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A B S T R A C T

As crop straws provide enormous lignocellulose resources convertible for renewable biofuels and valuable bio
products, an efficient biomass saccharification is thus considered as the critical step for biochemical conversion. 
Although plant proteins have been applied as active biosurfactants for blocking lignin interaction with 
lignocellulose-degradation enzymes, little is yet reported about their distinct roles from different plant sources in 
entire lignocellulose process. In this study, we examined that the co-supplies of soybean seed and leaf proteins 
could consistently enhance enzymatic saccharification of diverse lignocelluloses substrates from physical and 
chemical pretreatments with mature straws in three representative bioenergy crops (rice, corn, Miscanthus). By 
performing yeast fermentation with enzymatic hydrates, the seed protein samples showed the bioethanol yields 
increased by 25 %-38 %, whereas the leaf protein samples had the bioethanol ones reduced by 31 %-48 %. 
However, both seed and leaf protein supplies improved the Lactobacillus paracasei fermentations for lactic acid 
yields raised by 11 %-61 %. Furthermore, the lignocellulose residues retained from ethanol and lactic acid 
fermentations were ultimately characterized as active biosorbents for cadmium (Cd2+) adsorption, but only leaf 
protein samples showed significantly increased adsorptive capacities. Notably, this study attempted to sort out 
the mechanisms about how the seed and leaf protein supplies could significantly enhance biomass enzymatic 
saccharifications for either consistently improved lactic acid conversions or contrastively affected bioethanol 
fermentations, thereby providing a green-like strategy selective for the optimal bioethanol and lactic acid pro
duction and heavy metal adsorption with zero-biomass release.

1. Introduction

Lignocellulosic biomass, the most abundant renewable carbon 
source on earth, possesses transformative potential for partially replac
ing fossil fuels via production of biofuels (Oshikata et al., 2024). Its 
utilization aligns with global decarbonization strategies, particularly 

through integrated biorefineries such as co-production of renewable 
bioethanol and valuable biochemical such as lactic acid (Pei et al., 2024; 
Yang et al., 2018). However, the inherent recalcitrance of lignocellulose, 
which is mainly determined by lignin content, cellulose crystallinity and 
hemicellulose crosslinking, imposes a critical limitation on biomass 
enzymatic saccharification and subsequent fermentation capacity 
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(Wang et al., 2015). Physical and chemical pretreatments partially 
address such challenge by weakening the lignocellulose matrix and 
making it more susceptible to enzymatic attack, but they are substan
tially energetic costs and environment burdens (Kaur et al., 2023; Zhang 
et al., 2023b). This thus necessitates the development of sustainable 
additives that enhance bioconversion without intensifying process 
severity.

Given the green-like pretreatment is efficient and sustainable (Zhang 
et al., 2023b), it is principally required to minimize energy consumption 
and also to eliminate the use of harmful chemicals. The uses of additives 
such as non-ionic surfactants (Tween 20 and 80), polymers (poly
ethylene glycol, PEG 6000) and non-catalytic proteins (bovine serum 
albumin, BSA; soybean protein; Amaranthus protein; milk protein) have 
drastically increased the enzymatic hydrolyses of cellulose microfibrils 
into fermentable sugar (Brethauer et al., 2011; Eriksson et al., 2002; 
Florencio et al., 2016; Hiltunen et al., 2024; Kapu et al., 2012; Kristensen 
et al., 2007; Kumar and Wyman. 2009; Madadi et al., 2021; Yang and 
Wyman, 2006). These additives could interact with the lignin of pre
treated lignocellulose as lignin blockers and detoxifiers, thus preventing 
the non-productive adsorption between cellulose and lignin or dissoci
ating hemicellulose (Huang et al., 2022; Jin et al., 2016; Madadi et al., 
2023). Among those surfactants, soybean protein stands out as a 
promising cost-effective selection, because it is abundant, easy to obtain 
and much cheaper than others (Klein-Marcuschamer et al., 2012). 
Despite the soybean protein has been recently examined for distinctively 
enhancing biomass enzymatic saccharification in pretreated bamboo, 
eucalyptus and pine (Luo et al., 2019), much is unknown about the roles 
of different soybean protein sources in biomass saccharification for 
bioethanol and biochemical conversions.

As lignin-rich residues are retained from biomass saccharification 
and biofuel conversion, they are considered to generate highly-valuable 
bioproducts with zero-biomass release into the environment (Xu et al., 
2021). Particularly, desirable lignocellulose-derived substrates are 
directly employable as green and economical biosorbents for removals 
of heavy metals from pollutant water and other resource (Mei et al., 
2023). Since cadmium (Cd) is one of major heavy metals contaminated 
in agriculture and industry locations worldwide (Rasheed et al., 2024; 
Xia et al., 2021), it remains to examine the lignin-rich residues from 
lactic acid fermentation for Cd adsorption.

