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Abstract

This study aims to enhance the utilization value of corncob by efficiently extracting ferulic acid (FA) and p-coumaric acid (pCA) through environmentally
sustainable methods. The research explores a novel approach that combines autohydrolysis pretreatment with the synergistic effects of xylanase SrXyn10AR
and feruloyl esterase BpFae"'32¢P143C_ By conducting comprehensive optimization through single-factor analysis and response surface methodology (RSM)
experiments, the optimal processing conditions were established: corncob particles of 40-60 mesh size were subjected to autohydrolysis at 165 °C for 34
min with a solid-to-liquid ratio of 1:90.8, followed by enzymatic hydrolysis at 43 °C, 90 rpm, and pH 5.5 for 2.5 h, utilizing BpFae'32¢P143C and SrXyn10AR
enzymes at a concentration of 1.1 U/mL each. Under these refined conditions, the yield of FA and pCA soared to 63.42%, marking a 2.42-fold increase
compared to pre-optimization levels. Furthermore, this process yielded xylooligosaccharides as a valuable co-product, with a yield of 303.31 mg/g. In
conclusion, this study develops an efficient and environmentally friendly strategy for extracting phenolic acids from corncob. By leveraging autohydrolysis
pretreatment combined with dual-enzyme hydrolysis technology, this approach can pave a new way for the value-added utilization of corncob resources.
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Introduction

Corn is the second most cultivated crop globally, with production
levels reaching an impressive 1.2 billion tons!'2l, The generation of
substantial quantities of inexpensive corncob by-products invari-
ably accompanies the production of corn. Studies have indicated
that for every ton of processed corn, approximately 0.3 tons of corn-
cob by-products are generated, resulting in an estimated annual
worldwide production of approximately 363 million tons of
corncobBl. For an extended period, these substantial quantities of
corncob have remained underutilized, with the majority being
discarded or utilized solely as fuel and basic animal feed. This has led
to significant environmental pollution and the squandering of valu-
able renewable resources!“l. In response to the challenges posed by
global warming, most countries worldwide have embraced and are
actively implementing strategies for carbon neutrality and carbon
peakingll. Given this context, it is imperative to research more effi-
cient utilization methods for corncob, which constitutes an abun-
dant renewable resource.

Research has demonstrated that corncob is highly enriched with
cellulose (35%-40%), hemicellulose (32%-36%), and lignin
(17%-20%)!671, Effective utilization of these three primary compo-
nents is crucial for achieving high-value and high-quality applica-
tions of corncob. Various studies have successfully investigated the
production of dietary fiber, xylooligosaccharide (XOS), fuel ethanol,
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and other valuable products from the components present in corn-
cob. A prevalent challenge in these research endeavors is the effec-
tive breakdown of the complex and dense lignocellulosic
structurel®l. The difficulty in disintegrating the lignocellulosic struc-
ture of corncob is primarily due to the organized arrangement of its
crystalline fibers. Additionally, the presence of phenolic acid
compounds, which form cross-linkages between hemicellulose and
lignin through ester or ether bonds, further reinforces this robust
structure. This intertwining complicates the separation of these
components. Consequently, the crucial aspect of effectively disinte-
grating lignocellulose lies in breaking the ester and ether bonds that
link these components together. To tackle this issue, pretreatment
methods, including autohydrolysis, steam explosion, and alkaline
extraction, are utilized for processing agricultural wastel79, A
primary objective of these pretreatment processes is to disrupt the
ester and ether bonds. Through these pretreatments, not only can
dietary fiber, XOS, xylose, and glucose be efficiently extracted, but
also small quantities of phenolic compounds such as ferulic acid (FA)
and p-coumaric acid (pCA) are generated. These phenolic
compounds possess excellent antioxidant and anti-inflammatory
properties, making them valuable in the pharmaceutical, cosmetic,
and food industries!0.111,

Research has shown that corncob is a type of agricultural waste
that is particularly rich in phenolic acids, especially FA and pCA. The
concentrations of FA (1.4%) and pCA (1%-2%) in corncob are higher
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Enhanced production of FA and pCA

compared to other agricultural wastes like wheat bran, wheat straw,
bagasse, peanut shells, and corn stover, which typically contain
between 0.4%-1.2% of these acids!'?l. Employing targeted technolo-
gies to cleave the phenolic acid-derived ester or ether bonds in
corncob allows for the efficient extraction of valuable compounds
like FA and pCA, which have important applications in pharmaceuti-
cals and other industries. Furthermore, this approach enhances the
potential for the resource utilization of the remaining corncob
residue, whose cross-linked structure has been disrupted!'%12, This
strategy offers an effective pathway for the gradual disintegration
and comprehensive exploitation of corncob resources.

