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Abstract

Background: The high carbohydrate content of the cellulose and hemicellulose fractions in agricultural crops, along with their by-
products and derivative residues (e.g., soybean straw, hulls, sugarcane bagasse, and corn stover), offers a promising resource for biore-
finery industries. These lignocellulosic materials, generated during harvesting and mechanical processing, support large-scale biological
production of renewable energy, sustainable chemicals, and alternative food sources. Methods: This study investigated lactic acid
fermentation of liquid hydrolysates from soybean straw hydrothermally pretreated with either sodium hydroxide (NaOH) or hydrogen
peroxide (H2O2), and assessed the impact on cellulolytic enzyme activity and subsequent sugar release. Soybean straw (10% w/v, dry
weight basis) was subjected to moderate-severity hydrothermal pretreatment at 121 °C for 60 min in the presence of either 1% (v/v)
NaOH or H2O2 as representative dilute chemical benchmarks. The resulting pretreated solids were enzymatically hydrolyzed using a
cellulolytic enzyme mixture at a loading rate of 50 mg enzyme protein/g cellulose (equivalent to 90 IU/g glucan) at 50 °C for 72 h un-
der shaking incubation at 150 rpm. Results: Scanning electron microscopy (SEM) revealed that both NaOH and H2O2 pretreatments
effectively disrupted the surface morphology and biomass structure of the soybean straw, increasing surface roughness and exposure
of reactive sites, thereby enhancing enzymatic accessibility and improving the conversion of glucan and xylan to glucose and xylose,
respectively. NaOH pretreatment achieved hydrolysis yields of 66.8% for cellulose and 45.7% for hemicellulose, whereas H2O2-treated
samples yielded only 52.3% (cellulose) and 38.1% (hemicellulose). In comparison, the untreated control yielded only 21.6% cellulose
and 16.4% hemicellulose conversion. A positive control using Solka-Floc (a lignin-free cellulose powder) yielded 83.5% glucose and
62.6% xylose conversion. Subsequent lactic acid fermentation of the NaOH-pretreated hydrolysates using a xylose-co-fermenting Lac-
tiplantibacillus pentosus strain produced L-lactic acid at 80.5% of the theoretical yield (12.72 g/L), with productivity of 0.35 g/L/h and
a yield of 0.2544 g LA/g of NaOH-pretreated straw solids. Conclusions: These results demonstrate that NaOH pretreatment is more ef-
fective than H2O2 in enhancing the enzymatic saccharification of soybean straw. Moreover, the resulting hydrolysates can be efficiently
converted into L-lactic acid using a Lactiplantibacillus pentosus strain capable of co-fermenting xylose, supporting the feasibility of this
integrated process for value-added bioconversion of lignocellulosic biomass.
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1. Introduction

Soybean is recognized as one of the most important
agricultural crops, and its global production has steadily in-
creased to meet the rising demand for both traditional food
products and a wide range of industrial applications. In re-
cent years, growing interest in functional foods, natural in-
gredients, and dietary supplements has further stimulated
worldwide soybean consumption, while also driving con-
tinued improvements in seed quality and productivity [1,2].
Nutritionally, soybeans are valued for their high protein
content, which represents about 35–40% of the dry weight,
presenting one of the richest plant-based protein sources.
They provide a well-balanced amino acid composition, in-
cluding all nine essential amino acids such as lysine and
methionine, which contribute to their role as a high-quality
protein source. Specifically, soy protein is capable of low-
ering low-density lipoprotein (LDL) cholesterol and rais-

ing high-density lipoprotein (HDL) cholesterol, supporting
heart health as well as reducing risk of coronary heart dis-
ease. In addition to protein, soybean oil is rich in unsatu-
rated fatty acids, particularly omega-3 and omega-6 fatty
acids, making it an important dietary source of essential
fatty acids [3,4].

Of particular interest are green soybeans, which con-
tain a relatively high protein concentration (approximately
35–38 g per 100 g on a dry weight basis). This high pro-
tein content makes them suitable for a broad range of func-
tional and nutritional applications in both food processing
and animal feed. These include their use in plant-based
meat analogs, protein-fortified foods, and specialized diets
as a gluten-free and lactose-free protein source. In addition,
processed products such as fat-free soybean meal and tex-
tured vegetable protein (TVP) serve as affordable, amino
acid–balanced protein supplements for animal feed, while
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Table 1A. Chemical compositions of representative plant-derived lignocellulosic biomass types.

(A)
Composition (% by dry weight basis)

Cellulose Hemicellulose Lignin Solid recovery (%) Cellulose loss (%) Hemicellulose loss (%) Delignification (%) Reference

Soybean straw (as received) 27.2 13.0 26.9 - - - - Current work (adapted from [11])
NaOH pretreated 39.7 14.8 25.2 57.8 15.6 34.2 45.9 -
H2O2 pretreated 33.8 14.7 29.8 78.8 2.1 10.9 12.7 -
Soybean hull 34.2 16.5 6.7 - - - - -
Sugarcane bagasse 36.4–37.9 21.1–21.5 26.1–27.2 - - - - [12]
Corn stover 37.0 22.7 (xylan) 18.6 - - - - [10]
Corn pericarp 22.5 23.7 4.7 - - - - [13]
Switchgrass 39.4 17.3 21.2 - - - - [14]
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Table 1B. Various pretreatment strategies applied to soybean straw.
(B) Pretreatment Conditions Hydrolysis conditions Glucose yield (%) Reference

Hydrothermal with dilute
chemicals

1% (v/v) NaOH or H2O2 90 IU/g cellulose (50 mg
protein/g cellulose), 50
°C, 72 h, 150 rpm

66.8 (NaOH-pretreated solids)
52.3 (H2O2-pretreated solids)

Current work

Liquid hot water 170–210 °C, 3–10 min 20 FPU/g solids, 50 °C,
48–72 h, 130 rpm

~70.76 [16]

Dilute acid (H2SO4) 4% (w/v) H2SO4, 121 °C, 1 h 19.8 FPU/g biomass, 50
°C, 72 h, 150 rpm

~93.9 [15]

Dilute acid (H2SO4) or
alkaline (NaOH)

1–4% (w/v) H2SO4 or 0.3–1.5%
(w/v) NaOH, 121 °C, 30 min

15 FPU/g substrate, 50 °C,
72 h, 150 rpm

~78.7 [17]

Ammonia liquor 10% (w/v) ammonia liquid,
soaking for 24 h, room temp

50 FPU/g substrate, 50 °C,
36 h

~51.22 [18]

FPU, filter paper unit.

also offering viable plant-based alternatives to conventional
meat and dairy products [5]. The economic and agricul-
tural significance of soybeans is further underscored by
production statistics. According to the United States De-
partment of Agriculture (USDA), global soybean produc-
tion for the 2024/2025 season is projected at approximately
15.57 billion bushels (423.97 million metric tons). In the
United States, soybean production is estimated at 4.37 bil-
lion bushels (118.84million metric tons), representing a 5%
increase compared to the 2023/2024 season and accounting
for 28% of the global harvest (https://www.fas.usda.gov/d
ata/production/commodity/2222000).

Soybean straw is the major lignocellulosic residue
generated during soybean grain harvesting and processing.
Because of its relatively high carbohydrate content, particu-
larly cellulose (35–45%) and hemicellulose (10–25%), soy-
bean straw has attracted interest as a feedstock for renew-
able energy and sugar-platform industries [6,7,8]. In addi-
tion to energy applications, its composition also makes it
a promising raw material for biochemicals, nanocellulose,
and biodegradable materials [9]. A comprehensive compar-
ison of soybean straw with other commonly utilized ligno-
cellulosic biomass feedstocks is outlined in Table 1A (Ref.
[10,11,12,13,14]) with various pretreatment applications
and their glucose yields (Table 1B, Ref. [15,16,17,18]).
Despite this potential, the inherent biomass recalcitrance,
stemming from the tight association of crystalline cellulose
with hemicellulose and lignin within the cell wall matrix,
limits direct enzymatic hydrolysis of soybean straw. Effec-
tive pretreatment is therefore essential to reduce this struc-
tural resistance. Such treatments aim to solubilize hemi-
cellulose, disrupt covered lignin–carbohydrate complexes,
and partially decrystallize cellulose, thereby improving en-
zyme accessibility and saccharification efficiency [10,15].
A range of pretreatment technologies have been evaluated
on soybean straw and other legume residues. For instance,
subcritical water hydrolysis pretreatment has been reported
to significantly disrupt the lignocellulosic matrix and en-
hance fermentable sugar release [19]. Mechanical methods

such as ball milling reduce particle size and crystallinity,
improving hydrolysis efficiency [20]. Chemical routes, in-
cluding alkaline and dilute-acid pretreatments, have also
demonstrated effectiveness in delignification and hemicel-
lulose removal, leading to improved enzymatic digestibility
[21]. More recently, our work presented that hydrother-
mal pretreatment of soybean straw with either 1% (v/v)
sodium hydroxide (NaOH) or hydrogen peroxide (H2O2)
effectively improved glucose yields [11].