As soybean seed protein is a major source for human food and animal 
feed, plant leaves offer a promising alternative for improving biomass 
enzymatic saccharification (Madadi et al., 2021). In this study, we 
respectively extracted the proteins from soybean seeds and leaves, and 
examined their optimal dosages supplements for enhancing enzymatic 
saccharification of distinct lignocellulose substrates in three major bio
energy crops (rice, corn, Miscanthus) after different pretreatments were 
conducted (Fig. S1). By performing yeast fermentation with enzymatic 
hydrates, we found a contrastive impact on sugar-ethanol conversion 
between the seed and leaf protein samples, and also detected their 
distinct enhancements of sugar-lactic acid conversions via Lactobacillus 
paracasei fermentation. Furthermore, we collected all lignocellulose 
residues from the ethanol and lactic acid fermentations to examine their 
divergent adsorption capacities with cadmium (Cd2+) (Zhang et al., 
2025). Therefore, this study is aimed to sort out how soybean seed and 
leaf proteins play distinct roles in biomass enzymatic saccharification, 
bioethanol and lactic acid fermentation productivity and heavy metal 
removal capacity, providing a green-like strategy selective for cascading 
optimal enhancements of lignocellulose degradation, cellulosic ethanol 
and lactic acid conversion, and biosorbent adsorption with zero-biomass 
release.

2. Materials and methods

2.1. Collection of biomass samples

The lignocellulose samples of three representative crops (rice/Oryza 

sativa L./NPB; corn/Zea mays L./B73; Miscanthus/ M. sacchariflorus/ 
Msa01) were respectively collected from the Experimental Fields of 
Huazhong Agricultural University. All biomass samples were dried at 
60℃, cut into small pieces, screened by a 40-mesh sieve and stored in a 
dry container until in use.

2.2. Soybean seed and leaf protein extraction

For soybean seed protein extraction, the seeds were dried and 
crushed through a 60-mesh sieve to obtain powder sample. At a solid- 
liquid ratio of 1:10, distilled water was added to the powder for disso
lution, and the protein was extracted by the alkali precipitation and acid 
extraction method as previously described (Souza et al., 2016). For 
soybean leaf protein extraction, fresh leaves were homogenized in a 1:5 
ratio with acetate buffer (0.2 mol/L Na-acetate, pH 4.8), centrifuged at 
4000 g for 5 min to collect the supernatant, and the protein was 
extracted using the alcohol precipitation method as described 
(Yoshikawa et al., 2012).

2.3. Biomass pretreatments

For H2SO4 pretreatments, the well-mixed biomass powder samples of 
rice, corn and Miscanthus were respectively treated with 6 mL H2SO4 
(1.0 %, w/v) at 120 ℃ for 20 min. After centrifugation at 3000 g for 
5 min, all supernatants were collected for hexoses and pentose assay as 
previously described (Alam et al., 2019; Gu et al., 2021).

For NaOH pretreatments, the well-mixed biomass powder samples 
were respectively incubated with 6 mL NaOH at different concentrations 
(0.5 %, 1.0 %, 4 %; w/v) under 150 r/min shaken at 50℃ for 2 h. After 
centrifugation at 3000 g for 5 min, all supernatants were collected for 
hexoses and pentose assay as described (Hu et al., 2018; Zhang et al., 
2013).

Liquid hot water (LHW) pretreatments: The well-mixed biomass 
powder samples were placed in a 25 mL reactor and supplemented with 
2.4 mL distilled water. The LHW pretreatment processes were conducted 
at 200℃ for 16 min. After the reaction, all supernatants were collected 
for hexoses and pentose assay as described (Chen et al., 2022).

2.4. Biomass enzymatic hydrolysis co-supplied with soybean proteins

Pretreated biomass residues were incubated with 1.6 g/L mixed- 
cellulase enzymes (HSB) with final concentrations of cellulases at 
10.60 FPU/g biomass and xylanase at 6.72 U/g biomass with 5 % (w/v) 
solid loading, while co-supplied with various concentration of soybean 
proteins (0 %, 8 %, 12 %, 16 %, 20 %; w/w) (Gao et al., 2021). The 
hydrolysis reactions were performed at 50℃ for 48 h under 150 rpm 
shaken. The released hexose and pentose were measured by anthro
ne/H2SO4 and orcinol/HCl methods, respectively as described (Zhang 
et al., 2023b). A standard curve for hexose assay was established using 
anhydrous glucose based on the equation: 

Hexose yield (% cellulose) =
hexose content (%)

cellulose content (%)
× 100% 

Because the high pentoses level of the biomass sample can affect the 
absorbance reading at 620 nm for hexoses content, the deduction from 
pentoses reading at 660 nm was conducted for final calculation of 
hexoses level. All assays were accomplished under independent 
triplicate.

