per gram (μmol AA eq/g) dry sample 
using ascorbic acid standard curve generated under same conditions. 
The linear range for ascorbic acid standard was 12.50–800.00 μg/mL 
( r2 = 1.00). 

2.8. Total phenolic acids (TPA) determination 

TPA was determined by adhering to the method reported by Haida 
and Hakiman (2019). Briefly, 1 mL of LCFHS was added to 9 mL of 
distilled water in a test tube. Then, 1 mL of Folin–Ciocalteu phenol re
agent was added to it and the mixture, by using a vortex, was mixed 
thoroughly. After 5 min, 10 mL of 7% sodium carbonate was added. 
Next, 4 mL of distilled water was added and the mixture was adjusted to 
25 mL of final volume. The reaction mixture was incubated for 90 min at 

room temperature, and the absorbance was measured at 750 nm in a 
UV-1600 spectrophotometer (Beijing Rayleigh analytical instrument, 
Beijing, China). The TPA were expressed as mg of gallic acid equivalents 
per gram of LCFHS. A standard curve for gallic acid (as standard) in 
methanol was prepared using different concentrations (100–700 μg/ml). 

2.9. CA determination 

CA determination was done based on an advanced procedures 
(Adane et al., 2019). CA concentration was calculated against the 
standard solution using Beer Lambert’s Law at the maximum wave
length (λmax = 325 nm). CA and %CA contents of RHSF and LCFHS 
samples were calculated with Eq. (4) (Wondimkun et al., 2016) and Eq. 
(5) respectively: 

CA content (mg) =
[ conc (mg/L) ] × [total sample volume (mL) ]2

[measured sample volume (mL) ] × 1000
(4)  

%CA (w
/

w%) =
[ calculated mass of CA (mg) ]
[mass of sample measured (mg) ]

× 100% (5)  

2.10. Direct extraction of CA in raw (unfermented) HS variety 

40 mg of sieved HS flour was weighed and dissolved in 30 mL 

Fig. 1. Pareto chart for CA yields (a), fermentation efficiency (b), TPA (c), and DPPH (d) of LCFHS. Parameters with t-values greater than 2.035 (the critical value) 
were regarded significant statistically. 
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distilled water in a 100 mL beaker. The solution was stirred for half an 
hour using magnetic stirrer (model C-MAG HS 7 S025, IKA, Germany) 
and heated (at 40 ◦C) to increase the solubility of CA in solution. The 
solution was filtered through double-loop qualitative filter paper 
(NO.1568, Ge Biotechnology Co., Ltd, China) to get rid of particles from 
solution. The filtrate containing CA was collected and measured to 
obtain volume of the sample extract. The absorbance of the measured 
sample extract was taken at 325 nm using UV-1601 spectrophotometer 
(Beijing Rayleigh Analytical Instrument Co. Ltd, China). CA and %CA 
were computed with Eqs. (4) and (5). 

2.11. Fourier transform infrared (FTIR) analysis 

FTIR spectroscopy was applied to determine the structure of LCFHS 
and RHSF samples according to the method of Musa et al. (2019). 

2.12. Scanning electron microscopy (SEM) and Atomic force microscopy 
(AFM) analysis 

The SEM method described by Musa et al. (2019) was used to study 
the structure of LCFHS and RHSF samples. The topography of LCFHS and 
RHSF samples were determined with the method outlined by Dabbour 
et al. (2020). 

2.13. Statistical analysis 

The experimental designs, as well as the statistical analysis for the 
optimization was achieved using Design Expert Software (version 
11.0.5.0, STAT-EASE, Inc., Minneapolis, USA). The variables were 
screened using MINITAB v18.1 software (Minitab Inc., Pennsylvania, 
USA). The model accuracy was assessed using: The P-test, the coefficient 

of variation (CV), the lack of fit test, and the coefficient of determination 
(R2) represented at p < 0.05, 0.01 and 0.001. All experimental analyses 
were performed in triplicates and data processed with MS Excel 2016 
(Microsoft Corporation, Redmond, WA, USA). All graphs were con
structed using OriginPro version 2018 (OriginLab Corporation, North
ampton, MA, USA). The values were expressed as mean ± standard 
deviation and Tukeys’ test was used for comparison of the means at p < 
0.05. 