Currently, alkaline hydrolysis serves as the primary method for
obtaining FA and pCA from corncob. While effective in breaking
ester and ether bonds within lignin-polysaccharide complexes to
release substantial phenolic acids, this method requires large
solvent volumes and generates significant alkaline wastewater,
exacerbating environmental pollution and potentially damaging
functional groups!’3-15L. In contrast, bio-enzymatic methods have
gained preference due to mild conditions, environmental compati-
bility, energy efficiency, and high specificity. This approach employs
specific enzymes to cleave ether or ester bonds, selectively releas-
ing FA and pCAl'Sl, Feruloyl esterase (FAE) is an enzyme that specifi-
cally targets and cleaves the ester bond linking hydroxycinnamic
acids to sugars, thereby enabling the degradation of phenolic acids
in waste biomass without compromising other valuable chemical
components. Regrettably, the intricate lignocellulosic structure of
corncob poses a challenge, rendering the highly specific FAE unable
to reach the ether-ester bonds nestled deep within this dense
matrix. Consequently, preprocessing steps, including autohydroly-
sis, become indispensable to efficiently break down the ester link-
ages between FA, pCA, and the hemicellulose backbone within the
corncob lignocellulose. This process enables FAE to liberate FA and
pCA effectivelyl'17],  Biomass enzymatic conversion typically
requires multi-enzyme synergy due to structural complexityl'819],
Although FAE alone can partially cleave ester bonds, core lignocellu-
lose components remain largely intact, hindering enzyme access.
Xylanase supplementation enhances FAE effectiveness by degrad-
ing hemicellulose main chains, disrupting the structural framework,
and facilitating FAE access to side-chain esters. This synergistic
action creates a cycle where main-chain degradation promotes side-
chain release and vice versa, significantly improving FA and pCA
yields[20,

In view of this, this paper embraces the principles of efficiency
and environmental sustainability by adopting autohydrolysis, a
prevalent pretreatment technique for agricultural waste, to treat
corncob. Following this, leveraging the highly potent FAE and
xylanase, which were previously developed by the research team,
for synergistic enzymatic hydrolysis, a technology was devised that
efficiently processes corncob to yield FA and pCA, thereby paving a
novel avenue for the high-value application of corncob.

Materials and methods

Materials

The corncob utilized in this study was generously provided by
Shandong Longlive Bio-technology Co., Ltd, and was stored in a dry
environment. Ampicillin, kanamycin, isopropyl-4-D-thiogalactopyra-
noside (IPTG), beechwood xylan, the FA standard, and the pCA stan-
dard were procured from Sigma-Aldrich® (Beijing, China). Addition-
ally, ferulic acid methylester, acetonitrile (HPLC grade), and
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methanol (HPLC grade) were sourced from Beijing Mreda Techno-
logy Co., Ltd. Unless specified otherwise, all other chemicals were of
analytical grade and readily available commercially.

Production and activity analysis of FAE pGEX-4T-
1_BpFaeT132C-D143C

The FAE variant, designated as pGEX-4T-1-BpFael'32C-D143C
derived from the Burkholderia pyrrocinia FAE BpFae, was expressed
in Escherichia coli (E. coli) within the laboratory setting!2'l. Enzyme
activity was assessed according to the previously established
methods, conducted at 50 °C and pH 5.5 using a 1 mmol/L solution
of ferulic acid methyl ester prepared in 50% dimethylsulfoxide
(DMSO)E2'., One unit (U) of BpFaeT'32CD143C activity was defined as
the quantity of crude enzyme capable of liberating 1 pmol of FA per
minute under the conditions mentioned above.

Production and activity analysis of xylanase
SrXyn10AR

The thermostable xylanase variant, SrXyn10AR, derived from
Streptomyces rameus L2001 xylanase XynA, was expressed in E. coli
according to a previous work2223, The enzymatic activity of
SrXyn10AR was evaluated at 50 °C and pH 5.5 using 225 pL of a 1%
(w/v) beechwood xylan solution, according to the methodology
described by Bailey et al.l24l. One unit (U) of SrXyn10AR activity
was defined as the amount of crude enzyme required to produce
1 umol of xylose equivalent per minute under the specified assay
conditions.