Lactic acid (LA) is a multifunctional C3 platform
chemical widely applied in the food, pharmaceutical, and
cosmetic industries, and in recent years, it has gained ex-
ceptional importance as the principal monomer for poly-
lactic acid (PLA), a leading bio-based and biodegrad-
able polymer [22,23,24]. The global lactic acid mar-
ket was valued at approximately USD 3.5–4.0 billion
in 2023 and is projected to exceed USD 8–10 billion
by 2030, with a compound annual growth rate (CAGR)
of 7–9%, driven largely by expanding applications in
biodegradable plastics, food preservation, pharmaceuti-
cals, and personal care products (Grand View Research,
2024, https://www.grandviewresearch.com/industry-analy
sis/lactic-acid-and-poly-lactic-acid-market). The PLA
market alone is expected to surpass USD 5–6 billion
by 2030 due to increasing regulatory pressure to reduce
petroleum-based plastics and rising consumer demand for
sustainable packaging materials. As feedstock costs ac-
count for a substantial fraction (30–50%) of total fermen-
tation production costs, the use of low-cost, non-food lig-
nocellulosic residues such as soybean straw represents an
economically attractive alternative to food-grade glucose or
starch hydrolysates. The rapid global expansion of the PLA
market, driven by regulatory restrictions on petroleum-
based plastics and rising consumer demand for sustainable
alternatives, has intensified research efforts to improve lac-
tic acid production. Traditionally, lactic acid has been pro-
duced via microbial fermentation using food-grade sugars
such as glucose, sucrose, and starch hydrolysates; how-
ever, this approach raises concerns over feedstock cost,

3

https://www.fas.usda.gov/data/production/commodity/2222000
https://www.fas.usda.gov/data/production/commodity/2222000
https://www.grandviewresearch.com/industry-analysis/lactic-acid-and-poly-lactic-acid-market
https://www.grandviewresearch.com/industry-analysis/lactic-acid-and-poly-lactic-acid-market
https://www.imrpress.com


food-versus-fuel competition, and sustainability [25,26].
Consequently, lignocellulosic biomass including agricul-
tural residues (e.g., corn stover, soybean straw, sugarcane
bagasse), dedicated energy crops (e.g., switchgrass, mis-
canthus), and industrial by-products (e.g., sawdust, paper
mill waste) have emerged as attractive alternative feedstock
for lactic acid production due to their low cost, abundance,
and non-competitive nature with food systems [27]. In ad-
dition to economic benefits, the valorization of lignocellu-
losic residues aligns with circular bioeconomy strategies,
contributing to carbon reduction, waste minimization, and
renewable polymer production, thereby making lignocellu-
lose to lactic acid conversion a high-priority target for both
research and industrial commercialization [28].

Although numerous studies have examined alkaline or
oxidative pretreatment strategies and lactic acid fermenta-
tion from various lignocellulosic feedstocks, comparatively
fewer studies have systematically benchmarked these ap-
proaches specifically for soybean straw under consistent
hydrolysis and fermentation conditions. In particular, di-
rect comparisons of NaOH and H2O2 pretreatment effects
on saccharification efficiency, inhibitor profiles, and down-
stream co-fermentation performance remain limited for this
feedstock [29]. Therefore, rather than introducing new pre-
treatment chemistry or fermentation pathways, the present
study aims to provide a controlled comparative evaluation
of these established strategies applied to soybean straw.
By integrating compositional analysis, scanning electron
microscopy (SEM) characterization, enzymatic hydrolysis,
and C5/C6 sugar co-fermentation using Lactiplantibacil-
lus pentosus, this work provides feedstock-specific perfor-
mance data and benchmarking against other agricultural
residues. Such information is essential for assessing the re-
alistic bioconversion potential of soybean straw within an
integrated biorefinery context.

2. Materials and Methods
2.1 Materials

Soybean plants were cultivated and harvested in 2019,
and the resulting soybean straw byproducts were gener-
ously provided by Peace and Plenty Farm (Rocky Ridge,
Frederick, MD, USA). The raw soybean straw was me-
chanically milled into smaller, uniform particles using an
all-steel Wiley cutting mill (Thomas Scientific, Swedes-
boro, NJ, USA) and subsequently sieved through a 30-mesh
screen (0.595 mm). The ground straw samples were col-
lected and oven-dried at 50 °C overnight. Moisture content
(<5%) was determined using a Halogen moisture analyzer
(Mettler Toledo HB 43, Columbia, OH, USA). A commer-
cial cellulolytic enzyme preparation, Cellic CTec2 (SAE
0020, Lot# SLCG4389), was obtained from Sigma-Aldrich
(St. Louis, MO, USA). The different enzyme activities
and protein concentrations were determined following pre-
viously described methods and summarized in Table 2 [12].
All other chemicals and reagents used in this study were

purchased from Fisher Scientific (Hampton, NH, USA),
Sigma-Aldrich (St. Louis, MO, USA), and Thermo Fisher
Scientific (Waltham, MA, USA).

2.2 NaOH and H2O2 Pretreatment of Soybean Straw

Following our previous work [11], soybean straw
(10%, w/v) was subjected to hydrothermal pretreatment in
the presence of either 1% (v/v) NaOH or H2O2 at 121 °C
for 60 min. Briefly, the pretreated soybean straw slurry
was filtered under vacuum using a Buchner funnel onto
a Whatman No. 1 filter paper (MilliporeSigma, Bedford,
MA, USA, Catalog number: WHA1001045) and separated
into pretreated solid and liquid fractions. To remove poten-
tial soluble inhibitors (e.g., furans, phenolic compounds),
the residual solids were washed three times with 100 mL
of distilled water (room temperature) and vacuum filtered
through the same filter paper. The washed solids were then
oven-dried at 50 °C overnight (moisture content: <5%) and
stored for subsequent hydrolysis experiments and further
scanning electron microscopy analysis.

2.3 SEM Analysis

The surface morphology and structural characteris-
tics of raw soybean straw, pretreated with either NaOH or
H2O2, as well as the resulting hydrolyzed solids, were an-
alyzed using a JCM-6000 benchtop scanning electron mi-
croscope (Model JCM 6000-OG-2, JEOL, Peabody, MA,
USA). Oven-dried samples were mounted on aluminum
stubs with double-sided carbon tape and sputter-coated with
a gold–palladium (Au/Pd) alloy using a Cressington sputter
coater (Ted Pella Inc., Redding, CA, USA) to improve sur-
face conductivity. SEM observations were performed at an
accelerating voltage of 15 kV, with magnifications ranging
from 100× to 500×, to evaluate structural changes induced
by enzymatic hydrolysis [11,29].

2.4 Enzyme-Mediated Hydrolysis of Pretreated Soybean
Straw Solids

Pretreated, washed, and oven-dried solids were sus-
pended at 5% (w/v, dry basis) in 100 mL of 50 mM sodium
citrate buffer (pH 4.8) and subjected to enzymatic hydrol-
ysis with a loading of 50 mg enzyme protein/g of cellulose
(equivalent to 90 IU/g cellulose) at 50 °C for 72 h in a shak-
ing incubator. As a control, Solka-Floc (purified lignin-
free cellulose fiber: 80% cellulose and 20% hemicellulose)
was hydrolyzed under identical conditions. Enzymatic hy-
drolysis was conducted at a solid loading of 5% (w/v, dry
basis), which is commonly used in laboratory-scale sac-
charification studies to minimize mass-transfer limitations,
excessive viscosity, and mixing heterogeneity. At higher
solids loadings, substrate aggregation and reduced enzyme
mobility can confound interpretation of pretreatment ef-
fectiveness by introducing diffusion and rheological con-
straints. The 5% (w/v) loading therefore allowed intrinsic
differences in substrate accessibility and lignin removal be-
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Table 2. (A) Enzyme activity and corresponding protein composition, and (B) generalized enzyme activities calculated at an
enzyme loading of 50 mg protein per gram of soybean straw cellulose.

(A) Protein (mg/mL) Filter paper unit (FPU) Endo-glucanase β-glucosidase Xylanase β-xylosidase

Activity (units/mL) 186.5 50.4 2179.9 351.6 288.3 35

(B) – Filter paper unit (FPU) Endo-glucanase β-glucosidase Xylanase β-xylosidase

Generalized (unit/g cellulose) 50 13.5 584.4 94.3 77.3 9.4
Generalized enzyme activity units (units per gram of substrate) were calculated as follows: enzyme activity (units per mg protein) multiplied
by the applied enzyme dosage (mg of enzyme protein per gram of soybean straw cellulose).

tween pretreatment strategies to be evaluated under well-
controlled and reproducible conditions. This loading was
selected for comparative benchmarking rather than volu-
metric productivity optimization.