3. Results and discussion 

3.1. Effect of SSF conditions on CA extraction 

IT had a positive t-value effect on CA yield and fermentation effi
ciency, indicating that increasing IT increased CA yield and fermenta
tion efficiency. A negative t-value effect was obtained for IS on CA yield 
and fermentation efficiency suggesting that increasing IS decreased CA 
yield and fermentation efficiency. This implied that as the IS increased, 
the t-value of effect showed a significant opposing effect on CA yield and 
fermentation efficiency. Suggestive that a longer IT increased CA yield 
as it gave L. casei, optimum period for adaptation to the conditions of the 
fermenting medium, resulting in proliferation, and in turn degradation 
of the cell walls of the HS to release considerable quantity of CA during 
fermentation (Su et al., 2018). Mostly, hydroxycinnamic acids exist in 
linked-form with cell walls, however, the soluble compounds are mainly 
located inside the plant vacuoles (Santos da Silveira et al., 2019). Both IT 
and IS exhibited negative t-value effect for DPPH. Only IT showed a 
significant positive t-value effect for TPA. L–S ratio also had a negative 
t-value effect for DPPH. This meant that, the t-value of effect exhibited a 
decreasing significant influence on DPPH as the L–S ratio increases. This 
indicated that increasing L–S ratio decreases DPPH, resulting in 

Fig. 2. Response surface and contour plots of interactive effects of pH, incubation time, inoculation size and liquid-solid ratio on the CA yield of HS variety.  
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reduction in antioxidant activity of the LCFHS through oxidation of 
antioxidant compounds (Kaprasob et al., 2017) dependent on the syn
ergetic and redox interactions among the different compounds present 
in HS. 

The positive t-value of effect obtained for IS on TPA indicated that 
increasing IS, increased TPA, due to the attainment of exponential phase 
at a short time (Rodríguez de Olmos et al., 2017) with higher activity to 
release more CA from breaking of the bond between CA and oligosac
charides and/or polysaccharides into free CA through enzymatic 
degradation (with enzymes produced by L. casei) of the oligosaccharides 
and crude proteins in HS during fermentation (Dulf et al., 2016; Kap
rasob et al., 2017; Su et al., 2018). For DPPH, increasing IT and IS 
decreased the antioxidant activity of LCFHS. This perhaps was as a result 
of degradation of CA (Heo et al., 2020), therefore, decreasing the actual 
quantity of CA extracted after fermentation. The statistical importance 
was determined with a Pareto chart using absolute t-value. The limit line 
from the Pareto chart (Fig. 1), was used to determine the extremely 
significant (Bonferroni limit line), significant (above t-value limit line) 
and insignificant (below t-value limit line) constants of different factors 
to viscerally establish significant factors (Guo et al., 2018; Zhou et al., 
2018). Both IT and IS were extremely significant for Bonferroni limit line 
for CA yield and fermentation efficiency (Fig. 2; a and b). Similar 
findings were reported. For example, Panesar et al. (2010), in optimizing 
the process conditions for efficient lactose conversion (in whey) to L(+) 
lactic acid, found IT and IS to be significant for the process, and achieved 
maximum lactic acid (33.72 g/L) at IT of 37 ◦C and IS of 2–4% (v/v). IS, 
IT, L–S ratio and pH were all extremely significant for DPPH. However, 
none of the parameters was extremely significant for TPA (Fig. 1c) with 
the t-value of effect below the Bonferroni limit line (used as the 
threshold for factor selection). Though, IS was significant for TPA, the 
model for TPA was not significant (F value of 1.70). This suggested that 
TPA was not, probably, a good response indicator for evaluating the 

effects of the SSF conditions for CA extraction from HS variety hence was 
not used in further experiments. 

The t-value limit line (the t-value above 2.04) depicted significance 
of factor for that response (Fig. 1; a – d). In all the responses, t-value of 
temperature was below 2.04 (the t-value limit line). The t-value of effect 
of temperature was therefore not significant enough even though it 
increased. Relative to the IT, IS, pH and L–S ratio, the influence of 
temperature on the various responses was insignificant. Correspond
ingly, IT, IS, pH and L–S ratio were thoroughly considered as the sig
nificant SSF conditions for further experiments. Nevertheless, 
temperature, the insignificant factor was also investigated. In fermen
tation, microorganisms produce enzymes that hydrolyze the substrate to 
produce specific metabolite. Enzymatic activities are affected by tem
perature; thus, temperature promotes or inhibits production of a 
particular metabolite. Best temperature for lactic acid bacteria growth 
differs between the genus (20–45 ◦C), however, 30 to 45 ℃ was reported 
optimal for L. casei (Panesar et al., 2010; Qi and Yao, 2007). Regulation 
of temperature is therefore important for high efficiency of L. casei to 
produce desired result. The results showed that a relatively mid tem
perature (40 ◦C) might help in increasing the interaction between HS 
and L. casei and hence, enhance responses. 

3.2. Fitting models for extraction of CA from HS variety under SSF 
method 

From the BBD analysis, the results obtained showed that pH (X1), IT 
(X2), IS (X3) and L–S ratio (X4) significantly influenced the DPPH, the 
fermentation efficiency of L. casei and the yield of CA extracted from the 
HS variety under SSF technique (Table 1). In finding an appropriate 
model for the CA yield, fermentation efficiency and DPPH (dependent 
variables), the results revealed the quadratic models with R2 values 
above 99.30 % indicatory of less than 1% (only 0.70 %) of the total 

Table 1 
BBD matrix with experimental design and data for the extraction of CA by SSF technique for one experimental block with Lactobacillus casei.  