Chemical characterization of corncob

The corncob was ground and sieved, with the 40-60 mesh par-
ticles selected for compositional analysis. The moisture content of
corncob was determined by comparing the weight before and after
drying at 105 °C[?3., The protein content was analyzed using the Kjel-
dahl method™l. Ash content was measured by weighing the
samples before and after heat treatment at 550 °C in a muffle
furnace, as described in AOAC method 923.03[29], Starch content
was determined using the a-amylase method, in line with the AOAC
method 996.11126], The total carbohydrates in the destarched corn-
cob were quantified following the protocol described by the
National Renewable Energy Laboratory (NREL)27., Briefly, 300 mg
of corncob was hydrolyzed with 3 mL of 72% (w/w) sulfuric acid at
30 °C for 1 h, diluted to 4% (w/w) sulfuric acid, and autoclaved at
121 °C for 1 h. Subsequently, the fractions were filtered to separate
the insoluble lignin from the solution. The monomeric sugar con-
tent in the hydrolysate was analyzed by high-performance liquid
chromatography (HPLC, Water Corp., Milford, MA, USA) with a
refractive index detector to quantify cellulose and hemicellulosel?8l,
The acid-soluble lignin content was determined spectrophoto-
metrically at 320 nm using a UV-Vis spectrophotometer (TU-1901,
Pgeneral, UV Spectrophotometer). In contrast, the insoluble lignin
content was estimated gravimetrically by subtracting the residual
ash weight from the total dry weight of the residual solid biomass
after drying.

The determination of the alkali-extractable total FA and pCA
content involved treating 0.5 g of corncob with 50 mL of a 2 mol/L
sodium hydroxide solution at 50 °C for 4 h. The liquid fraction
obtained from the alkaline treatment was separated from the solid
residue by centrifuging at 12,000 rpm for 10 min. Following this, the
liquor was neutralized using two volumes of 1 mol/L hydrochloric
acid, preparing it for analysis by HPLC.
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Autohydrolysis of corncob

Autohydrolysis of corncob was conducted in a 500 mL stainless-
steel reactor (SLM500, Sen Long, Beijing, China). A mixture of 15 g of
corncob (40-60 mesh) and 200 mL of deionized water was loaded
into the reactor, where it was heated while being continuously
stirred at 300 rpm using internal magnetic stirring. A PID controller
precisely controlled the reaction temperature and time. Upon
completion of the reaction, the reactor was swiftly cooled to 60 °C
using tap water circulating through a cooling coil. The liquid frac-
tions (LFs) were then separated from the residue by filtration, with
the residue being washed several times with deionized water. The
final volume of the liquid fraction, including wash water, and the
weight of the lyophilized residue (LR) were recorded. Both were
stored at —20 °C for subsequent enzymatic hydrolysis. Initial opti-
mization of autohydrolysis parameters involved a single-factor
design, examining various temperatures (120, 140, 160, 180, and
200 °C), times (20, 40, 60, 80, and 100 min), solid-to-liquid ratios
(1:50, 1:60, 1:70, 1:80, 1:90, and 1:100), and corncob particle sizes
(10-20, 20-40, 40-60, 60-80, and 80-100 mesh). Subsequently,
response surface methodology (RSM) was employed to refine the
autohydrolysis conditions further, focusing on three key factors:
temperature, time, and solid-to-liquid ratio. The response value used
for optimization was the yield of total FA and pCA (TFApCA) after
enzymatic hydrolysis of the autohydrolysis samples.

Enzymatic hydrolysis

Enzymatic hydrolysis was conducted on a 1-gram sample of LR.
The quantity of LF required for each gram of LR was meticulously
calculated to replicate the original ratio between LF and LR after
autohydrolysis. The pH of the LF-LR mixture was then adjusted to
5.5 using a 50 mmol/L citric acid-sodium citrate buffer. Subse-
quently, BpFaeT132¢D143C and SrXyn10AR enzymes were introduced
to the LF-LR mixture, achieving final concentrations of 0.5 U/mL and
5 U/mL, respectively. The total volume was adjusted to 40 mL with
the aforementioned buffer, and the mixture was then hydrolyzed for
2 h in a water bath shaker maintained at 40 °C and 90 rpm. Follow-
ing hydrolysis, the reaction was promptly halted by placing the
mixture in a boiling water bath for 10 min. Thereafter, HPLC analysis
was immediately conducted to ascertain the concentrations of FA
and pCA, enabling the calculation of the TFApCA yield as per Eq. (1).