2.5 Preparation of Microbial Culture and Inoculum

The recombinant Lactobacillus pentosus strain (Lac-
tiplantibacillus pentosus 124-2, ATCC 8041) was obtained
from theAmerican TypeCulture Collection (Manassas, VA,
USA). This type strain has a fully sequenced genome, is
non-motile, rod-shaped, and capable of fermenting both
hexoses and pentoses while producing organic acids. The
dehydrated strain was rehydrated and cultivated in 100 mL
of ATCC 416 liquid medium at 37 °C overnight in a 5%
CO2 incubator under static conditions with agitation at 150
rpm. The Lactobacilli MRS broth medium was prepared
with 10 g proteose peptone #3, 10 g beef extract, 5 g yeast
extract, 20 g dextrose, 1 g sorbitan monooleate, 2 g am-
monium citrate, 5 g sodium acetate, 0.05 g manganese (II)
sulfate monohydrate (MnSO4ꞏH2O), and 2 g sodium hydro-
gen phosphate (Na2HPO4) per liter of distilled water, with
the final pH adjusted to 6.5. After cultivation, the culture
was centrifuged (10 min, 25 °C, 5000 rpm) to remove the
supernatant. The cell pellet was collected, washed, and re-
suspended in distilled water to achieve a fresh-cell suspen-
sion with an optical density (OD600) of approximately 0.6.
A 10% (v/v) inoculum of this suspension was then added to
a 250 mL Erlenmeyer flask containing 100 mL of vacuum-
filtered hydrolysate and incubated for lactic acid fermenta-
tion at 35 °C for 36 h under micro-anaerobic conditions in
a 5% CO2 incubator with shaking at 150 rpm.

2.6 Analytical Procedures

During the enzymatic hydrolysis and lactic acid fer-
mentation, liquid samples were collected at defined time
intervals and the generated glucose, xylose, and lactic acid
concentrations were quantified using a GOPOD colorimet-
ric assay (K-GLUG, 700004297), a D-xylose analysis (K-
XYLOSE, 700004355), and a D-/L-lactic acid assay kit (K-
DLATE, 700004276), respectively (Megazyme, Wicklow,
Ireland).

D-Glucose concentrations were measured using a glu-
cose oxidase/peroxidase (GOPOD) assay kit (K-GLUC;
Megazyme). In this colorimetric assay, D-glucose is ox-

idized by glucose oxidase to D-gluconate and hydrogen
peroxide (H2O2). The produced H2O2 subsequently reacts
with p-hydroxybenzoic acid and 4-aminoantipyrine in the
presence of peroxidase to form a quinoneimine dye com-
plex. The absorbance of the resulting pink chromophore
was measured spectrophotometrically at 510 nm, with the
intensity directly proportional to the D-glucose concentra-
tion in the sample. D-Xylose concentrations were quanti-
fied using a D-xylose assay kit (K-XYLOSE; Megazyme).
D-Xylose is enzymatically oxidized by D-xylose dehydro-
genase in the presence of nicotinamide adenine dinucleotide
(NAD+) to D-xylonate. The amount of NADH formed in
this redox reaction is stoichiometric with the amount of D-
xylose present and was determined by measuring the in-
crease in absorbance at 340 nm. D- and L-Lactic acid con-
centrations were determined using a D-/L-lactic acid assay
kit (K-DLATE; Megazyme). In this enzymatic method, D-
lactate and L-lactate are oxidized to pyruvate by D-lactate
dehydrogenase and L-lactate dehydrogenase, respectively,
in the presence of NAD+. The concomitant formation of
NADH, which corresponds stoichiometrically to the total
lactic acid concentration, was measured spectrophotomet-
rically by the increase in absorbance at 340 nm [11].

3. Results and Discussion
3.1 Hydrothermal Pretreatment of Soybean Straw in the
Presence of Dilute NaOH or H2O2

To build upon the previous work, the chemical com-
positions of raw soybean straw and its NaOH- and H2O2-
pretreated solids were analyzed according to the biomass
compositional analysis procedures established by the Na-
tional Renewable Energy Laboratory (NREL) and adapted
from our earlier study [11,30]. As received soybean straw
exhibited a typical herbaceous lignocellulosic composition,
containing 27.2% cellulose, 13% hemicellulose, and 26.9%
lignin (Table 1A). This relatively high content, compara-
ble to that of other agricultural residues such as sugar-
cane bagasse and switchgrass (Table 1A), contributes to
biomass recalcitrance and limits enzymatic saccharifica-
tion efficiency without pretreatment. Alkaline (NaOH) pre-
treatment substantially increased the cellulose fraction to
39.7%, reflecting partial delignification and enhanced ex-
posure of structural carbohydrates. In contrast, H2O2 pre-
treatment resulted in a more modest increase in cellulose
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content (33.8%) and a relative increase in lignin propor-
tion (29.8%), suggesting lignin modification rather than ef-
fective solubilization. Hemicellulose content remained rel-
atively stable following both pretreatments (14.7–14.8%),
indicating that carbohydrate preservation was largely main-
tained. When compared to other agricultural residues com-
monly evaluated for bioenergy and biochemical production,
soybean straw demonstrates competitive carbohydrate con-
tent and a favorable balance between cellulose and hemi-
cellulose (Table 1A).

Hydrothermal treatment of non-food lignocellulosic
resources, such as agricultural residues andwoody biomass,
is known to promote delignification, solubilize hemicellu-
lose, and enhance the enzymatic conversion of cellulose
into fermentable monomeric sugars. For instance, Wan et
al. [16] reported that the highest glucose yield (70.7%) from
pretreated soybean straw was achieved under hydrothermal
conditions of 210 °C for 10 min (severity factor: 4.24),
whereas a lower yield (38.6%) was obtained at a lower
severity factor of 2.54 (170 °C for 3 min), demonstrating
that cellulose solubilization and hemicellulose digestibility
progressively increased with pretreatment severity. Addi-
tional pretreatment approaches applied to soybean straw,
along with their hydrolysis conditions and resulting glu-
cose yields, are outlined in Table 1B. Lignins, particu-
larly kraft and softwood types, typically exhibit thermo-
plastic behavior between 120 °C and 170 °C, while sub-
stantial chemical modification or thermal decomposition
occurs above 200 °C. Consequently, pretreatments con-
ducted at elevated temperatures (>200 °C) and longer reac-
tion times are more effective at disrupting the complex lig-
nocellulosic structure [31]. However, severe reaction con-
ditions (e.g., high temperature and pressure, concentrated
acids or alkalis, and extended residence times) can also pro-
mote carbohydrate degradation and generate inhibitory by-
products, including furan aldehydes, carboxylic acids, phe-
nolic compounds, and lignin-derived intermediates. Previ-
ous studies have demonstrated that soluble phenolic com-
pounds generated during alkaline pretreatment can signif-
icantly suppress enzymatic hydrolysis efficiency. Earlier,
our soybean straw literature reported that phenolics released
from NaOH-pretreated soybean straw (716 mg/L total phe-
nols) reduced glucose yield from 57% to 20% when hy-
drolysis was performed in the presence of the NaOH liq-
uid hydrolysate instead of a buffer control [11]. To further
assess inhibitor generation under the selected moderate-
severity conditions, total phenolic concentrations in the pre-
treatment liquid fractions were quantified. NaOH- and
H2O2-pretreated soybean straw generated approximately
720 mg/L and 630 mg/L total phenolics, respectively. Al-
though both pretreatments produced substantial levels of
soluble phenolic compounds, the slightly higher pheno-
lic concentration in the NaOH liquor is consistent with its
stronger delignification capability. Importantly, because
the pretreated solids were thoroughly washed prior to en-

zymatic hydrolysis, these measured phenolics primarily re-
flect compounds solubilized into the pretreatment liquor
rather than those retained in the solid fraction. There-
fore, differences in downstream hydrolysis and fermenta-
tion performance are more likely associated with residual
lignin structure and inhibitor retention within the solid ma-
trix rather than total phenolic concentration in the removed
liquid fraction. Such inhibitory compounds not only de-
crease enzyme activity but also increase the required en-
zyme loading and necessitate additional detoxification or
conditioning steps to alleviate their adverse effects on sub-
sequent hydrolysis and fermentation. In consideration of
these challenges, the present study employed moderate pre-
treatment conditions either at 1% (v/v) NaOH or 1% (v/v)
H2O2, 121 °C for 60 min (severity factor = 2.40) to achieve
effective structural disruption of soybean straw while mini-
mizing inhibitor formation, thereby improving downstream
enzymatic saccharification and lactic acid fermentation per-
formance.

The selected pretreatment parameters (1% NaOH or
1% H2O2 at 121 °C for 60 min; severity factor: 2.40) were
chosen as moderate-severity benchmark conditions rather
than optimized settings [11,29]. Dilute alkaline concentra-
tions in the range of 0.5–2% and temperatures near 121 °C
are widely reported for laboratory-scale evaluation of agri-
cultural residues, providing sufficient delignification while
limiting excessive carbohydrate degradation and inhibitor
generation [12]. Similarly, a 60 min residence time repre-
sents a balance between structural disruption and preserva-
tion of fermentable sugars. These conditions were selected
to enable direct comparison with previously reported soy-
bean straw and related lignocellulosic pretreatment studies
under comparable autoclave-based hydrothermal systems.
Therefore, the objective of this work was to evaluate rel-
ative pretreatment effectiveness under standardized, repre-
sentative conditions, rather than to define optimal industrial
severity parameters.