Run 

Fermentation parameters (actual and coded values) Responsec 

pH IT (h) IS (%) L–S ratio 
CA yield (mg/g) Fermentation efficiency (%) DPPH (μmol AA eq/g dry sample) 

X1 X2 X3 X4 

1 5.00 (-1) 48.00 (+1) 3.00 (0) 0.46 (0) 5.30 ± 0.12 24.97 ± 0.52 73.19 ± 0.27 
2 5.00 (-1) 24.00 (0) 5.00 (+1) 0.46 (0) 6.41 ± 0.14 26.44 ± 0.57 73.82 ± 0.35 
3 6.00 (0) 24.00 (0) 3.00 (0) 0.46 (0) 5.38 ± 0.07 22.30 ± 0.28 55.90 ± 0.21 
4 6.00 (0) 24.00 (0) 1.00 (-1) 0.25 (-1) 5.49 ± 0.06 26.66 ± 0.25 69.62 ± 0.13 
5 6.00 (0) 0.00 (-1) 1.00 (-1) 0.46 (0) 5.17 ± 0.08 24.37 ± 0.32 59.77 ± 0.36 
6 6.00 (0) 24.00 (0) 3.00 (0) 0.46 (0) 5.40 ± 0.09 22.33 ± 0.36 53.94 ± 0.37 
7 6.00 (0) 24.00 (0) 5.00 (+1) 0.25 (-1) 3.85 ± 0.09 23.29 ± 0.39 71.90 ± 0.67 
8 7.00 (+1) 24.00 (0) 5.00 (+1) 0.46 (0) 3.92 ± 0.04 25.73 ± 0.18 77.44 ± 0.39 
9 5.00 (-1) 24.00 (0) 3.00 (0) 0.25 (-1) 4.70 ± 0.03 28.86 ± 0.11 75.40 ± 0.58 
10 7.00 (+1) 24.00 (0) 3.00 (0) 0.25 (-1) 4.84 ± 0.14 24.42 ± 0.60 75.43 ± 0.62 
11 5.00 (-1) 24.00 (0) 3.00 (0) 0.67 (+1) 6.28 ± 0.13 26.28 ± 0.56 76.85 ± 0.45 
12 6.00 (0) 24.00 (0) 3.00 (0) 0.46 (0) 5.18 ± 0.06 22.10 ± 0.25 53.89 ± 0.08 
13 6.00 (0) 48.00 (+1) 5.00 (+1) 0.46 (0) 4.00 ± 0.20 25.61 ± 0.83 71.48 ± 0.47 
14 7.00 (+1) 24.00 (0) 3.00 (0) 0.67 (+1) 4.64 ± 0.04 30.59 ± 0.16 72.58 ± 0.22 
15 6.00 (0) 0.00 (-1) 5.00 (+1) 0.46 (0) 6.36 ± 0.08 26.61 ± 0.35 60.78 ± 0.62 
16 7.00 (+1) 0.00 (-1) 3.00 (0) 0.46 (0) 5.44 ± 0.11 25.04 ± 0.46 67.49 ± 0.51 
17 6.00 (0) 0.00 (-1) 3.00 (0) 0.25 (-1) 4.29 ± 0.10 27.93 ± 0.43 72.59 ± 0.63 
18 6.00 (0) 48.00 (+1) 1.00 (-1) 0.46 (0) 5.57 ± 0.10 25.26 ± 0.42 57.36 ± 1.16 
19 6.00 (0) 0.00 (-1) 3.00 (0) 0.67 (+1) 6.78 ± 0.10 27.40 ± 0.43 53.93 ± 1.56 
20 7.00 (+1) 24.00 (0) 1.00 (-1) 0.46 (0) 6.05 ± 0.08 24.43 ± 0.32 63.83 ± 1.21 
21 5.00 (-1) 0.00 (-1) 3.00 (0) 0.46 (0) 6.39 ± 0.11 30.08 ± 0.48 62.12 ± 1.17 
22 5.00 (-1) 24.00 (0) 1.00 (-1) 0.46 (0) 4.99 ± 0.08 25.07 ± 0.32 71.69 ± 1.17 
23 6.00 (0) 24.00 (0) 5.00 (+1) 0.67 (+1) 6.01 ± 0.05 29.12 ± 0.20 77.36 ± 1.14 
24 6.00 (0) 48.00 (+1) 3.00 (0) 0.25 (-1) 5.08 ± 0.09 25.22 ± 0.36 59.47 ± 0.70 
25 6.00 (0) 24.00 (0) 3.00 (0) 0.46 (0) 5.45 ± 0.03 22.35 ± 0.11 55.72 ± 0.85 
26 6.00 (0) 24.00 (0) 3.00 (0) 0.46 (0) 5.19 ± 0.04 23.12 ± 0.19 55.70 ± 0.77 
27 6.00 (0) 24.00 (0) 1.00 (-1) 0.67 (+1) 4.77 ± 0.00 23.53 ± 0.00 63.43 ± 0.81 
28 7.00 (+1) 48.00 (+1) 3.00 (0) 0.46 (0) 4.62 ± 0.03 29.33 ± 0.11 63.48 ± 0.47 
29 6.00 (0) 48.00 (+1) 3.00 (0) 0.67 (+1) 4.13 ± 0.01 29.11 ± 0.04 76.16 ± 0.84 