2.5. Yeast fermentation and ethanol measurement

Yeast (Saccharomyces cerevisiae) strain (Angel Yeast Co., Ltd., 
Yichang, China) was used in all ethanol fermentation reactions. The 
yeast powder was suspended in pH 4.8 phosphate buffer to achieve the 
final concentration of 0.5 g/L in all fermentation tubes, and the 
fermentation was performed at 37℃ for 48 h (Fan et al., 2022). After 
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fermentation solution was distilled, the ethanol concentration was 
estimated by K2Cr2O7 method under independent triplicate (Fan et al., 
2022). Absolute ethanol (99.9 %) was used as the standard and the 
ethanol level was calculated according to the equation: 

Ethanol yield (% dry matter) =
actual ethanol mass (g)

sample mass (g)
× 100% 

2.6. Lactic acid fermentation and lactate measurement

The enzymatic hydrates were sterile and adjusted to pH 5.5, and then 
inoculated with 10 % (v/v) Lactobacillus paracasei (provided by the 
Fermentation Engineering Laboratory, Huazhong Agricultural Univer
sity) at 37℃ for 36 h. The lactic acid yield was accounted using the P- 
hydroxybiphenyl method at independent triplicate as previously 
described (Zhang et al., 2024). Standard lactic acid was used as the 
control and all assays were accomplished at independent triplicate.

2.7. Protein binding assay

Protein binding assay was conducted as previously described 
(Henshaw et al., 2004) with minor modification. About 0.036 g soybean 
protein was incubated with 0.3000 g commercial lignin in 6 mL 
0.2 mol/L Na-acetate buffer (pH 4.8). After shaken at 50℃ for 5 min, the 
samples were centrifuged at 4000 g for 5 min to collect unbound protein 
in supernatant, and the SDS-PAGE separation was conducted as 
described (Madadi et al., 2021). All binding assays were accomplished at 
independent triplicate.

2.8. Contact angle analysis and Zate potentiometric measurement

Commercial lignin and soybean protein (12 %, w/v) were incubated 
at 50℃ for 15 min and dried to prepare the samples for water contact 
angle analysis using an automatic contact angle meter (100WDSA25, 
Life Technologies/ABI, Stockholm, USA) (Stadler et al., 2003). Each 
sample was examined three times, and the average contact angle value 
was calculated. The zeta potential of the adsorbed supernatant was 
determined by a dynamic light scattering (DLS) analyzer (Zetasizer 
Nano ZS, Malvern Instruments, Malvern, UK) equipped with laser 
Doppler microelectrophoresis (Luo et al., 2019). The samples were 
filtered by 0.45 µm syringe membranes (Millipore, Billerica, MA, USA) 
for analysis and deionized water was used for background correction. All 
measurements were performed under independent triplicate.

2.9. Fermentation of standard glucose co-supplied with soybean protein

Ethanol fermentation: 12 % (w/v) soybean protein was respectively 
added with 8 % and 32 % (w/v) glucose, and inoculated with yeast 
strain at 37℃ for 48 h. The OD600 values of yeast cells during a time- 
course growth (0, 4, 8, 16, 32, and 48 h) were determined at 600 nm, 
and the ethanol yield was estimated by K2Cr2O7 method (Fan et al., 
2022). All experiments were accomplished under independent triplicate.

Lactic acid fermentation: 12 % soybean protein was respectively 
added with 5 % and 10 % (w/v) glucose, and inoculated with Lactoba
cillus paracasei at 37℃ for 48 h. The OD600 values of yeast cells during a 
time-course growth (0, 4, 8, 16, 32, and 48 h) were determined at 
600 nm, and the lactic acid was determined by P-hydroxybiphenyl 
method (Zhang et al., 2024). All assays were accomplished under in
dependent triplicate.

Fig. 1. Biomass saccharification enhanced by different dosages of soybean seed and leaf proteins supplements by accounting for hexoses yields (% cellulose) released 
from enzymatic hydrolyses of mature straws in rice, corn and Miscanthus after NaOH pretreatments at different concentrations. (a) Soybean seed protein supply; (b) 
Soybean leaf protein supply. Data as means (n = 3) and bar as standard deviation (SD).
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Fig. 2. Ethanol production by yeast fermentations using sugars released from 
enzymatic hydrolyses of mature straws in three crops co-supplied with 12 % 
soybean seed and leaf proteins. Data as means ± SD (n = 3); */**/***As sig
nificant difference between the protein-supplied sample and control (without 
protein supply) by student’s t-test at p < 0.05/0.01/0.01 level; # As increased 
percentage in the protein-supplied sample relative to the control.
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2.10. Cd2+ adsorption assay

The lignocellulose residues were obtained as biosorbents samples 
from pretreatment, enzymatic hydrolysis and fermentation after 
distilled water washing and drying at 50℃. Batch adsorption experi
ments of Cd(NO3)2 were performed for 4.0 h at room temperature with 

150 rpm shaking as previously described (Xu et al., 2021). After reac
tion, the residual Cd2+ levels was determined by flame atomic adsorp
tion spectrophotometer (FAAS HITACHI Z-2000, Japan) (Zhang et al., 
2023c). All experiments were accomplished at independent triplicate. 
The amount of adsorption at equilibrium qe (mg/g) and the percentage 
removal efficiency (%R) were calculated as previously described (Vo 
et al., 2020).