3.2 SEM Characterization of Hydrothermal Pretreatment
of Soybean Straw

To evaluate the morphological and structural alter-
ations of soybean straw before and after pretreatment, SEM
was employed (Fig. 1A–F). The untreated soybean straw
(Fig. 1A,B) displayed a compact, intact surface with tightly
bound fiber bundles and minimal porosity, indicative of
the dense lignin–carbohydrate complex typical of raw lig-
nocellulosic biomass. This rigid and continuous morphol-
ogy acts as a physical barrier, limiting enzyme accessi-
bility and penetration, as similarly observed in untreated
rice straw and sugarcane bagasse [11,17]. After hydrother-
mal pretreatment with either NaOH or H2O2, the soybean
straw exhibited marked structural disintegration (Fig. 1C–
F). The fibers became increasingly fragmented and peeled,
with longitudinal cracks and exposed fibrillar networks vis-
ible across the cell wall surfaces. Such disruptions sug-
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gest partial delignification and the removal of hemicellu-
losic layers, allowing cellulase enzymes to access the inter-
nal cellulose microfibrils. These observations are consis-
tent with previous findings for NaOH- and H2O2-pretreated
hemp residues and dual-impeller liquefied soybean straw,
where enzymatic or oxidative treatments caused delami-
nation, fibrillation, and increased surface roughness, all
of which enhance saccharification efficiency [11,12,17].
At higher magnification (Fig. 1D,F), the pretreated soy-
bean straw revealed a distinctly porous and irregular struc-
ture, with visible voids, disrupted fiber orientations, and a
sponge-like texture. The removal of amorphous lignin and
hemicellulose fractions during enzymatic action likely con-
tributed to this increased porosity and surface area, facili-
tating greater enzyme adsorption and hydrolytic efficiency.
Similar pore development and fibril exposure were also re-
ported in liquid hot water-pretreated sugarcane bagasse [12]
and alkaline-pretreated switchgrass [32], reinforcing that
the observedmorphological breakdown is a key indicator of
improved enzyme accessibility. The progressive transfor-
mation from the dense, rigid matrix of raw soybean straw
(Fig. 1A,B) to the fragmented, porous structure after pre-
treatment (Fig. 1C–F) confirms that enzymatic hydrolysis
alone, even in the absence of harsh chemical pretreatment,
can induce substantial physical disruption. This enhanced
microstructural accessibility supports the higher cellulose
conversion and sugar yields observed in subsequent hydrol-
ysis and fermentation steps.

3.3 Enzymatic Hydrolysis of Pretreated Soybean Straw

A commercial cellulolytic/hemicelluloytic formula-
tion Cellic CTec2 was employed for hydrolysis of the pre-
treated soybean straw samples. The enzyme was added
at a loading of 50 mg protein/g cellulose to both NaOH-
and H2O2-pretreated soybean straw, following thorough
washing to eliminate residual pretreatment reagents that
could interfere with enzyme activity. This blended enzyme
contains endoglucanase, xylanase, β-glucosidase, and β-
xylosidase, which act synergistically to depolymerize in-
soluble plant polymers, cellulose and hemicellulose, into
monomeric soluble sugars, primarily glucose and xylose.
The identified enzyme activities and their corresponding
generalized enzyme activity units are summarized in Table
2. In our previous studies with soybean hulls, the combi-
nation of a cellulase blend and Multifect Pectinase signifi-
cantly improved saccharification efficiency and reduced en-
zyme loadings from 45 to 10 mg enzyme protein/g solids.
Evenwith amoderate enzyme dosage of 10mg enzyme pro-
tein/g solids, efficient sugar release was achieved, result-
ing in 90.6% cellulose-to-glucose conversion. This yield
was comparable to that obtained under the higher enzyme
loading of 45 mg enzyme protein/g solids, reaching 94.4%
yield [29]. This effect was attributed to the disruption of
the gel-like pectic matrix in the plant cell walls and the
reduction of biomass viscosity enabled by the addition of

pectinase, together with improvedmixing performance pro-
vided by the dual-impeller system rather than shaking incu-
bation [11,13,29]. The dual elephant-ear impeller blades
improved hydrodynamic mixing by breaking up biomass
clumps, maintaining a homogeneous suspension, and fa-
cilitating consistent enzyme access to cellulose and hemi-
cellulose surfaces, thereby enhancing substrate-enzyme in-
teractions and overall hydrolysis efficiency. This strategy
was particularly effective for low-lignin substrates such as
soybean hulls, which contain only about 5% lignin, and
enabled efficient hydrolysis without the need for pretreat-
ment. In contrast, soybean straw retains more than 25%
lignin even after pretreatment (Table 1A), and therefore the
combined enzyme approach was not applied in the current
study. This decision was based on the increased forma-
tion of lignin-derived degradation products and other in-
hibitory compounds generated during pretreatment, which
could negatively affect enzymatic hydrolysis [12,13].

The lignin-free cellulose powder, Solka-Floc, was
used as the positive control, while raw, untreated soybean
straw served as the negative control. As expected, the high-
est sugar yields were obtained with Solka-Floc, achieving
83.5% conversion of cellulose to glucose (36.74 g/L) and
62.6% conversion of hemicellulose to xylose (6.89 g/L). In
contrast, the raw soybean straw samples exhibitedmarkedly
lower conversion efficiencies, yielding only 21.6% glucose
release (3.23 g/L) and 16.4% xylose release (1.17 g/L), re-
spectively (Fig. 2). Compared to control tests, the NaOH-
treated straw achieved 66.8% cellulose conversion (14.59
g/L glucose) and 45.7% hemicellulose conversion (3.72 g/L
xylose). These values represent 14.5% and 7.6% higher
yields, respectively, than those obtained from the H2O2-
treated samples, demonstrating the superior effectiveness
of alkaline pretreatment in disrupting biomass structure
and enhancing enzymatic saccharification efficiency. It is
worth noting that alkaline pretreatment with NaOH is of-
tenmore effective than H2O2 oxidative pretreatment for im-
proving saccharification because it targets lignin and ester
linkages in plant cell walls more aggressively, leading to
deeper structural deconstruction. NaOH selectively saponi-
fies ester bonds between lignin and hemicellulose, disrupts
lignin-carbohydrate complexes (LCCs), and causes lignin
swelling and partial solubilization, which together increase
biomass porosity and expose a greater fraction of acces-
sible cellulose microfibrils [33,34]. This enhanced cell-
wall deconstruction substantially reduces crystallinity and
increases the surface area available for enzyme adsorption;
two key factors strongly correlated with glucose release ef-
ficiency [35]. However, H2O2 pretreatment relies primarily
on oxidative delignification through the generation of hy-
droxyl radicals. While effective at removing lignin, it is less
efficient at cleaving ester linkages in lignin–carbohydrate
complexes and often results in limited disruption of cellu-
lose crystalline regions, thereby restricting enzyme acces-
sibility [12]. Similar trends were observed in our previous
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Fig. 1. Morphological structure and surface characteristics of untreated and pretreated soybean straw. Scanning electron mi-
croscopy (SEM) images of soybean straw: (A,B) untreated raw sample, (C,D) NaOH-pretreated, and (E,F) H2O2-pretreated samples
following hydrothermal treatment at 121 °C for 60 min. Images were captured at 200× and 500× magnifications, with scale bars and
magnification levels indicated below each image. (A,C,E) Scale bar: 100 μm; (B,D,F) Scale bar: 50 μm.

alkaline pretreatment study of soybean straw, where NaOH
treatment significantly enhanced fiber swelling and reduced
biomass recalcitrance, resulting in higher glucose yields
than H2O2-treated straw solids at 1% (w/v glucan) hydroly-
sis in the presence of 25 mg enzyme protein/g glucan (57%

vs. 39%) [11]. In addition, oxidative pretreatment of lignin-
rich biomasses can generate inhibitory aromatic byprod-
ucts, such as hydroxycinnamic acid derivatives, which neg-
atively impact downstream enzymatic saccharification and
microbial fermentation, whereas alkaline pretreatment pro-
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Fig. 2. Enzymatic saccharification of raw and pretreated soybean straw was conducted at a solid loading of 5% (w/v, dry-weight
basis). Hydrolysis was performed using Cellic CTec2 at a dosage of 50 mg enzyme protein/g cellulose. Reactions were carried out
at 50 °C for 72 h under micro-anaerobic conditions with agitation at 150 rpm in a 5% CO2 shaking incubator. Following hydrolysis,
aliquots were collected, filtered, and analyzed for released monomeric sugars. All experiments were conducted in triplicate, and results
are reported as mean values with corresponding 95% confidence intervals.

duced fewer fermentation inhibitors [33]. Our results in the
current work align with the broader literature showing that
NaOH-treated agricultural residues, including corn stover,
wheat straw, and soybean straw, exhibit markedly higher
enzymatic hydrolysis yields than those subjected to oxida-
tive pretreatment [36].

A quantitative comparison of compositional changes
and hydrolysis performance further supports the mechanis-
tic interpretation. NaOH pretreatment reduced lignin con-
tent from 26.9% (raw) to 25.2%, whereas H2O2 pretreat-
ment resulted in a relative lignin content of 29.8% (Table
1A). Although the absolute lignin removal was modest un-
der moderate-severity conditions, even small differences in
lignin content and structure can significantly influence en-
zyme accessibility due to non-productive enzyme adsorp-
tion onto lignin surfaces. The higher cellulose enrichment
(39.7%) and lower residual lignin proportion in NaOH-
pretreated solids correlated with a 14.5% higher cellulose-
to-glucose conversion compared to H2O2-treated samples.
This compositional–conversion relationship supports the
hypothesis that lignin accessibility and structural modifica-
tion, rather than total phenolic concentration alone, are key
determinants of saccharification efficiency.