P(TFApCA) =

Th t of FA and pCA released fi b by treatment
e amount o and pCA released from corncob by treatment _ 00%

ey

The impact of various conditions such as temperature (ranging
from 25 to 45 °C in increments of 5 °C), shaking speed (from 60 to
180 rpm in increments of 30 rpm), pH (4.0 to 6.0 in increments of
0.5), BpFaeT132C¢-D143C |pading (0.125 to 2 U/mL in steps), the ratio of
BpFaeT'32C-D143C to SrXyn10AR (5:1 to 1:20), and time (0.5 to 3.5 h in
increments of 0.5 h) on the TFApCA yield was evaluated through
single-factor experiments. For further refinement, an RSM involving
three key factors-temperature, time, and enzyme ratio-was imple-
mented using Design-Expert Software 11.0 (StatEase Inc., Minneapo-
lis, MN, USA).

To assess whether BpFaeT'32C¢-D143C and SrXyn10AR exhibit a
synergistic effect during enzymatic hydrolysis, the TFApCA yield was
measured when pretreated corncob was hydrolyzed using
BpFaeT'32C-D143C glone, SrXyn10AR alone, and a combination of both
enzymes under the optimal conditions identified for autohydrolysis
and enzymatic hydrolysis.

The amount of FA and pCA in original corncob
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Analytical methods

The concentrations of FA and pCA were determined using an
HPLC system (model 2695) equipped with a UV detector set at
320 nm. Samples were filtered through a 0.22 um filter and applied
to a chromatography system equipped with a ZORBAX Eclipse Plus
C-18 column (4.6 I.D. x 250 mm, 5um, Agilent, Palo Alto, CA). Separa-
tion was accomplished using a mobile phase composed of acetoni-
trile and 1% acetic acid solution (v/v) in a 2:8 ratio. The column oven
temperature was maintained at 35 °C, and the separation process
was completed within 30 min at a constant flow rate of 0.6 mL/min.
A 10 pL injection volume was used for both samples and FA or pCA
standards.

The concentrations of XOS, glucose, xylose, and arabinose were
followed from the research of Qin et al.2%l. The yield of XOS, xylose,
glucose, and arabinose (%, w/w) was calculated using Eq. (2).

PX)(%) = C(X)(g/L) x V(L) x 100%/W(g) 2
where, P(X) is the XOS, xylose, arabinose, or glucose yield, C(X)
represents the concentration of the respective component, V is the
volume of the liquid fraction (LF), and W is the weight of the
hemicellulose or cellulose in the corncob.
Scanning electron microscopy (SEM) and Fourier transform
infrared (FTIR) were performed following the methodology
described in a previous study!28l,

Data analysis

Each treatment was conducted in triplicate, and the results were
presented as the mean value + standard deviation. The statistical
significance of differences among the treatment groups was evalu-
ated using a one-way ANOVA (p < 0.05), followed by Duncan's Mul-
tiple Comparison Test for multiple comparisons. The threshold p-
value for significance was set at 0.05. The different letters (a, b, ¢, ...)
were used to express the significance when p < 0.05, and the same
letter displayed there was no significance between groups (p >
0.05). Data analysis was performed using SPSS version 28.0 (IBM
Corp., New York, USA), OriginPro version 9.1 (OriginLab, Northamp-
ton, MA, USA), Design-Expert version 11, and Microsoft Excel 2020
(Microsoft, USA).

Results and discussion

Composition of corncob

Corncob, which is a byproduct resulting from the corn processing
industry, displays differences in its composition based on various
factors, including corn variety and the specific processing methods
employedB9. As indicated in Supplementary Table S1, corncob was
abundant in cellulose and hemicellulose, comprising 34.34% and
22.19% of its total composition, respectively. These observations
were aligned well with the previously reported findings of Capetti et
al.B", Thus, corncob emerged as a promising renewable resource for
the manufacture of high-value products, including fuel ethanol and
XOS. Furthermore, they comprised 16.26% lignin, 4.99% starch,
1.75% protein, and 4.18% ash. When employing the alkaline extrac-
tion method, the quantities of FA and pCA in corncob were precisely
measured to be 17.8 and 11.29 mg/g, respectively. It was notewor-
thy that the concentrations of these acids could vary significantly
depending on the source of the corncob and the processing
methods employed (Table 1). Although the levels of FA and pCA
vary significantly in corncob from different origins, it is generally
abundant in phenolic acids. This abundance makes corncob a vital
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Table 1. FA and pCA content in corncob across different studies.