2.11. Amino acids assays of soybean proteins

Amino acid compositions of soybean seed and leaf proteins were 
determined by Biochrom 30 + Amino Acid Analyzer (UK) as described 
(Andini et al., 2013), and Fourier transform infrared (FTIR) spectros
copy was applied to detect chemical bands of soybean proteins as 
described (Tintor et al., 2024).
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Fig. 3. Mass balance analyses of biomass processes in three crops for bioethanol production.

Table 1 
Comparison of hexoses and ethanol yields achieved from soybean protein supply 
and other additives.

Additives Biomass Increasing 
rate 
of hexose 
yield (%)

Increasing 
rate 
of ethanol 
yield (%)

Ref.

Seed proteins Rice 18 %a 38 %b This study
Cationic kraft 

lignin
Corn 12 % - (Xu et al. 

2023)
Sophorolipid Sugarcane 

bagasse
18 % - (Xu et al. 

2021)
Peptone Rice 14 % - (Hu et al. 

2015)
Soy skim Corn - 20 % (Sekhon 

et al. 2015)
Bovine serum 

albumin
Rice - 14 % (Wang et al. 

2014)
Surfactant Wheat 14 % - (Cui et al. 

2011)
Tween-80 Green 

coconut
- 34 % (Ribeiro 

et al. 2024)
Silwet L-77 Miscanthus 24 % - (Sun et al. 

2020)

aAs increased rates of hexoses yield (% cellulose) and b ethanol yield (% dry 
matter) compared to the control (without additives); - As unavailable data.

Table 2 
Estimation of total ethanol yields enhanced by soybean seed proteins supply at 
large scale.

Protein 
supply

Protein 
weight (kg/ha)

Ethanol yield (kg)

Rice Corn Miscanthus

Control 0 37.12 41.72 52.72
+Seed protein 1084.48 797.10 

(24.5 fold)#
806.14 
(19.3 fold)

849.51 
(16.1 fold)

Soybean seed yield at 2711.2 kg/ha/year and seed protein content at 40 % 
(FAO. 2023. Production: Soya bean, total. FAOSTAT Database. Accessed 15 July 
2024; Kataria et al., 2019); #Enhanced fold relative to the control (without 
protein supply).
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2.12. Characterization of crop straws and lignocellulose residues

Wall polysaccharides levels of crop straws were determined by per
forming fractionation of cell walls and total lignin contents were 
measured by the two-step acid hydrolysis method according to the 
Laboratory Analytical Procedure of the National Renewable Energy 
Laboratory as previously described (Jin et al., 2016). Both anthro
ne/H2SO4 and orcinol/HCl methods were used to measure total 

hemicelluloses levels, whereas the anthrone/H2SO4 was applied to 
determine cellulose content. The lignocellulose residues for Cd2+

adsorption were characterized by Brunauer-Emmett-teller (BET), scan
ning electron microscopy (SEM) and Fourier transform infrared (FTIR) 
spectroscopy as previously described (Ramrakhiani et al., 2017; Zhang 
et al., 2025).

2.13. Statistical calculation

Statistical analyses were performed using SPSS 27.0 (IBM Corp., 
Chicago, IL). Spearman’s rank correlation analysis (two-tailed, 
*p < 0.05, **p < 0.01, ***p < 0.001) was accomplished to assess re
lationships between variables. Variation and regression analyses were 
conducted in Origin 2021 (Origin Lab, Northampton, MA) to generate 
best-fit curves based on experimental data. All analyses were performed 
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Fig. 5. Mass balance analyses of biomass processes in three crops for lactic acid production.

Table 3 
Estimation of total lactic acid yields enhanced by soybean proteins supply at 
large scales.