3.4 Lactic Acid Fermentation of Soybean Straw
Hydrolysates

One of the central bottlenecks in lignocellulosic bio-
conversion is the poor utilization of pentose sugars, partic-
ularly xylose, during microbial fermentation. Most con-

ventional lactic acid-producing microorganisms, such as
Lactobacillus delbrueckii, Lactobacillus acidophilus, and
Lactococcus lactis, preferentially metabolize hexose sug-
ars and exhibit little to no capacity for fermenting pen-
toses to lactic acid. This metabolic limitation has hindered
efficient valorization of agricultural residues enriched in
hemicellulose-derived sugars. To overcome this challenge,
extensive metabolic engineering efforts have produced re-
combinant strains of Escherichia coli, Saccharomyces cere-
visiae, and Bacillus coagulans capable of co-utilizing hex-
oses and pentoses for improved lactic acid production.
To enable the simultaneous utilization of both pentose
and hexose sugars present in soybean straw hydrolysates,
this study used a recombinant Lactiplantibacillus pento-
sus strain procured from the American Type Culture Col-
lection. L. pentosus is well suited for mixed-sugar bio-
conversion because it naturally harbors the enzymatic ma-
chinery necessary to metabolize C5 sugars, a capability ab-
sent in many traditional homofermentative lactic acid bac-
teria. Briefly, L. pentosus efficiently metabolizes glucose
via the classical Embden–Meyerhof–Parnas (EMP) path-
way. Glucose is transported into the cell primarily through
phosphoenolpyruvate-dependent phosphotransferase sys-
tems (PTS), where it is phosphorylated to glucose-6-
phosphate and subsequently metabolized through glycoly-
sis to pyruvate. Under micro-anaerobic conditions, pyru-
vate is reduced to L-lactic acid by NADH-dependent lac-
tate dehydrogenase (LDH), thereby regenerating NAD+ re-
quired for continued glycolytic flux [37,38,39]. When
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Fig. 3. Conversion of total fermentable sugars to L-lactic acid by Lactiplantibacillus pentosus using hydrolysates derived from
raw and pretreated soybean straw. Fermentations were performed in duplicate at 35 °C for 36 h under micro-anaerobic conditions
with agitation at 150 rpm in a 5% CO2 shaking incubator. Data represent the mean of duplicate independent experiments, and results are
presented as mean values with corresponding 95% confidence intervals.

metabolizing xylose, L. pentosus utilizes the phospho-
ketolase pathway (PKP), where xylose is converted to
xylulose-5-phosphate and cleaved by phosphoketolase into
glyceraldehyde-3-phosphate and acetyl-phosphate. Xylose
uptake occurs via high-affinity permeases, after which in-
tracellular xylose is converted to xylulose by xylose iso-
merase (XI) and subsequently phosphorylated by xyluloki-
nase (XK) to form xylulose-5-phosphate. This key interme-
diate is then cleaved by xylulose-5-phosphate phosphoke-
tolase, generating acetyl-phosphate and glyceraldehyde-3-
phosphate [40,41]. These products are further metabolized
to lactic acid and acetic acid or ethanol under more reduc-
ing fermentation conditions, facilitating efficient pentose
catabolism from lignocellulosic substrates. This metabolic
versatility underpins the strain’s suitability for fermenting
pentose-rich hydrolysates derived from soybean straw.

Subsequent lactic acid fermentation of soybean straw
hydrolysates was conducted under micro-anaerobic con-
ditions in a 5% CO2 shaking incubator for 36 h. To-
tal sugar consumption (glucose + xylose) and conversion
to lactic acid are plotted in Fig. 3. In all cases, fer-
mentable sugars were completely consumed within 36 h.
The highest lactic acid concentration was obtained from the
lignin-free Solka-Floc hydrolysate, reaching 33.18 g/L, cor-
responding to 86.63% of the maximum theoretical yield.
Among the pretreated biomass samples, NaOH-treated soy-
bean straw hydrolysates achieved a lactic acid concentra-
tion of 12.7 g/L, equivalent to 80.5% of the theoretical
yield. In contrast, lower lactic acid yields were observed for
H2O2-treated (7.3 g/L, 67.4%) and raw soybean straw hy-

drolysates (2.6 g/L, 70.6%). Notably, NaOH-treated sam-
ples exhibited not only higher final lactic acid concentra-
tions, but also superior sugar-to-lactic acid conversion effi-
ciencies compared to H2O2-treated samples, suggesting dif-
ferences in hydrolysate quality and residual inhibitor pro-
files between the pretreatment and hydrolysis strategies.
Despite post-pretreatment washing, H2O2-pretreated soy-
bean straw solids may retain or subsequently release in-
hibitory compounds during enzymatic hydrolysis due to
incomplete disruption of LCCs and the nature of oxida-
tive delignification. Oxidative pretreatment primarily mod-
ifies lignin through partial oxidation rather than extensive
cleavage of ester and ether linkages that anchor lignin to
polysaccharides. As a result, phenolic fragments and oxi-
dized lignin derivatives can remain covalently or physically
associated with the solid matrix. During enzymatic hy-
drolysis, progressive enzymatic disruption of the cell wall
structure can mobilize these retained compounds, leading
to the delayed release of phenolic inhibitors into the hy-
drolysate. In addition, residual oxidized lignin fragments
generated during H2O2 pretreatment may persist within
biomass pores and are not readily removed by water wash-
ing alone. Their subsequent liberation during hydrolysis
can inhibit both cellulolytic enzymes and lactic acid bac-
teria, thereby reducing sugar-to-lactic acid conversion ef-
ficiency. In contrast, NaOH pretreatment more effectively
cleaves LCC ester linkages and solubilizes lignin, enabling
more thorough removal of inhibitory compounds prior to
fermentation and resulting in hydrolysates with improved
fermentability [14,16].
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Table 3. Comparative performance of Lactiplantibacillus pentosus in lactic acid fermentation using hydrolysates derived from
soybean straw and other agricultural residues.

Feedstock Pretreatment Lactic acid
(g/L)

Productivity
(g/L/h)

Yield (g LA/g
sugars)

Notes Ref.

Solka-Floc No pretreatment; 80%
cellulose + 20%
hemicellulose

33.18 0.92 0.87 Theoretical benchmark Current
work

Soybean straw No chemical pretreatment 2.62 0.073 0.71 - Current
work

Soybean straw 1% (v/v) NaOH, 121 °C, 60
min; washed prior to

hydrolysis

12.72 0.35 0.81 Highest fermentability Current
work

Soybean straw 1% (v/v) H2O2, 121 °C, 60
min; washed prior to

hydrolysis

7.34 0.20 0.67 Possible residual
phenolics

Current
work

Sugarcane
bagasse (SCB)

1% H2SO4, 121 °C, 27 min
+ addition of 4% (w/v)
NaOH 121 °C, 30 min

42.4 1.02 0.71 Hemicellulose
hydrolysate from

sugarcane bagasse, batch
system

[42]

Sugarcane
bagasse

1% H2SO4, 121 °C, 27 min
+ addition of 4% (w/v)
NaOH 121 °C, 30 min

64.8 1.01 0.93 Hemicellulose
hydrolysate + partially
delignified cellulignin,

SSCF*

[42]

Sugarcane
bagasse

Two step steam-exploded
SCB total hydrolysate

28.9 0.83 0.78 2 L bioreactor [43]

Vine-trimming
wastes

1–3% (w/v) or 1–2% (w/v)
H2SO4 at 130 °C, 15 min;
hydrolyzed vine-trimming

hemicellulose liquor

60–65 1.0–1.2 0.90–0.93 Continuous fermentation
in high xylose content

[44]

Wheat straw Wet-oxidation with Na2CO3

at 195 °C, 10–15 min;
hemicellulose-rich

hydrolysate

9–10 - 0.88 Co-cultivation of L.
pentosus and L. brevis
enabled up to 95%

pentose sugar utilization

[45]

*SSCF: Saccharification and co-fermentation with an initial enzymatic hydrolysis.

3.5 Limitations

The findings presented here do not introduce new
pretreatment chemistries or fermentation pathways; rather,
they provide a feedstock-specific validation of established
lignocellulosic bioconversion strategies applied to soybean
straw. By maintaining consistent hydrolysis and fermen-
tation parameters, this study enables direct comparison of
pretreatment effectiveness and inhibitor-related impacts on
downstream fermentability. Such benchmarking is criti-
cal for identifying realistic performance expectations and
guiding process optimization for underutilized agricultural
residues. In addition, it should be noted that while total phe-
nolic concentrations were quantified, individual inhibitory
species (e.g., vanillin, syringaldehyde, furfural, or hy-
droxymethylfurfural) were not specifically profiled in this
study. In addition, a complete carbon mass balance track-
ing carbohydrate solubilization, degradation, and product
formation was not performed. Therefore, although correla-
tions between lignin content, sugar release, and fermenta-

tion performance are supported by quantitative trends, fur-
ther mechanistic resolution would benefit from detailed in-
hibitor speciation analysis and full mass balance closure in
future investigations.