X1 = pH; X2 = IT: Incubation time; X3 = IS: Inoculation size; X4 = L–S ratio: Liquid-solid ratio. 
C : Data were mean values (x3). 
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factors of the respective responses were not explained by their quadratic 
models (Table 2). Likewise, their adjusted R2 values above 98.70 % 
revealed elimination of insignificant terms in their models and signified 
an excellent correlation between the independent variables (Khan and 
Tripathi, 2011; Mintah et al., 2020). Accordingly, their lack of fits 
(p-value = 97.96 %, 94.17 %, 99.89 % for CA yield, fermentation effi
ciency and DPPH respectively), indicated the credibility and good fitness 
of their models with CA yield ranged from 
3.85 ± 0.09–6.78 ± 0.10 mg/g, fermentation efficiency from 
22.10 ± 0.25–30.59 ± 0.16 % and DPPH from 
53.89 ± 0.08–77.44 ± 0.39 μmol AA eq/g dry sample. Relative to their 
pure errors and fitness of their models, their lack of fits were insignifi
cant, an indication of sufficient models (Mintah et al., 2020). The 
analysis of variance (ANOVA) results indicated highly significant 
(p < 0.0001) quadratic models. Consequently, indicative of their ability 
to appropriately explain real relationship between the respective 
response variables and their experimental factors (Dabbour et al., 2018; 
Mintah et al., 2020). Their coefficient of variation (CV) values less than 
1.60 confirmed the reliability and reproducibility of the experiments for 
the response variables (Mintah et al., 2020). Furthermore, the results 
established the accuracy of the experimental models. The BBD data 
therefore fitted well and was an excellent adequacy second-order poly
nomial regression equation model for the responses (Table 1). 

3.3. Effect of variables on CA yield of HS variety 

Table 1 displayed the BBD used to predict CA yield from HS variety. 
It showed that pH (X1), IT (X2), IS (X3) and L–S ratio (X4) had significant 
influence on CA yield extracted from the HS variety. To eliminate the 
insignificant variables, ANOVA was used, which gave X1, X2, X3, X4, 

X1X3, X1X4, X2X3, X2X4, X3X4 X1
2 and X4

2 as the important variables. The 
simplified model showed highly significant effect (p < 0.0001) of the 
four SSF parameters on CA yield by the 2nd order polynomial regression 
equation as follows: 

CA (mg/g) = 5.32 − 0.38X1 − 0.48X2 − 0.12X3 + 0.36X4 − 0.89X1X3

− 0.45X1X4 − 0.69X2X3 − 0.86X2X4 + 0.72X3X4 + 0.076X1
2

− 0.26X4
2

(6) 

Display of the relationship between factor and its dependent vari
ables is the indispensable function of RSM (Bi et al., 2014; Guo et al., 
2018). This was evident by keeping one parameter at zero-level (Fig. 2; a 
– f). All the factors (pH, IT, IS and L–S ratio) significantly contributed to 
the linear model. Except the quadratic effects of X2 and X3 which were 
not significant, that of X1 and X4 significantly contributed to the 
quadratic model. Also, the interactive effects of all the factors with the 
exception of pH and IT (X1X2) were significant. This information might 
be relevant to the industry regarding influence or importance of two 
factor combinations on CA yield in SSF extraction processes. The 
maximum CA yield (6.78 ± 0.10 mg/g) was obtained at pH = 6.00, IT =
0.00 h, IS = 3.00 % and L–S ratio = 0.67 whilst the minimum CA yield 
(3.85 ± 0.09 mg/g) was at pH = 6.00, IT = 24.00 h, IS = 5.00 % and L–S 
ratio = 0.25. The high CA yield obtained by this SSF technique was in 
agreement with report of Rodríguez de Olmos et al. (2017), that SSF 
process gives higher yield of products. The RSM also confirmed that 
when pH, IT, and IS values were fixed, L–S ratio had a positive effect on 
CA yield (increased L–S ratio resulted in increased CA yield). The reverse 
was obtained for the rest of the factors. That is, for fixed values of IT, IS 
and L–S ratio, pH had a negative effect on CA yield and same 

Table 2 
ANOVA, regression analysis and optimal conditions for CA extraction from HS variety by SSF with L. casei.  