Protein 
supply

Protein 
weight (kg/ha)

Lactic acid yield (kg)

Rice Corn Miscanthus

Control 0 33.64 39.99 60.60
+Leaf protein 69.82 84.71 

(2.5 fold)
167.92 
(4.2 fold)

174.32 
(2.9 fold)

+Seed protein 1084.48 1337.53 
(39.8 fold)#

1796.63 
(44.9 fold)

2608.19 
(43.0 fold)

Soybean leave fresh weight at 6.82 g/plant/year and total leave fresh weight at 
375,000 kg/ha/year for leave protein at 2557.5 kg/ha/year and leave protein 
content at 2.73 % (Feng et al., 2019; Mandal et al., 2009); Soybean seed yield at 
2711.2 kg/ha/year and seed protein content at 40 % (FAO. 2023. Production: 
Soya bean, total. FAOSTAT Database. Accessed 15 July 2024; Kataria et al., 
2019); #Enhanced fold relative to the control (without protein supply).
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using mean values derived from replicate measurements for each trait 
pair.

3. Results and discussion

3.1. Optimal soybean protein supply for remarkably enhanced biomass 
saccharification

To evaluate soybean seed and leaf proteins roles in biomass enzy
matic saccharification, this study performed our previously-established 
alkali pretreatments with mature straws of three bioenergy crops (rice, 
corn, Miscanthus) distinctive at lignocellulose compositions and total 
extractable carbohydrates levels (Table S1) (Alam et al., 2019; Madadi 
et al., 2021). The rice and corn straws contained relatively high 
extractable-carbohydrates, suggesting that partial pectin and hemicel
lulose should be initially extracted from lignocellulose fractionation 
procedure, whereas Miscanthus straw contained high lignocellulose from 
lignin-rich stem tissue. As three crop straws provided diverse lignocel
lulose substrates, they should be favour for investigating two types of 
soybean proteins impacts on biomass enzymatic saccharification. We 
then measured the hexoses yields (% cellulose) released from enzymatic 
hydrolyses of pretreated lignocelluloses using the commercial 
mixed-cellulases co-supplied with different dosages of soybean proteins 
(Fig. 1). As a result, all six samples showed the highest hexoses yields 
from either 12 % seed protein supply or 12 % leaf protein, suggesting a 
similar enhancement role from seed and leaf proteins. As a comparison, 
three bioenergy crops showed different hexoses yields from both seed 
and leaf protein supplies, being accountable for their distinct lignocel
lulose recalcitrant properties as previously examined (Alam et al., 2019; 
Zhang et al., 2023a, 2023b).

To further test soybean protein enhancement role, this study 

Fig. 6. Characterization of soybean proteins as biosurfactant for lignin blocking. (a) SDS-PAGE detection of lignin and protein adsorption; (b) Zeta potential reduced 
from lignin interaction with soybean proteins relative to the control (without protein), Data as means ± SD (n = 3); (c) Contact angles reduced from lignin inter
action with soybean protein; Total protein from commercial soybean protein.

Table 4 
Amino acids compositions of soybean seed and leaf proteins.

Categories of amino acids

Seed protein Leaf protein

Essential amino acid
Thr 25.23(3.93 %) 13.64 (5.25 %)#

Val 26.64 (4.15 %) 15.12 (5.82 %)
Met 9.00 (1.40 %) 3.91 (1.50 %)
Ile 27.31 (4.25 %) 12.78 (4.92 %)
Leu 47.37 (7.38 %) 20.74 (7.98 %)
Phe 34.59 (5.39 %) 15.13 (5.82 %)
Lys 39.66 (6.18 %) 16.50 (6.35 %)
Nonessential amino acid
Asp 73.91 (11.51 %) 29.56 (11.37 %)
Ser 34.30 (5.34 %) 16.31 (6.27 %)
Glu 137.82 (21.46 %) 38.58 (14.84 %)
Gly 26.27 (4.09 %) 13.36 (5.14 %)
Ala 25.73 (4.01 %) 13.10 (5.04 %)
Cys-Cys 9.72 (1.51 %) 7.12 (2.74 %)
Tyr 26.59 (4.14 %) 13.95 (5.37 %)
His 16.12 (2.51 %) 5.14 (1.98 %)
Arg 51.09 (7.96 %) 14.11 (5.43 %)
Pro 30.77 (4.79 %) 10.88 (4.19 %)

# Highlighting the amino acid levels of leaf and seed proteins are different at 
> 1 %.
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employed the optimal dosages of seed and leaf proteins (12 %) into the 
enzymatic hydrolyses of diverse lignocellulose substrates after three 
different pretreatments (acid, alkali and liquid hot water) were con
ducted in three bioenergy crops. Although the three pretreatments could 
distinctively extract hemicellulose and lignin for producing diverse 
pretreated-lignocellulose substrates as previously reported (Sun et al., 
2020; Xu et al., 2012; Zhang et al., 2013), both seed and leaf proteins 
supplies could significantly increase the hexoses yields by 12 %-40 % 
compared to the controls (without protein supply) at p < 0.05 and 0.01 
level (n = 3), except the 0.5 % NaOH pretreated-lignocellulose of Mis
canthus supplied with leaf protein (Fig. S2). In addition, the corn straw 
had the highest hexoses yields, whereas the Miscanthus stalk remained 
the lowest hexoses yields, reconfirming a distinct recalcitrant property 
in three bioenergy crops. Meanwhile, soybean seed and leaf protein 
significantly affected the hexoses yields, suggesting its potential as a 
viable alternative to conventional chemical active agents.