A wide range of feedstocks, pretreatment strategies,
and their subsequent fermentation performances have been
investigated in previous works (Table 1A and Table 1B;
Table 3, Ref. [42,43,44,45]) to improve lactic acid pro-
duction. Collectively, these comparisons position soybean
straw as a competitive yet underutilized feedstock for lac-
tic acid bioproduction. Further performance gains are ex-
pected through (i) optimization of alkaline pretreatment
severity to maximize delignification while minimizing car-
bohydrate loss, (ii) incorporation of mild detoxification
strategies (e.g., overliming, activated carbon, or biological
detoxification) to reduce residual phenolics, (iii) increased
solids loading to enhance volumetric productivity, and (iv)
refinement of enzymatic hydrolysis using tailored enzyme
cocktails to improve pentose release. In parallel, adaptive
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evolution or metabolic engineering of L. pentosus to en-
hance inhibitor tolerance and acid productivity could fur-
ther improve process robustness. Together, these strategies
provide a clear pathway for advancing soybean straw as a
sustainable feedstock for lactic acid and downstream PLA
production within an integrated biorefinery framework.

4. Conclusions
This study provides a comparative evaluation of alka-

line and oxidative pretreatment strategies for soybean straw
and benchmarks their downstream saccharification and lac-
tic acid fermentation performance under controlled condi-
tions. As summarized in Table 3, NaOH pretreatment fol-
lowed by enzymatic hydrolysis produced the most favor-
able fermentation outcomes among soybean straw-derived
substrates, yielding 12.72 g/L lactic acid with a productiv-
ity of 0.35 g/L/h and a sugar-to-lactic acid yield of 0.81 g/g.
These values approach the theoretical benchmark achieved
with Solka-Floc cellulose (0.87 g/g sugars) and fall within
the yield range reported for well-established agricultural
residues such as corn stover and wheat straw, which typ-
ically achieve 0.8–0.88 g/g sugars following effective al-
kaline pretreatment or wet-oxidized hemicellulose-rich hy-
drolysate [22,23,25]. When normalized to raw biomass
input, NaOH-pretreated soybean straw achieved approxi-
mately 0.35 g/L/h, comparable to sugarcane bagasse (0.4
g/L/h and 0.8 g/g) and within the lower range reported
for corn stover (0.7–0.9 g/L/h, and 0.8 g/g). This perfor-
mance is comparable to reported values for several estab-
lished agricultural residues, indicating that soybean straw
can achieve competitive yields when appropriate pretreat-
ment strategies are applied [27,36].

In contrast, H2O2-pretreated soybean straw hy-
drolysates resulted in lower lactic acid titers (7.34 g/L), pro-
ductivities (0.2 g/L/h), and yields (0.67 g/g sugars), despite
extensive post-pretreatment washing. This reduced perfor-
mance is consistent with prior reports indicating that ox-
idative pretreatments can generate or retain phenolic com-
pounds and oxidized lignin fragments that are not readily
removed by water washing and may be released during en-
zymatic hydrolysis, thereby inhibiting both cellulolytic en-
zymes and lactic acid bacteria [46]. It is worth noting that
lignin and associated acetylated and phenolic compounds
form complex, amorphous polyphenolic networks that im-
part structural rigidity to plant cell walls and serve as an
intrinsic defense mechanism against microbial and enzy-
matic attack [28]. During pretreatment and enzymatic hy-
drolysis, partial depolymerization or modification of lignin
can generate soluble phenolic acids, aldehydes, and oxi-
dized lignin fragments that persist in hydrolysates and act
as potent inhibitors. These compounds are known to adsorb
cellulolytic enzymes non-productively, reduce catalytic ef-
ficiency, and interfere with microbial metabolism by dis-
rupting membrane integrity, redox balance, and key en-
zymatic pathways. Consequently, incomplete delignifica-

tion or ineffective removal of lignin-derived inhibitors can
significantly compromise both saccharification efficiency
and downstream lactic acid fermentation. As previously
demonstrated by Ladeira Ázar et al. [12], even modest
differences in lignin content can result in disproportion-
ately large impacts on cellulose conversion efficiency. In
their study, a reduction in lignin content from 22.3% to
20.6% in sugarcane bagasse increased enzymatic hydrol-
ysis yields from 68.3% to 89.5%, highlighting the high
sensitivity of cellulose accessibility to lignin abundance
and structure. These findings are directly relevant to the
present work, where differences in pretreatment effective-
ness influenced both sugar release and lactic acid fermen-
tation performance. Compared with high-performing sys-
tems based on dilute acid and alkaline-pretreated sugarcane
bagasse hydrolysates, which report lactic acid titers of 42–
65 g/L, productivities exceeding 1.0 g/L/h, and sugar-based
yields above 0.7 g/g [42], the soybean straw systems evalu-
ated here are primarily limited by lower fermentable sugar
concentrations rather than intrinsic limitations of L. pento-
sus. Importantly, once inhibitory effects are minimized, L.
pentosus efficiently converts both hexose and pentose sug-
ars from soybean straw hydrolysates at yields comparable
to those obtained with other agricultural residues, includ-
ing steam-exploded sugarcane bagasse and alkaline-treated
cereal straws [11,22,43]. Similar trends have been re-
ported for other lignin-rich feedstocks such as barley straw,
where partial delignification improves fermentation perfor-
mance only when combined with effective inhibitor control
[47,48].

Availability of Data and Materials
The datasets used and analyzed during the current

study are available from the corresponding author on rea-
sonable request.

Author Contributions
DK, investigation experimental, data curation, formal

analysis, writing original draft, conceptualization, funding
acquisition, project administration, supervision, and vali-
dation; EC, investigation experimental, data curation, for-
mal analysis; EK, investigation experimental, data cura-
tion, formal analysis; SK, methodology, supervision, for-
mal analysis. All authors contributed to editorial changes
in the manuscript. Additionally, all authors have reviewed
and approved the final manuscript. All authors have partic-
ipated sufficiently in the work and agreed to be accountable
for all aspects of the work.

Ethics Approval and Consent to Participate
Under US federal and Maryland state agricultural reg-

ulations, wild-collection/harvesting permits apply only to
wild or protected flora on public lands; wild-collection per-
mits are not required for privately cultivated agricultural

12

https://www.imrpress.com


materials such as soybeans, and no specific ethical approval
was needed. This study involved soybean (Glycine max)
straw obtained from Peace and Plenty Farm (Rocky Ridge,
MD, USA). The plants were grown and harvested in 2019.
Agricultural crop residue was provided directly with per-
mission from the property owner at the farm. The plant ma-
terial was confirmed as cultivated soybean (Glycine max)
based on standard agricultural characteristics and farm ori-
gin records.

Acknowledgment
The authors gratefully acknowledge Peace and Plenty

Farm for generously providing the soybean straw samples
used in this study. We also thank the Center for Coastal
& Watershed Studies at Hood College for their valuable
support in coordinating and conducting the scanning elec-
tron microscopy (SEM) analyses. The Graphical Abstract
was created using FigureLabs (Web version, Cactus Com-
munications Inc., Princeton, NJ, USA; available at https:
//figurelabs.com).

Funding
This research was supported by the Maryland E-

Nnovation Initiative Fund (MEIF) administered by the
Maryland Department of Commerce, the 2024 Maryland
Soybean Board Research Program (Project No. 2024-15),
and the 2025 Board of Associates McCardell Professional
Development Grant from Hood College, which provided
additional equipment and research support.

Conflicts of Interest
The authors declare no conflicts of interest. Although

SK is affiliated with Mthera Pharma Co., Ltd., the judg-
ments in data interpretation and writing were not influenced
by this relationship.

References
[1] Lu J, Cheng J, Xu Y, Chen Y, Qian K, Zhang Y. Effect of germi-

nation on nutritional quality of soybean. Food Science and Tech-
nology. 2023; 43: e008323. https://doi.org/10.1590/fst.008323

[2] Harahap IA, Suliburska J, Karaca AC, Capanoglu E, Esatbe-
yoglu T. Fermented soy products: A review of bioactives for
health from fermentation to functionality. Comprehensive Re-
views in Food Science and Food Safety. 2024; 24: e70080.
https://doi.org/10.1111/1541-4337.70080

[3] Blanco Mejia S, Messina M, Li SS, Viguiliouk E, Chiavaroli L,
Khan TA, et al. A Meta-Analysis of 46 Studies Identified by the
FDA Demonstrates that Soy Protein Decreases Circulating LDL
and Total Cholesterol Concentrations in Adults. The Journal of
Nutrition. 2019; 149: 968–981. https://doi.org/10.1093/jn/nxz
020

[4] Messina M, Shearer G, Petersen K. Soybean oil lowers circu-
lating cholesterol levels and coronary heart disease risk, and
has no effect on markers of inflammation and oxidation. Nutri-
tion (Burbank, Los Angeles County, Calif.). 2021; 89: 111343.
https://doi.org/10.1016/j.nut.2021.111343

[5] Wang Y, Zheng Z, Liu K, Zhang Y, Chen C, Liu Y. Struc-
tural and digestibility characterization of soybean protein, tex-

tured soybean-based protein and chicken breast: a comparative
study. Food & Function. 2025; 16: 5809–5821. https://doi.org/
10.1039/d4fo03963g