Source 
CA yield (mg/g) Fermentation efficiency (%) DPPH (μmol AA eq/g dry sample) 

F-value p-value F-value p-value F-value p-value 

Model 183.50 < 0.0001*** 155.98 < 0.0001*** 377.32 < 0.0001*** 
Linear       
X1 = A: pH 251.28 < 0.0001*** 5.00 0.0422* 37.48 < 0.0001*** 
X2 = B: IT 396.77 < 0.0001*** 3.99 0.0656 NS 136.43 < 0.0001*** 
X3 = C: IS 26.83 0.0001*** 59.93 < 0.0001*** 505.46 < 0.0001*** 
X4 = D: L–S ratio 229.72 < 0.0001*** 99.74 < 0.0001*** 3.83 0.0705 NS 

Interactions 
AB 2.64 0.1263 NS 283.92 < 0.0001*** 155.57 < 0.0001*** 
AC 456.89 < 0.0001*** 0.016 0.9019 NS 90.16 < 0.0001*** 
AD 114.87 < 0.0001*** 246.01 < 0.0001*** 12.65 0.0032* 
BC 276.17 < 0.0001*** 11.48 0.0044** 117.58 < 0.0001*** 
BD 429.01 < 0.0001*** 62.77 < 0.0001*** 854.89 < 0.0001*** 
CD 300.70 < 0.0001*** 257.96 < 0.0001*** 92.85 < 0.0001*** 
Quadratic 
A2 5.41 0.0356* 505.37 < 0.0001*** 1963.64 < 0.0001*** 
B2 0.36 0.3600 NS 489.59 < 0.0001*** 20.72 0.0005** 
C2 2.16 0.1638 NS 27.29 0.0001*** 674.18 < 0.0001*** 
D2 65.64 < 0.0001*** 567.20 < 0.0001*** 1582.76 < 0.0001*** 
Fitting statistics 
Lack of fit 0.21 0.9796 NS 0.31 0.9417 NS 0.091 0.9989 NS 

R2 0.9946  0.9936  0.9974  
Adjusted R2 0.9892  0.9873  0.9947  
Predicted R2 0.9837  0.9785  0.9938  
Adeq. Precision 49.827  39.291  53.133  
C.V. % 1.590  1.08  0.91  
Standard Dev. 0.083  0.28  0.60  
Optimization equations 
CA yield (mg/g) = 5.32 − 0.38X1 − 0.48X2 − 0.12X3 + 0.36X4 + 0.067X1X2 − 0.89X1X3 − 0.45X1X4 − 0.69X2X3 − 0.86X2X4 + 0.72X3X4 + 0.076X1

2 + 0.02X2
2 − 0.048X3

2 −

0.26X4
2  

Fermentation efficiency (%) = 22.44 − 0.18X1 − 0.16X2 + 0.62X3 + 0.8X4 + 2.35X1X2 − 0.018X1X3 + 2.19X1X4 − 0.47X2X3 + 1.11X2X4 + 2.24X3X4 + 2.46X1
2 + 2.42X2

2 + 0.57X3
2 +

2.61X4
2  

DPPH (μmol AA eq/g dry sample) = 55.03 − 1.07X1 + 2.04X2 + 3.92X3 − 0.34X4 − 3.77X1X2 + 2.87X1X3 − 1.07X1X4 + 3.28X2X3 + 8.84X2X4 + 2.91X3X4 + 10.52X1
2 + 1.08X2

2 +

6.16X3
2 + 9.44X4

2  

*, ** and *** denote significance at p < 0.05, p < 0.01 and p < 0.001 respectively while NS denotes not significant. 
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observations obtained for IT and IS when the values of the other factors 
were held fixed respectively. The increase of L–S ratio, IS and IT and 
decreasing of pH increased the CA yield by increasing the proliferation 
and efficiency of L. casei for significant increase of CA extraction. The 
negative effect of pH, IT and IS on CA yield and the opposite shown by 
L–S ratio was displayed by the perturbation plot. Perturbation plot 
confirmed that an increase in L–S ratio resulted in a gradual rise of CA 
yield and echoed RSM. Desirability curve was used to obtained the op
timum CA yield (8.80 ± 0.08 mg/g). Thus, CA yield of 8.72–8.89 mg/g 
was selected as the most desirable. 

3.4. Effect of variables on fermentation efficiency of L. casei on HS 
variety 

The effect of the quadratic (RSM) model, variables and their in
teractions on fermentation efficiency of L. casei (Fig. 3; a – f) was 
illustrated by ANOVA. The fermentation efficiency values were signifi
cantly influenced by X1, X3, X4, X1X2, X1X4, X2X3, X2X4, X3X4, X1

2, X2
2, X3

2 

and X4
2. Consequently, the model was reduced to: 

Fermentation efficiency (%) = 22.44 − 0.18X1 + 0.62X3 + 0.8X4 + 2.35X1X2

+ 2.19X1X4 − 0.47X2X3 + 1.11X2X4

+ 2.24X3X4 + 2.46X1
2 + 2.42X2

2 + 0.57X3
2

+ 2.61X4
2

(7) 

The credibility of this model was confirmed by the R2 value (99.36 
%) and the lack-of-fit test (94.17 %) (Table 2). As evident by the results, 
pH and IT (X1X2), pH and L–S ratio (X1X4), IT and IS (X2X3), IT and L–S 
ratio (X2X4) and IS and L–S ratio (X3X4) contributed significantly to the 
interactive effect. A synergetic effect on fermentation efficiency was 
attained with increasing of X2 and decreasing of X3. The results also 
revealed significant contribution of X1, X3 and X4 to the linear equation. 