FA (mg/q) pCA (mg/q) Ref.
14.05 21.12 [32]
14.50 35.10 [33]
10.13 - [34]
18.80 - [35]
- 10.66 [36]
17.8 11.29 In this study

resource for producing phenolic acid compounds that exhibit
diverse biological functionalities. Moreover, the effective degrada-
tion of phenolic acids, such as FA, present in corncob will facilitate
the enhanced utilization of their cellulose and hemicellulose frac-
tions. To enhance efficiency in determining experimental condi-
tions, future research endeavors will prioritize the yield of TFApCA
as the primary metric for evaluation.

Optimal conditions for autohydrolysis
Effect of autohydrolysis temperature on the yield of TFApCA
Autohydrolysis temperature critically determines lignocellulose
disruption. Although minimal at lower temperatures, structural
breakdown intensifies with rising temperature due to increased
hydronium ions (H;0*) generation and accelerated degradation of
inherent acids (e.g., acetic acid and FA). While higher temperatures
enhance disruption, they may also degrade target products, necessi-
tating optimization. As shown in Fig. 1a, TFApCA yield from corncob
showed a parabolic response to temperature, peaking at 6.79% at
160 °C. Below this optimum, incomplete structural breakdown
limited FA and pCA release. Above 160 °C, free phenolic acids

Food Innovation
and Advances

degraded into byproducts such as 4-vinylguaiacol and 4-
vinylphenolB%371, This optimal temperature is substrate-dependent,
varying from 175 °C for corn bran9 to 60 °C for reed straws!38! due
to structural differences among lignocellulosic materials. TFApCA
yield after enzymatic hydrolysis followed a similar trend, reaching
25.29% at 160 °C. Lower pretreatment temperatures limited enzyme
accessibility and increased non-productive adsorption, while
temperatures above 160 °C generated inhibitors that impaired
BpFaeT'32C-D143C and SrXyn10AR activity3940), Enzymatic treatment
consistently outperformed the non-enzymatic control, confirming
both enzymes' essential role. Residual enzyme activity exhibited a
bell-shaped curve, peaking at 160 °C. This trend occurred because
lower pretreatment temperatures inadequately disrupted the dense
lignocellulosic structure of corncob, resulting in compact regions
where macromolecules such as cellulose, hemicellulose, and lignin
adsorbed the enzymes. However, when the autohydrolysis tempera-
ture surpassed 160 °C, the system may have accumulated exces-
sively high concentrations of byproducts, such as acetic acid and
furfural, which had inhibitory effects on the activities of the two
enzymes#041],

Effect of autohydrolysis time on the yield of TFApCA
Autohydrolysis duration critically governs treatment intensity.
Prolonged treatment at fixed temperature enhances structural
disruption, breaking macromolecular polymers into basic units that
further convert into furan derivatives (e.g., furfural, HMF) and
organic acids like formic and levulinic acid3%42l, As shown in Fig. 1b,
TFApCA yield from autohydrolysis alone fluctuated erratically with
time, reflecting corncob heterogeneity and phenolic acid stability.
Moderate durations released readily accessible bound FA and pCA,
while extended treatment caused free phenolic acid degradation to
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Fig. 1 Effects of (a) temperature, (b) time, (c) solid-to-liquid ratio, and (d) particle size on the yield of TFApCA. AH, autohydrolysis only treatment, no
enzymatic hydrolysis treatment; AH+EH, autohydrolysis plus enzymatic hydrolysis treatment. Squares, residual enzyme activity of BpFae'32¢P143¢; circles,
residual enzyme activity of SrXyn10AR. Residual enzyme activity is defined as the ratio of the enzyme activity measured in the system to the initial enzyme

activity.
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outpace release from recalcitrant forms. Further increases in treat-
ment intensity cause fluctuations in phenolic acid content due to
the shifting balance between these two processes. Enzymatic
hydrolysis of pretreated samples showed a distinct peak at 40 min
(Fig. 1b). Shorter autohydrolysis provided insufficient structural
disruption, while excessive durations generated enzymatic
inhibitors2?l, The consistently higher yield from enzymatic treat-
ment vs the control underscores the essential role of SrXyn10AR and
BpFaeT'32C-D143C Residual enzyme activity generally declined with
prolonged autohydrolysis due to cumulative inhibition. Interest-
ingly, SrXyn10AR activity increased after 100 min, possibly due
to the system's complex composition and evolving substrate
properties.