[6] López-Abelairas M, Álvarez PallínM, Salvachúa D, Lú-Chau T,
Martínez MJ, Lema JM. Optimisation of the biological pretreat-
ment of wheat straw with white-rot fungi for ethanol production.
Bioprocess and Biosystems Engineering. 2013; 36: 1251–1260.
https://doi.org/10.1007/s00449-012-0869-z

[7] Mielenz JR, Bardsley JS, Wyman CE. Fermentation of soybean
hulls to ethanol while preserving protein value. Bioresource
Technology. 2009; 100: 3532–3539. https://doi.org/10.1016/j.
biortech.2009.02.044

[8] Reddy N, Yang Y. Structure and properties of natural cellu-
lose fibers obtained from sorghum leaves and stems. Journal
of Agricultural and Food Chemistry. 2007; 55: 5569–5574.
https://doi.org/10.1021/jf0707379

[9] Souza AG, Santos DF, Ferreira RR, Pinto VZ, Rosa DS. In-
novative process for obtaining modified nanocellulose from
soybean straw. International Journal of Biological Macro-
molecules. 2020; 165: 1803–1812. https://doi.org/10.1016/j.ijbi
omac.2020.10.036

[10] Kim D, Ximenes EA, Nichols NN, Cao G, Frazer SE, Ladisch
MR.Maleic acid treatment of biologically detoxified corn stover
liquor. Bioresource Technology. 2016; 216: 437–445. https://do
i.org/10.1016/j.biortech.2016.05.086

[11] Kim D, Ji A, Jackson AL, Brown B, Kim Y, Kim SM, et al.
Inhibition of cellulase activity by liquid hydrolysates from hy-
drothermally pretreated soybean straw. Frontiers in Chemical
Engineering. 2022; 4: 1004240. https://doi.org/10.3389/fceng.
2022.1004240

[12] Ladeira Ázar RIS, Bordignon-Junior SE, Laufer C, Specht J,
Ferrier D, Kim D. Effect of Lignin Content on Cellulolytic Sac-
charification of Liquid HotWater Pretreated Sugarcane Bagasse.
Molecules (Basel, Switzerland). 2020; 25: 623. https://doi.org/
10.3390/molecules25030623

[13] Kim D, Orrego D, Ximenes EA, Ladisch MR. Cellulose conver-
sion of corn pericarp without pretreatment. Bioresource Tech-
nology. 2017; 245: 511–517. https://doi.org/10.1016/j.biortech
.2017.08.156

[14] Li C, Knierim B, Manisseri C, Arora R, Scheller HV, Auer M,
et al. Comparison of dilute acid and ionic liquid pretreatment
of switchgrass: Biomass recalcitrance, delignification and en-
zymatic saccharification. Bioresource Technology. 2010; 101:
4900–4906. https://doi.org/10.1016/j.biortech.2009.10.066

[15] Cabrera E, Muñoz MJ, Martín R, Caro I, Curbelo C, Díaz
AB. Comparison of industrially viable pretreatments to enhance
soybean straw biodegradability. Bioresource Technology. 2015;
194: 1–6. https://doi.org/10.1016/j.biortech.2015.06.090

[16] Wan C, Zhou Y, Li Y. Liquid hot water and alkaline pretreatment
of soybean straw for improving cellulose digestibility. Biore-
source Technology. 2011; 102: 6254–6259. https://doi.org/10.
1016/j.biortech.2011.02.075

[17] Shi R, Zhang Z, Zhang J, Chen C, Li W, Lin Y, et al. A compar-
ative study on enhanced enzymatic hydrolysis of diverse herba-
ceous and woody wastes by promising dilute acid and alkaline
pretreatments. Bioresources and Bioprocessing. 2025; 12: 36.
https://doi.org/10.1186/s40643-025-00873-w

[18] Xu Z, Wang Q, Jiang Z, Yang XX, Ji Y. Enzymatic hydrolysis
of pretreated soybean straw. Biomass and Bioenergy. 2007; 31:
162–167. https://doi.org/10.1016/j.biombioe.2006.06.015

[19] Vedovatto F, Ugalde G, Bonatto C, Bazoti SF, Treichel H,
Mazutti MA, et al. Subcritical water hydrolysis of soybean
residues for obtaining fermentable sugars. The Journal of Su-
percritical Fluids. 2021; 167: 105043. https://doi.org/10.1016/j.
supflu.2020.105043

[20] Lin Z, Huang H, Zhang H, Zhang L, Yan L, Chen J. Ball

13

https://figurelabs.com
https://figurelabs.com
https://doi.org/10.1590/fst.008323
https://doi.org/10.1111/1541-4337.70080
https://doi.org/10.1093/jn/nxz020
https://doi.org/10.1093/jn/nxz020
https://doi.org/10.1016/j.nut.2021.111343
https://doi.org/10.1039/d4fo03963g
https://doi.org/10.1039/d4fo03963g
https://doi.org/10.1007/s00449-012-0869-z
https://doi.org/10.1016/j.biortech.2009.02.044
https://doi.org/10.1016/j.biortech.2009.02.044
https://doi.org/10.1021/jf0707379
https://doi.org/10.1016/j.ijbiomac.2020.10.036
https://doi.org/10.1016/j.ijbiomac.2020.10.036
https://doi.org/10.1016/j.biortech.2016.05.086
https://doi.org/10.1016/j.biortech.2016.05.086
https://doi.org/10.3389/fceng.2022.1004240
https://doi.org/10.3389/fceng.2022.1004240
https://doi.org/10.3390/molecules25030623
https://doi.org/10.3390/molecules25030623
https://doi.org/10.1016/j.biortech.2017.08.156
https://doi.org/10.1016/j.biortech.2017.08.156
https://doi.org/10.1016/j.biortech.2009.10.066
https://doi.org/10.1016/j.biortech.2015.06.090
https://doi.org/10.1016/j.biortech.2011.02.075
https://doi.org/10.1016/j.biortech.2011.02.075
https://doi.org/10.1186/s40643-025-00873-w
https://doi.org/10.1016/j.biombioe.2006.06.015
https://doi.org/10.1016/j.supflu.2020.105043
https://doi.org/10.1016/j.supflu.2020.105043
https://www.imrpress.com


milling pretreatment of corn stover for enhancing the effi-
ciency of enzymatic hydrolysis. Applied Biochemistry and
Biotechnology. 2010; 162: 1872–1880. https://doi.org/10.1007/
s12010-010-8965-5

[21] Qing Q, Guo Q, Zhou L, Gao X, Lu X, Zhang Y. Comparison
of alkaline and acid pretreatments for enzymatic hydrolysis of
soybean hull and soybean straw to produce fermentable sugars.
Industrial Crops and Products. 2017; 109: 391–397. https://doi.
org/10.1016/j.indcrop.2017.08.051

[22] Abdel-Rahman MA, Tashiro Y, Sonomoto K. Lactic acid pro-
duction from lignocellulose-derived sugars using lactic acid bac-
teria: overview and limits. Journal of Biotechnology. 2011; 156:
286–301. https://doi.org/10.1016/j.jbiotec.2011.06.017

[23] Abdel-Rahman MA, Tashiro Y, Sonomoto K. Recent advances
in lactic acid production by microbial fermentation processes.
Biotechnology Advances. 2013; 31: 877–902. https://doi.org/
10.1016/j.biotechadv.2013.04.002

[24] Datta R, HenryM. Lactic acid: recent advances in products, pro-
cesses and technologies — a review. Journal of Chemical Tech-
nology & Biotechnology. 2006; 81: 1119–1129. https://doi.org/
10.1002/jctb.1486

[25] John RP, Nampoothiri KM, Pandey A. Fermentative produc-
tion of lactic acid from biomass: an overview on process de-
velopments and future perspectives. Applied Microbiology and
Biotechnology. 2007; 74: 524–534. https://doi.org/10.1007/
s00253-006-0779-6

[26] Wee YJ, Kim JN, Ryu HW. Biotechnological production of
lactic acid and its recent applications. Food Technology and
Biotechnology. 2006; 44: 163–172.

[27] Li Y, Bhagwat SS, Cortés-Peña YR, Ki D, Rao CV, Jin YS,
et al. Sustainable Lactic Acid Production from Lignocellulosic
Biomass. ACS Sustainable Chemistry & Engineering. 2021; 9:
1341–1351. https://doi.org/10.1021/acssuschemeng.0c08055

[28] Galbe M, Wallberg O. Pretreatment for biorefineries: a review
of common methods for efficient utilisation of lignocellulosic
materials. Biotechnology for Biofuels. 2019; 12: 294. https://do
i.org/10.1186/s13068-019-1634-1

[29] Kim D, Correll E, Kabongo E, Jeong S, Yoo CG. Enzymatic
Hydrolysis of Soybean Hull Without Pretreatment and Its En-
hancement of Bioethanol Production Using Xylose-Fermenting
Escherichia coli (FBR5). Frontiers in Bioscience (Elite Edition).
2025; 17: 38126. https://doi.org/10.31083/FBE38126

[30] Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton
D, et al. Determination of structural carbohydrates and lignin in
biomass. (Report No.: NREL/TP-510-42618). Golden, CO: Na-
tional Renewable Energy Laboratory; August. 2012. Available
at: https://www.nlr.gov/docs/gen/fy13/42618.pdf (Accessed: 5
January 2022).