The contour and 3-D response surface (RS) plots for fermentation effi
ciency (Fig. 3; a – f) indicated that the fermentation efficiency first 
decreased gradually with increasing pH, IT and L–S ratio to a threshold 
level, then increased steadily as the factors increased beyond this level. 
This could be that the conditions for growth of L. casei was not favour
able when pH, IT and L–S ratio were below the threshold level. However, 
as the factors increased beyond the threshold level, the optimum con
ditions (especially L–S ratio) for proliferation of L. casei were attained 
and their activity increased leading to the high fermentation efficiency 
obtained after the threshold level. This is in agreement with the report of 
Guo et al. (2018), which found that increasing L–S ratio increases 
nutrient substance in medium for microbial cells utilization and 
enhanced activity. Increased fermentation efficiency 
(22.10 ± 0.25–30.59 ± 0.16 %) was obtained among the different var
iables. A negative effect of pH and IT and a positive effect of L–S ratio 
and IS on fermentation efficiency was revealed by the perturbation plot. 
The curve of IS (curve C) from the perturbation plot, exhibited a slightly 
steeper continual increase relative to the rest (curves A, B and D). The 
results indicated that the fermentation efficiency was noticeably influ
enced by IS. This result was in similitude with previous studies (Rodrí
guez de Olmos et al., 2017), which found exponential growth phase of 
lactobacilli strains with higher efficiency at a shorter SSF hours when 
inoculum concentration or size was increased. Thus, IS and L–S ratio 
were two crucial factors for the fermentation efficiency of L. casei. 

3.5. Effect of variables on DPPH of HS variety 

The BBD used for the prediction of DPPH of HS variety was depicted 
in Table 1. The significant variables that had effects on DPPH were X1, 
X2, X3, X1X2, X1X3, X1X4, X2X3, X2X4, X3X4, X1

2, X2
2, X3

2 and X4
2, obtained 

from the ANOVA results. Accordingly, the simplified model was: 

Fig. 3. Response surface and contour plots of interactive effects of pH, incubation time, inoculation size and liquid-solid ratio on the fermentation efficiency of 
HS variety. 

N.D.K. Akpabli-Tsigbe et al.                                                                                                                                                                                                                  



Industrial Crops & Products 168 (2021) 113565

8

DPPH (μmol AA eq
/

g dry sample) = 55.03 − 1.07X1 + 2.04X2 + 3.92X3

− 3.77X1X2 + 2.87X1X3 − 1.07X1X4

+ 3.28X2X3 + 8.84X2X4 + 2.91X3X4

+ 10.52X1
2 + 1.08X2

2 + 6.16X3
2

+ 9.44X4
2

(8) 

The model credibility was justified by the R2 value (99.74 %) and a 
lack-of-fit test of 99.89 % (Table 2). The 3-D RS and contour plots (Fig. 4; 
a – f) were developed to examine the interaction between the factors as 
well as to determine the ideal conditions to achieve a maximum DPPH. 
The interactive effect of all the factors was significant. DPPH increased 
with increased IT (Fig. 4; e) while L–S ratio was fixed. Similar obser
vation was obtained when IS was held at zero (0-level) and IT increased. 
This indicated that IT had a more noticeable effect on DPPH than the 
other variables. The perturbation plot confirmed it. Dulf et al. (2016) 
reported that SSF increases total phenolic compounds which contributes 
to antioxidant activity. They found increased total phenolics under SSF 
with R. oligosporus (greater than 30 %) and A. niger (greater than 21 %). 
Soybean is a good source of antioxidant comprising of isoflavones, 
genistein, daidzein, flavonoids and phenolic acids (Nam et al., 2014; 
Zamindar et al., 2017). However, Nam et al. (2014) stated that the 
antioxidant activity of soybean correlates with total phenolics and iso
flavones positively. The observed increase in DPPH with respect to IT 
might be due to enzymatic hydrolysis (with carbohydrate degrading 
enzymes produced by L. casei) of phenolic conjugates (bonded to sugar 
moieties, organic acids, amines and lipids) to increase the concentration 
of free phenolics during SSF (Dulf et al., 2016). The fermentation of the 
HS variety with L. casei using SSF technology could enhance the re
covery of valuable hydro- and lipophilic compounds positively (Dulf 
et al., 2016), liberating free polyphenols and increasing the antioxidant 

activity as the IT and IS increased. Rodríguez de Olmos et al. (2017) 
reported similar results. 