Effect of solid-to-liquid ratio on the yield of TFApCA

The solid-to-liquid ratio critically determines corncob concentra-
tion, heat transfer efficiency, and concentrations of key catalytic
species (e.g., H*, H;0*, acetic acid) during autohydrolysis, thereby
governing fiber disruption extent and subsequent enzymatic
hydrolysis efficacy(?8]. As shown in Fig. 1c, TFApCA yield from auto-
hydrolysis alone exhibited a parabolic response to the solid-to-liquid
ratio. Low ratios limited active agent (e.g., H* and H30%) concentra-
tion due to poor mixing and heat transfer, reducing lignocellulose
disruption and yield. An optimal ratio of 1:60 enhanced FA and pCA
release, while higher ratios promoted degradation of liberated
phenolic acids into vanillin and 4-vinylguaiacol via excessive H3;0*
generation. High ratios also dilute products, complicating separa-
tion and increasing wastewater treatment costsi*3-451, In contrast,
during enzymatic hydrolysis with SrXyn10AR and BpFaeT'32C-D143C,
the TFApCA yield increased with the solid-to-liquid ratio. Although
harsher pretreatment degraded some free FA and pCA and gener-
ated inhibitors, the enhanced structural disruption overall improved
enzyme access to the phenolic acid side chains, promoting a net
release. However, the residual activity of both enzymes declined at
ratios exceeding 1:60, with SrXyn10AR activity dropping to ~5%,
indicating its particular susceptibility to the accumulated inhibitory
compounds under intense conditions.

Effect of particle size on the yield of TFApCA

The particle size of lignocellulosic materials significantly influ-
ences TFApCA yield by affecting specific surface area and internal
structure. During autohydrolysis, particle size governs both the
contact area with H;O* and substrate accessibility for subsequent
enzymatic hydrolysisi4l. As shown in Fig. 1d, TFApCA vyield from
autohydrolysis alone showed no clear trend with particle size. This
irregularity reflects competing effects: finer particles enhance
surface area and FA/pCA release, but under intense conditions also
promote degradation of liberated compounds, causing yield fluctu-
ationst®l, After dual-enzyme hydrolysis, TFApCA yield exhibited a
distinct peak (28.10%) at 40-80 mesh. Moderate size reduction
improved structural disruption and enzyme synergy, while exces-
sively fine particles generated inhibitory substances that impaired
enzyme activity®’l. Residual enzyme activity initially increased with
smaller particle sizes due to enhanced substrate accessibility, then
declined as inhibitors accumulated. The differing residual activity
profiles of the two enzymes reflect their distinct properties and the
complex corncob composition.

Optimization of autohydrolysis conditions using
RSM for maximizing TFApCA yield

Based on the single-factor experimental results, an RSM using the
Box-Behnken design (BBD) was implemented. When optimizing

Page 68 of 75

Enhanced production of FA and pCA

other autohydrolysis conditions, the corncob mesh size ranges from
40-60 mesh, and the optimal mesh size also falls within this range.
Therefore, this design focused on three key factors: temperature,
time, and solid-to-liquid ratio. The experimental findings revealed
notable disparities in the yield of TFApCA after dual-enzyme hydrol-
ysis among samples that underwent varying autohydrolysis treat-
ments (Table 2). Notably, the lowest yield was observed in experi-
ment group 2, totaling just 14.97%, whereas the highest yield was
achieved in experiment group six, peaking at 44.96%. Utilizing
Design-Expert software, a comprehensive multivariate regression
analysis was conducted on the dataset comprising 15 experimental
groups, ultimately yielding the following regression equation:

Y =44.50 +3.8562A4 —3.0778B + 1.7763C — 7.26 16A B+
0.0256AC —0.2742BC — 12.6258A%-8.1867B%>~11.2007C>  (3)

where, Y denotes the predicted response, specifically the yield of
TFApCA, while A, B, and C represent the factors of temperature, time,
and solid-to-liquid ratio, respectively.

ANOVA confirmed the model's statistical significance (p < 0.05)
with an insignificant lack-of-fit term (p > 0.05), indicating the regres-
sion equation accurately describes the factor-response relationship
(Supplementary Table S2). The model demonstrated high reliability
(R? = 0.9949), explaining 99.49% of data variance. Analysis of factor
significance based on F-values and p-values identified temperature
(A), time (B), and solid-to-liquid ratio (C) as influential parameters,
with relative importance ranking A > B > C. This hierarchy aligns
with previous autohydrolysis studies highlighting temperature and
time as primary factors!28l, All quadratic terms significantly affected
yield, while only the temperature-time interaction showed notable
significance, consistent with established research(28l,