[31] López-Beceiro J, Díaz-Díaz AM, Álvarez-García A, Tarrío-
Saavedra J, Naya S, Artiaga R. The Complexity of Lignin Ther-
mal Degradation in the Isothermal Context. Processes. 2021; 9:
1154. https://doi.org/10.3390/pr9071154

[32] Karp EM, Resch MG, Donohoe BS, Ciesielski PN, O’Brien
MH, Nill JE, et al. Alkaline Pretreatment of Switchgrass. ACS
Sustainable Chemistry & Engineering. 2015; 3: 1479–1491.
https://doi.org/10.1021/acssuschemeng.5b00201

[33] DenW, Sharma VK, Lee M, Nadadur G, Varma RS. Lignocellu-
losic Biomass Transformations via Greener Oxidative Pretreat-
ment Processes: Access to Energy and Value-Added Chemicals.
Frontiers in Chemistry. 2018; 6: 141. https://doi.org/10.3389/fc
hem.2018.00141

[34] Maurya DP, Singla A, Negi S. An overview of key pretreatment
processes for biological conversion of lignocellulosic biomass
to bioethanol. 3 Biotech. 2015; 5: 597–609. https://doi.org/10.
1007/s13205-015-0279-4

[35] Kumar P, Barrett DM, Delwiche MJ, Stroeve P. Methods for

Pretreatment of Lignocellulosic Biomass for Efficient Hydrol-
ysis and Biofuel Production. Industrial & Engineering Chem-
istry Research. 2009; 48: 3713–3729. https://doi.org/10.1021/ie
801542g

[36] Wang Z, Wu S, Fan C, Zheng X, Zhang W, Wu D, et al. Optimi-
sation of enzymatic saccharification of wheat straw pre-treated
with sodium hydroxide. Scientific Reports. 2021; 11: 23234.
https://doi.org/10.1038/s41598-021-02693-2

[37] Zotta T, Parente E, Ricciardi A. Aerobic metabolism in the genus
Lactobacillus: impact on stress response and potential appli-
cations in the food industry. Journal of Applied Microbiology.
2017; 122: 857–869. https://doi.org/10.1111/jam.13399

[38] Gänzle MG. Lactic metabolism revisited: metabolism of lactic
acid bacteria in food fermentations and food spoilage. Current
Opinion in Food Science. 2015; 2: 106–117. https://doi.org/10.
1016/j.cofs.2015.03.001

[39] Abriouel H, Pérez Montoro B, Casimiro-Soriguer CS, Pérez
Pulido AJ, Knapp CW, Caballero Gómez N, et al. Insight into
Potential Probiotic Markers Predicted in Lactobacillus pentosus
MP-10 Genome Sequence. Frontiers in Microbiology. 2017; 8:
891. https://doi.org/10.3389/fmicb.2017.00891

[40] Chaillou S, Pouwels PH, Postma PW. Transport of D-xylose in
Lactobacillus pentosus, Lactobacillus casei, and Lactobacillus
plantarum: evidence for a mechanism of facilitated diffusion via
the phosphoenolpyruvate:mannose phosphotransferase system.
Journal of Bacteriology. 1999; 181: 4768–4773. https://doi.org/
10.1128/JB.181.16.4768-4773.1999

[41] Nabeta K, Watanabe S, Chibazakura T, Zendo T, Sonomoto
K, Shimizu-Kadota M, et al. Constitutive expression of phos-
phoketolase, a key enzyme for metabolic shift from homo- to
heterolactic fermentation in Enterococcus mundtii QU 25. Bio-
science of Microbiota, Food and Health. 2019; 38: 111–114.
https://doi.org/10.12938/bmfh.18-030

[42] Wischral D, Arias JM, Modesto LF, de França Passos D,
Pereira N, Jr. Lactic acid production from sugarcane bagasse
hydrolysates by Lactobacillus pentosus: Integrating xylose and
glucose fermentation. Biotechnology Progress. 2019; 35: e2718.
https://doi.org/10.1002/btpr.2718

[43] Xavier MCA, Dias GS, Hernalsteens S, Franco TT. Lactic Acid
Production from Sugarcane Bagasse Hydrolysates by Lactiplan-
tibacillus Strains. ACS Omega. 2025; 10: 51891–51899. https:
//doi.org/10.1021/acsomega.5c08221

[44] Bustos G, de la Torre N, Moldes A, Cruz J, Domínguez J. Reval-
orization of hemicellulosic trimming vine shoots hydrolyzates
trough continuous production of lactic acid and biosurfactants
by L. pentosus. Journal of Food Engineering. 2007; 78: 405–
412. https://doi.org/10.1016/j.jfoodeng.2005.10.008

[45] Garde A, Jonsson G, Schmidt AS, Ahring BK. Lactic acid
production from wheat straw hemicellulose hydrolysate by
Lactobacillus pentosus and Lactobacillus brevis. Bioresource
Technology. 2002; 81: 217–223. https://doi.org/10.1016/
s0960-8524(01)00135-3

[46] Kang X, Kirui A, Dickwella Widanage MC, Mentink-Vigier F,
Cosgrove DJ, Wang T. Lignin-polysaccharide interactions in
plant secondary cell walls revealed by solid-state NMR. Na-
ture Communications. 2019; 10: 347. https://doi.org/10.1038/
s41467-018-08252-0

[47] Mussatto SI, Fernandes M, Milagres AM, Roberto IC. Effect
of hemicellulose and lignin on enzymatic hydrolysis of cellu-
lose from brewer’s spent grain. Enzyme and Microbial Tech-
nology. 2008; 43: 124–129. https://doi.org/10.1016/j.enzmicte
c.2007.11.006

[48] Cui F, Li Y, Wan C. Lactic acid production from corn stover us-
ing mixed cultures of Lactobacillus rhamnosus and Lactobacil-
lus brevis. Bioresource Technology. 2011; 102: 1831–1836.
https://doi.org/10.1016/j.biortech.2010.09.063

14

https://doi.org/10.1007/s12010-010-8965-5
https://doi.org/10.1007/s12010-010-8965-5
https://doi.org/10.1016/j.indcrop.2017.08.051
https://doi.org/10.1016/j.indcrop.2017.08.051
https://doi.org/10.1016/j.jbiotec.2011.06.017
https://doi.org/10.1016/j.biotechadv.2013.04.002
https://doi.org/10.1016/j.biotechadv.2013.04.002
https://doi.org/10.1002/jctb.1486
https://doi.org/10.1002/jctb.1486
https://doi.org/10.1007/s00253-006-0779-6
https://doi.org/10.1007/s00253-006-0779-6
https://doi.org/10.1021/acssuschemeng.0c08055
https://doi.org/10.1186/s13068-019-1634-1
https://doi.org/10.1186/s13068-019-1634-1
https://doi.org/10.31083/FBE38126
https://www.nlr.gov/docs/gen/fy13/42618.pdf
https://doi.org/10.3390/pr9071154
https://doi.org/10.1021/acssuschemeng.5b00201
https://doi.org/10.3389/fchem.2018.00141
https://doi.org/10.3389/fchem.2018.00141
https://doi.org/10.1007/s13205-015-0279-4
https://doi.org/10.1007/s13205-015-0279-4
https://doi.org/10.1021/ie801542g
https://doi.org/10.1021/ie801542g
https://doi.org/10.1038/s41598-021-02693-2
https://doi.org/10.1111/jam.13399
https://doi.org/10.1016/j.cofs.2015.03.001
https://doi.org/10.1016/j.cofs.2015.03.001
https://doi.org/10.3389/fmicb.2017.00891
https://doi.org/10.1128/JB.181.16.4768-4773.1999
https://doi.org/10.1128/JB.181.16.4768-4773.1999
https://doi.org/10.12938/bmfh.18-030
https://doi.org/10.1002/btpr.2718
https://doi.org/10.1021/acsomega.5c08221
https://doi.org/10.1021/acsomega.5c08221
https://doi.org/10.1016/j.jfoodeng.2005.10.008
https://doi.org/10.1016/s0960-8524(01)00135-3
https://doi.org/10.1016/s0960-8524(01)00135-3
https://doi.org/10.1038/s41467-018-08252-0
https://doi.org/10.1038/s41467-018-08252-0
https://doi.org/10.1016/j.enzmictec.2007.11.006
https://doi.org/10.1016/j.enzmictec.2007.11.006
https://doi.org/10.1016/j.biortech.2010.09.063
https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Materials
	2.2 NaOH and H2O2 Pretreatment of Soybean Straw
	2.3 SEM Analysis
	2.4 Enzyme-Mediated Hydrolysis of Pretreated Soybean Straw Solids
	2.5 Preparation of Microbial Culture and Inoculum
	2.6 Analytical Procedures

	3. Results and Discussion
	3.1 Hydrothermal Pretreatment of Soybean Straw in the Presence of Dilute NaOH or H2O2
	3.2 SEM Characterization of Hydrothermal Pretreatment of Soybean Straw
	3.3 Enzymatic Hydrolysis of Pretreated Soybean Straw
	3.4 Lactic Acid Fermentation of Soybean Straw Hydrolysates
	3.5 Limitations

	4. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflicts of Interest
	References