3.6. Optimization and verification of the predictive model 

The main goal of this method was to estimate the levels of inde
pendent variables to give maximum CA yield, fermentation efficiency 
and DPPH values. The responses (CA yield, fermentation efficiency and 
DPPH) were optimized with Design Expert version 11.0.5.0. Desirability 
function method was applied to optimize the selected SSF conditions 
(pH, IT, IS and L–S ratio) with the response parameters set to maximum. 
According to Granato and Ares (2014), desirability function sets a score 
(ranging from 0 to 1) to responses and selects parameter settings that 
increase the score for the optimization of conglomerate responses. The 
optimum SSF conditions for CA extraction from HS variety using L. casei 
were determined to obtain the maximum CA yield, fermentation effi
ciency and DPPH. The predicted optimum SSF conditions were 
pH = 5.02, IT = 11.52 h, IS = 5.00 % and L–S ratio = 0.67 from the 
desirability function settings and the maximum CA yield, fermentation 
efficiency and DPPH achieved were 8.80 ± 0.08 mg/g, 31.29 ± 0.28 % 
and 77.45 ± 0.60 μmol AA eq/g dry sample respectively. The desir
ability of the results obtained was 1.00. Verification tests were per
formed with the obtained SSF conditions to investigate and verify the 
reliability of the results. Both the relative errors and the residual stan
dard errors obtained for the predicted and experimental values were less 
than 5% (Boateng et al., 2020; Boateng and Yang, 2021). This showed 
that the model was adequate and precise (Granato and Ares, 2014). 

3.7. CA yield and antioxidant activity of raw and fermented HS variety 

The results of the optimized SSF conditions for CA extraction from 

Fig. 4. Response surface and contour plots of interactive effects of pH, incubation time, inoculation size and liquid-solid ratio on the DPPH of HS variety.  
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LCFHS sample and direct extraction of CA from RHSF sample were 
shown in Fig. 5 (a and b). Noticeable, significant (p < 0.05) improve
ment of CA yield and antioxidant activity measured by DPPH method 
was obtained for the SSF process. The CA yield and antioxidant activity 
obtained by the direct extraction process from the RHSF sample were 
1.62 ± 0.53 mg/g and 10.57 ± 0.21 μmol AA eq/g dry sample respec
tively. Whilst the CA yield and antioxidant activity of the LCFHS under 
the optimized SSF conditions were 8.80 ± 0.08 mg/g and 77.45 ± 0.60 
μmol AA eq/g dry sample respectively. Relative to the direct extraction 
process, the CA yield and the DPPH obtained for the optimized SSF 
conditions increased by 5.43-fold (with extraction efficiency of 550 %) 
and 7.33-fold respectively. These results agreed with that of Rodríguez 
de Olmos et al. (2017) and Dulf et al. (2016). Furthermore, the extrac
tion efficiency (550 %) obtained in this study was higher than that (6.70 
%) of Li et al. (2005) obtained in ultrasound aided extraction of CA from 

Eucommia ulmodies Oliv, and 400 % reported by Santos da Silveira et al. 
(2019) for SSF of coffee pulp. In addition, the liquid medium (water) 
used for the extraction is less expensive, making the application of the 
process cost-effective at the pilot- or industrial-scale level. As a result, 
the study outcome proved that the optimized SSF conditions are very 
useful for application in the food, pharmaceutical and cosmetic in
dustries for high CA yield production with improved antioxidant 
activity. 

3.8. Effect of SSF on the morphology of HS variety 

SEM and AFM analyses were performed to study the changes that 
occurred in the microstructure (pellets size, cell size, shape, density and 
homogeneity) of the RHSF after SSF with L. casei at the optimized con
ditions. Fig. 5; c and d showed the micrographs of RHSF and LCFHS 

Fig. 5. CA (a) and DPPH (b) contents, SEM and AFM micrographs of raw HS flour (RHSF) and Lactobacillus casei fermented HS (LCFHS).  
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samples. The results revealed the effect of the optimized SSF conditions 
on the morphology of the HS variety. The RHSF sample exhibited 
discrete and aggregated spherical and/or irregular granules with smaller 
sizes and smooth surfaces shown in Fig. 5; c. However, in the LCFHS 
micrograph (Fig. 5; d), agglomerated fragments that were irregular in 
shape and size with a part scattered were observed, possibly due to the 
SSF process affecting microstructure of the HS. The micrograph of 
LCFHS sample was significantly different from that of RHSF sample. The 
results were consistent with that of Sulieman et al. (2019) which found 
polysaccharide flour fermented by Agaricus bisporus with agglomerated 
fragments that were irregular in shape and size and Liu et al. (2016) who 
reported agglomerated particles with a part scattered and irregular 
shapes of polysaccharide from cultivated fruit bodies and mycelium of 
Cordyceps militaris. SEM images of LCFHS sample enlarged to ×1000 
times showed that the surface topography was rough with pits in the 
chain structure. Furthermore, the microstructures of LCFHS sample 
(Fig. 5; d) were looser and more characterized by continuous structures 
with irregular granules. This resulted from the breakdown of cell walls 
and bonds between molecules, shown by a number of empty areas 
compared to RHSF sample (Fig. 5; c). Thus, led to the release of more 
free CA, hence the observed increase obtained in the LCFHS sample 
(Santos da Silveira et al., 2019; Su et al., 2018). Overall, factors which 
influenced the morphological properties of LCFHS sample were granule 
sizes and shape, which may be due to the fermentation process. The 
change in the structure of RHSF and LCFHS samples were further 
confirmed with AFM analysis. AFM topographic images give more ob
servations such as 3-D height, distribution/size, and number/shape of 
particles of molecules. The topography of RHSF exhibited a regular 
reticulate structure. (Fig. 5; e). While in the LCFHS, loosed 
non-reticulate structure and irregular large-sized particles was observed. 
(Figs. 5; f). Furthermore, the height and number of LCFHS particles 
reduced compared to RHSF sample. The particles of LCFHS also showed 
scattered and partially destroyed micropores. The results showed that 
SSF exhibited significant effect on the structural alterations of the HS 
variety. 