Response surface analysis based on the regression equation
revealed interactive effects of process factors on TFApCA yield
(Supplementary Fig. S1). The yield showed a parabolic response to
increasing temperature (at fixed time, Supplementary Fig. S1a) or
prolonged time (at fixed temperature), indicating both insufficient
and excessive intensities reduce production. This pattern reflects the
balance between lignocellulose disruption and byproduct forma-
tion: mild conditions incompletely release target compounds, while
severe conditions generate inhibitory impurities that degrade FA
and pCA. Similarly, low temperatures or solid-to-liquid ratios insuffi-
ciently disrupted the lignocellulosic structure, reducing yields

Table 2. The BBD and the responses of the dependent variables for auto-
hydrolysis conditions.

Test Temperature (°C)  Time (min) SOI'd;;%'(I)'qu'd Yield of
No. TFAPCA (%)
A Code A B Code B C CodeC

1 160 0 60 1 1:80 -1 20.77 £0.42
2 140 -1 40 0 1:80 -1 14.97 £ 0.37
3 140 -1 60 1 1:90 0 23.87+0.24
4 160 0 20 -1 1:100 1 30.00+0.30
5 160 0 20 -1 1:80 -1 25.00 £0.68
6 160 0 40 0 1:90 0 44.96 + 0.07
7 140 -1 40 0 1:100 1 17.58 +0.05
8 160 0 60 1 1:100 1 24.67 £0.80
9 180 1 40 0 1:80 -1 23.72+0.78
10 180 1 60 1 1:90 0 15.97 +0.58
11 180 1 20 -1 1:90 0 38.03 £0.58
12 180 1 40 0 1:100 1 2643 +0.32
13 160 0 40 0 1:90 0 44,29 + 0.69
14 140 -1 20 -1 1:90 0 16.88 + 0.35
15 160 0 40 0 1:90 0 44.24 +0.89
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(Supplementary Fig. S1b). Conversely, high ratios with elevated
temperatures caused overtreatment, generating inhibitors that
impaired enzymatic hydrolysis and degraded phenolic acids
(Supplementary Fig. Si1c). Extended autohydrolysis time or
increased solid-to-liquid ratio also produced this parabolic trend
due to competing structural disruption and impurity accumulation.
Optimal conditions determined by Design-Expert 11 were 165 °C,
34 min, and a 1:90.8 solid-to-liquid ratio, predicting 45.48% TFApCA
yield. Experimental validation achieved 46.19% using a 40-60 mesh
corncob, confirming model accuracy. The optimized process
increased the yield 1.76-fold, demonstrating autohydrolysis condi-
tions' significant impact on FA and pCA release.

Optimized conditions for enzymatic hydrolysis
Single factor

As shown in Fig. 2a, autohydrolyzed corncob residue liquor was
further processed at 40 °C and 90 rpm for varying durations. The
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TFApCA content in the supernatant showed a fluctuating trend,
rising initially, then decreasing, before increasing again. This pattern
reflects continuous adsorption and desorption of released FA and
pCA between the solid residue and the liquid phase. Agitation
initially promoted the transfer of retained phenolics into solution,
followed by re-adsorption onto residues, with this cycle repeating
until gradual equilibrium was approached8l. Enzymatic treatment
significantly enhanced TFApCA vyield compared to the non-
enzymatic control. Yield increased with hydrolysis time up to 2.5 h
before stabilizing. This improvement resulted from the synergistic
action of BpFaeT'32C-D143C and SrXyn10AR, which hydrolyze feruloyl
ester bonds in both solid and liquid phases. Beyond 2.5 h, product
accumulation inhibited the enzymes, and their activity declined
naturally, leading to yield stabilization!2l. Additionally, some ferulic
acid groups remained trapped in compact, undegraded regions of
the corncob, inaccessible to enzymes!*9l. Residual enzyme activities
were low post-hydrolysis. Given their thermal stability, the decrease
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residual enzyme activity of BpFae™'32¢P143C. circles, residual enzyme activity of SrXyn10AR.
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was mainly attributed to adsorption onto solids and inhibition by
complex reaction productst. SrXyn10AR maintained high activity
during short periods due to thermal stability, but dropped as
inhibitors accumulated. BpFaeT'32C¢-D143C showed more complex
activity fluctuations, influenced by prolonged heating, adsorption-
desorption behavior, and modulation by metabolites.