3.2. Contrastive impact on bioethanol conversion from seed and leaf 
protein supply

As a consequence, this study performed classic yeast fermentation as 
our previously established to achieve bioethanol production using all 
hexoses released from enzymatic hydrolyses in three bioenergy crops co- 
supplied with seed and leaf proteins. As a result, the three crop samples 
with seed protein supplies respectively showed the bioethanol yields at 
8.83 %, 8.92 %, and 9.40 %, and particularly, the bioethanol yields of 
rice and corn samples were significantly higher than those of the control 
samples (without protein supply) by 38 % and 25 % at p < 0.001 and 
0.01 level (n = 3) (Fig. 2), which were accountable for their enhanced 
biomass saccharification examined. By contrast, the leaf protein supplies 
caused significantly reduced bioethanol yields by 31 %-47 % in three 

crop samples compared to the control ones, suggesting that the lead 
protein solution should contain much more toxic compounds that inhibit 
yeast fermentation (Jönsson and Martín, 2016). These inhibitors are 
primarily derived from weak aliphatic acids, furanaldehydes, phenolic 
and aromatic compounds from leaf protein extraction, which have been 
examined with toxicity to microbial fermentation (Jönsson and Martín, 
2016; Suckling et al., 2017). On the other hands, the bioethanol con
version enhanced with seed protein supplies could be explained by its 
binding ability with toxic compounds (such as furanaldehydes and 
phenolic) in the hydrolysates through hydrophobic interactions and 
hydrogen bonding, thereby reducing the toxicity of the hydrolysates 
(Ebrahimi et al., 2025; Le Bourvellec and Renard, 2012). Based on the 
preceding ethanol fermentation data, the scaled mass balance assay 
further revealed high hexose-ethanol conversion rates from the seed 
protein supply, whereas much reduced conversion rates were examined 
in the leaf protein samples (Fig. 3).

Notably, this study found that the seed protein supply could even 
more increase hexose and ethanol yields compared to the other bio
surfactants as previously reported (Table 1). For instance, in the study by 
Xu et al. (2023), the enzymatic hydrolysis efficiency of corn stalks 
increased by 11.62 % at a solid content of 10 % (w/v) after 24 h with 
2 g/L JLQKL50. By comparison, the addition of 12 % soybean seed 
protein in this study improved the enzymatic hydrolysis efficiency of 
rice straw by 18 %. Similarly, (Kataria et al., 2019), reported a 20 % 
increase in ethanol yield with the addition of soy skin, whereas this 
study observed a substantially greater increase of 38 % with soybean 
seed protein. Compared with other reported biosurfactants, the addition 
of soybean seed protein resulted in a higher ethanol yield, suggesting its 
significant potential for application. Further compared with chemical 
surfactants (Tween-80, SilwetL-77), the soybean proteins showed rela
tively less enhancement of biomass saccharification, but had higher 
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Fig. 7. Characterization of ethanol and lactic acid fermentations using standard glucose co-supplied 12 % soybean seed protein. (a, b) Yeast cell growths with 8 % 
and 32 % glucose, control without seed protein; (c, d) Ethanol yield and conversion rate; (e, f) Lactobacillus paracasei cell growths with 5 % and 10 % glucose; (g, h) 
Lactic acid yield and conversion rate; Data as means ± SD (n = 3); * and ** As significant difference between the protein-supplied sample and control (without 
protein supply) by student’s t-test at p < 0.05 and 0.01 level; # As increased percentage in the protein-supplied sample relative to the control.
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ethanol conversion, suggesting that seed protein supply should cause 
less inhibitory compounds of yeast fermentation (Lu et al., 2025; Sun 
et al., 2020). For bioeconomic benefit, this study also calculated the total 
seed protein yields collected from soybean cultivation per year (Kataria 
et al., 2019), which enabled the bioethanol yields to be increased by 
16–25 folds from biomass processes of three bioenergy crops on large 
scales, compared to the controls without seed protein supplies (Table 2). 
Thus, the soybean seed protein supply caused a cascading enhancement 
of biomass saccharification and bioethanol productivity. In addition, as 
soybean seed protein can be extracted from the byproduct of soybean oil 
production, the seed protein supply should have economic benefits in 
biomass saccharification and biofuel production.