3.9. Effect of SSF on FTIR of HS variety 

The FTIR spectra for the RHSF and LCFHS samples investigated were 
presented in Fig. 6. Spectral trend similarities and peak shifts between 
both samples were observed. The changes or shifts in cellulose, hemi
cellulose and lignin peak positions were used to analyze the extent of 
structural changes in the cell wall of the RHSF and LCFHS samples 
examined. The glucose sugar polymers, cellulose and hemicellulose 
absorption peak position of RHSF sample at approximately 918 cm− 1 

was changed in LCFHS sample to a band position of approximately 
893 cm− 1 owing to β-glycosidic linkages (Fakayode et al., 2020). The 
above large change in the peak locations observed was significant and 
revealed that the glucose sugar polymers, cellulose and hemicellulose 
structures of the cell wall of the HS variety were broken-down after the 
SSF. This probably led to the release of more, free CA contributing to the 
high CA content mentioned in section 3.7. Both samples had peaks at 
approximately 1056 and 1067 cm− 1 respectively representing the C–O 
stretching vibration of the cellulose, hemicellulose, and lignin of the cell 
wall of HS variety. Absorption peaks at approximately 1157 and 
1155 cm− 1 for RHSF and LCFHS samples respectively were character
istic of C–O–C asymmetrical-stretching vibration of cellulose and 
hemicellulose (Li et al., 2018). The lignin absorption peak position in 
RHSF sample at approximately 1237 cm− 1 was changed to approxi
mately 1242 cm− 1 in LCFHS sample, typical of C–O–C alkyl aryl ether 
bond (Loow et al., 2017). Also, there were small but noticeable ab
sorption peaks at approximately 1364 cm− 1 for RHSF sample and 
1368 cm− 1 for LCFHS sample attributed to CH3 symmetrical angular 
vibration in cellulose and hemicellulose (Li et al., 2018). The band peaks 
observed at approximately 1400 and 1442 cm− 1 (for RHSF sample) and 
1402 and 1453 cm− 1 (for LCFHS sample) were due to the bending vi
brations of the symmetrical CH2 groups in cellulose (Loow et al., 2017). 
In comparison with the RHSF sample, the slight shift of its peak at 
approximately 1545 to 1546 cm− 1 (in LCFHS sample) after the 
fermentation process signified the aromatic skeletal C––C vibration in 
lignin aromatic ring. This showed that the SSF release significant 
amounts of phenolics (Loow et al., 2017). The large transmittance peak 
at approximately 1656 cm− 1 for both samples were attributed to COOH 
groups stretching vibration in lignin, cellulose and hemicellulose aro
matic ring (Li et al., 2018). Similarly, same peaks position at approxi
mately 1745 cm− 1 were obtained for both samples, depicting the 
presence of C––O stretching vibration of ester groups in hemicellulose 
(Loow and Wu, 2018). The change in the locations of lignin, cellulose 
and hemicellulose between the samples indicated structural alterations 
in the cell wall of the HS variety. These alterations were attributed to the 
effect of SSF, which caused breakage in the interactions between the 
lignin, cellulose and hemicellulose sequences and the other linkage 
bonds in the cell wall structure of the HS variety. 

4. Conclusion 

A two-step optimization process of SSF was established through HS 
engineering with L. casei to extract CA with high yield, fermentation 
efficiency, and antioxidant activity (DPPH). The LCFHS sample dis
played higher CA yield (5.43-fold) and DPPH (7.33-fold) than RHSF 
sample. The experimental data compared very well with the predicted 
values; suggestive that the selected RSM (BBD) model was successfully 
applied for SSF of HS variety to extract high CA yield with improved 
antioxidant activity. The AFM, FTIR and SEM results established the 
effectiveness of the optimized SSF conditions on the breakdown of the 
cell wall of HS. Desirability function was 1.00, depicting the adequacy, 
precision and acceptability of the model. The use of HS for CA extraction 
therefore competes with the best dietary sources of CA, opening up a 
way for efficient commercial application of HS for CA extraction. 
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