3.3. Consistently improved lactic acid conversion from soybean protein 
supply

By employing the hexoses released from enzymatic hydrolyses of 
three bioenergy crops co-supplied with seed and leaf proteins, this study 
conducted lactic acid fermentation by Lactobacillus paracasei (Fig. 4). 
Consistently, both seed and leaf protein supplies caused significantly 
higher lactic acid yields than those of the controls by 11 %-61 % in three 
bioenergy crops at p < 0.01 and 0.001 levels (n = 3). Notably, the leaf 
protein supply could even result in relatively higher lactic acid yields 
than the seed protein supply, in particular for corn process, which was 
quite different from the yeast fermentation showing a reduced ethanol 
production from the leaf protein supply examined above. Among three 
crop samples supplied with leaf proteins, the Miscanthus sample yielded 
the highest lactic acid concentration at 10.68 g/L, being consistent with 

its highest bioethanol yield with seed protein supply. The scaled mass 
balance analyses further confirmed a relatively higher hexoses-lactic 
acid conversion rate from leaf protein supply from the corn and Mis
canthus processes (Fig. 5). As soybean leaves are available from diverse 
sources, the leaf protein supply should be of economic benefit from 
biomass saccharification and lactic acid fermentation. Furthermore, this 
study estimated that total lactic acid yields could be raised by 2.5–4.2 
folds by leaf protein supply from soybean growth per year per hectare 
(Feng et al., 2019; Mandal et al., 2009), whereas the seed protein supply 
on large scale enabled the lactic acid yields to be increased by 40–45 
folds (Table 3). Hence, both seed and leaf proteins supplies should be of 
specifically advantages for enhancing lactic acid production, compared 
to the ethanol conversion as examined above.

3.4. Mechanism of cascading enhancements for biomass saccharification 
and conversion

As plant proteins have been characterized as the biosurfactants that 
interact with lignin to maintain cellulases unblocked for enhancing 
biomass enzymatic saccharification (Madadi et al., 2021), this study 
performed a classic adsorption assay between soybean proteins and 
standard lignin substrates in vitro (Fig. 6). Based on SDS-PAGE profiling, 
all proteins of three samples (12 % seed protein, 12 % leaf protein, 
commercial total soybean proteins) could be almost precipitated down 
from lignin adsorption, retaining non-detectable proteins in the super
natants (Fig. 6a). By incubating different dosages of soybean protein 
(8 %-20 %) with lignin substrates, we examined drastically reduced zeta 
potential values relative to the control without protein supply (Fig. 6b), 

Fig. 8. Characterization of the biosorbents obtained from ethanol and lactic acid fermentation residues for Cd²+ adsorption. (a) Cd²+ adsorption capacity with the 
ethanol-fermentation residues; (b) Cd²+ adsorption capacity with the lactic acid-fermentation residues; (c, d) FTIR profiling of biosorbents; (e, f) SEM observations of 
residues surfaces of lactic acid fermentation; Data as means ± SD (n = 3); */**/***As significant difference between the protein-supplied sample and control 
(without protein supply) by student’s t-test at p < 0.05/0.01/0.01 level; # As increased percentage in the protein-supplied sample relative to the control.
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indicating an active interaction between soybean protein and lignin 
substrate.

However, the seed protein samples had much lower zeta potential 
values than those of the leaf protein samples, suggesting that the lignin 
substrate should be much more blocked with the seed protein. These 
findings were validated by reduced contact angles from lignin interac
tion with soybean protein, and the seed protein supply remained lower 
contact angle (50.5o) than the leaf protein supply did (54.2o) (Fig. 6c), 
suggesting that the seed protein was of more effective interaction with 
lignin to be accountable for its more enhanced biomass saccharification 
compared to the leaf protein.

To understand seed and leaf protein interactions with lignin sub
strates, this study determined their amino acid compositions (Table 4) 
and also observed their FTIR profiling (Fig. S3; Table S2). As a result, the 
seed protein contained relatively higher proportions of charge amin 
acids (Glu, Arg) and lower proportions of hydrophobic amino acids (Gly, 
Ala) than those of the leaf protein, and different FTIR peaks were 
observed in the two sources of proteins, which should be the major cause 
accounting for the seed and leaf proteins interactions with lignin sub
strates to some different degrees examined (Dong et al., 1990; Ganim 
et al., 2008; Stani et al., 2020). In addition, as seed protein was rich at 
charge amino acids, it may facilitate its interactions with toxic com
pounds to reduce inhibition of yeast fermentation as described above.

Meanwhile, this study detected that both seed and leaf protein sup
plies could not specifically affect cellulose enzymatic hydrolyses 
(Fig. S4). By incubating the standard glucose substrates at optimal and 
sufficient dosages, this study found that the optimal seed protein supply 

(12 %) could not significantly affect yeast cell growths and ethanol 
fermentation, but it remarkably enhanced Lactobacillus paracasei cell 
growths by 2-fold for significantly increased lactic acid yields at 
p < 0.05 and 0.01 levels (n = 3) accounting for glucose-lactic acid 
conversion rates raised by 5 % and 17 % relative to the controls (without 
protein supply), respectively (Fig. 7), suggesting that the soybean pro
tein may involve in Lactobacillus paracasei biochemical metabolism for 
enhanced cell growth. However, it remains to explore how soybean 
protein could improve Lactobacillus paracasei growth for high lactic acid 
fermentation in the future. Taken all together, the soybean protein could 
not only enhance biomass enzymatic saccharification by specifically 
blocking lignin, but it should also improve Lactobacillus paracasei growth 
for cascading improvement of lactic acid fermentation.

3.5. Ultimate improvement of Cd2+ adsorption capacity from 
fermentation residues

As a green-like biomass process, this study collected all biomass 
residues retained from ethanol and lactic acid fermentations as con
ducted above, and then directly detected their adsorptive capacities 
with Cd2+ by using previously-established methods (Madadi et al., 2021; 
Ramrakhiani et al., 2017; Zhang et al., 2025, 2023c). As a result, the 
control residues (without protein supply) and the seed protein samples 
were of similar Cd2+ adsorption capacities from both ethanol and lactic 
acid fermentations (Fig. 8a, b). As a comparison, the leaf protein samples 
showed significantly increased Cd2+ adsorptions at p < 0.01 and 0.001 
levels (n = 3) with increased rates of 2 %-11 % from ethanol 

Fig. 9. Brunauer-Emmett-Teller (BET) analyses of two biosorbents samples obtained from ethanol and lactic acid fermentation residues. (a) Barret-Joyner-Halenda 
(BJH) adsorption micropore distribution; (b) BET specific surface area; (c) Total pore volume; (d) Average pore size.
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fermentation and 8 %-113 % from lactic acid fermentation.
To understand why the leaf protein samples were of significantly 

higher Cd2+ adsorptive capacities, we presented the FTIR profiling 
among six residues samples examined, and the leaf protein samples 
exhibited more altered peaks characteristic for the functional chemical 
groups that may associate with Cd2+ adsorption such as C-O-C, C-H, 
C––C, C––O (Fig. 8c, d) (Baum et al., 2017; Ong et al., 2020; Sun et al., 
2015; Wang et al., 2015; Zhou et al., 2017). Meanwhile, the leaf protein 
samples displayed much rougher surfaces than those of the controls from 
both ethanol and lactic acid fermentations (Fig. 8e, f; Fig. S5). Because 
the rough faces are favour for Cd2+ loading and interaction, it should 
explain why the resides of leaf protein sample was of high Cd2+

adsorption.
Notably, this study conducted Brunauer-Emmett-Teller (BET) assay, 

and the leaf protein sample showed remarkably improved porosity than 
the control sample (Fig. 9a). As a comparison, the leaf protein sample 
had the surface area increased by 191 %, with the pore volume and size 
raised by 25 % and 48 %, respectively (Fig. 9b-d), which should provide 
the direct evidence to support for the upgraded Cd2+ adsorption ca
pacity examined in the leaf protein sample.

As the BET and FTIR data are accountable for improved physical and 
chemical interactions with Cd2+ in the leaf samples compared to the 
seed protein and control samples, it remains to explore Cd2+ adsorption 
isotherm and kinetic models in the future. More importantly, despite the 
residues of leaf protein sample acted as desirable biosorbent for Cd2+

adsorption, advanced chemical modification could further improve its 
performance and function, which is not only effective for high heavy 
metal interactions, but may also be active for other chemical adsorptions 
as environmental remediation.

4. Conclusions

In this study, soybean seed and leaf proteins supplies could consis
tently enhance biomass enzymatic saccharification of diverse pretreated 
lignocelluloses substrates by effectively blocking lignin interaction with 
lignocellulose-degradation enzymes (Fig. 10). The seed protein supply 
consequently increased yeast fermentation for high cellulosic ethanol 
production, whereas the leaf protein supply inhibited bioethanol con
version. However, both seed and leaf protein supplies significantly 
improve Lactobacillus paracasei fermentations for high lactic acid pro
duction. Given all lignocellulose residues retained from fermentations 
acted as active biosorbents for Cd2+ adsorption, the residues from leaf 
protein supply sample remained significantly higher Cd2+ adsorptive 
capacity. Notably, this study attempted to sort out why the seed and leaf 
proteins could distinctively affect either cellulosic ethanol and lactic 
acid conversions or Cd2+ adsorption, providing a green-like strategy 
selective for cascading enhancements of lignocellulose saccharification, 
bioethanol and lactic acid conversion and heavy metal adsorption with 
zero-biomass release.
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