As shown in Fig. 2b, the TFApCA concentration in autohydrolysis
liquor supernatant first increased, then decreased with varying rota-
tional speeds. This trend resulted from the release of phenolic acids
under optimized autohydrolysis conditions, followed by their partial
adsorption onto solid residues. Agitation speed altered the
solid-liquid distribution of FA and pCA, causing the observed fluctu-
ation. In contrast, enzymatically hydrolyzed samples showed consis-
tent TFApCA levels across speeds, as BpFaeT'32C¢-D143C and SrXyn10AR
released more free phenolic acids than were adsorbed. Agitation
provided sufficient enzyme-substrate contact, while shear effects
on enzyme activity remained limited. Residual activity post-hydroly-
sis varied between enzymes: SrXyn10AR remained stable, while
BpFaeT'32C-D143C first rose then declined. This reflects their differing
adsorption behaviors onto residues and shear tolerance under
agitation.

As shown in Fig. 2¢, the TFApCA concentration in autohydrolyzed
corncob residue liquor decreased gradually with increasing pH,
likely due to enhanced adsorption of free FA and pCA onto residues
under alkaline conditions. During enzymatic hydrolysis, TFApCA
yield first increased and then slightly decreased with rising pH,
aligning with the pH-activity profiles of the two enzymes.
BpFaeT'32C-D143C and SrXyn10AR exhibit optimal activity at pH
4.5-5.0 and pH 6.0, respectively®, resulting in maximal synergistic
efficiency at pH 5.0. Furthermore, this phenomenon was also influ-
enced by the effect of pH on the dissociation state of the
substratel284851], Residual enzyme activity in the supernatant varied
with pH: SrXyn10AR decreased steadily, while BpFaeT'32¢-D143C flyc-
tuated. These patterns reflect the combined effects of pH on
enzyme conformation, component ionization, and enzyme adsorp-
tion to residual substrates.

After enzymatic hydrolysis at different temperatures, the TFApCA
content in the supernatant showed a fluctuating trend with increas-
ing temperature (Fig. 2d), which was closely related to the tempera-
ture-dependent distribution of FA and pCA between the corncob
residue and the solution. The TFApCA yield increased with tempera-
ture and reached a maximum of 47.32% at 40 °C, beyond which it
slightly decreased. This pattern can be explained by the distinct
thermal properties of the two enzymes: SrXyn10AR has higher ther-
mal stability and optimum temperature, while BpFaeT'32C-D143C has a
lower optimum temperature (50 °C) and reduced thermal stability,
collectively influencing the efficiency of the co-hydrolysis process.
The residual activity of SrXyn10AR remained stable across tempera-
tures, consistent with its reported thermal stability. In contrast,
BpFaeT'32C-D143C showed the highest residual activity at 40 °C. At
lower temperatures, although the enzyme's structure remained
intact, its weaker degradation capacity led to increased adsorption
onto the residue, reducing its activity in the supernatant. At 40 °C,
the enzyme's degradation ability improved, promoting its release
from the residue into the solution while maintaining structural
stability. Further temperature increases, however, likely caused
partial denaturation and loss of activity.

As shown in Fig. 2e, enzymatic hydrolysis of autohydrolyzed corn-
cob residue using different ratios of BpFaeT'32¢-D143C gnd SrXyn10AR
significantly increased TFApCA yields compared to the non-enzy-
matic control. Previous studies indicate that the synergy between
xylanases and FAEs enhances agricultural waste degradation, with
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the enzyme ratio critically influencing this synergistic effect'2. At a
fixed concentration of BpFaeT'32C¢-D143C increasing SrXyn10AR con-
centration raised TFApCA yield to a maximum of 47.44% at a 1:1
ratio, beyond which further increases showed no significant
improvement. This is because adequate SrXyn10AR effectively
degraded xylan, reducing steric hindrance and allowing
BpFaeT'32C-D143C greater access to phenolic ester bonds. Once most
of the degradable xylan was hydrolyzed, additional SrXyn10AR
provided no further synergistic benefit“8l. The increase in residual
enzyme activity post-hydrolysis further supports enzyme synergy.
As substrates were degraded, adsorbed enzymes were released
back into solution, elevating measurable activity>2,

As shown in Fig. 2f, with a fixed BpFaeT'32¢D143C to SyXyn10AR
ratio of 1:10, TFApCA yield increased with enzyme concentration
and peaked at 48.06% (1 U/mL BpFaeT'32¢D143C and 10 U/mL
SrXyn10AR). Beyond this threshold, yield declined with increasing
concentration, which is consistent with the findings of Qin et al.l28]
but contrasts with those of Gao et all>3l. Excessive enzymes compete
for limited substrate binding sites, lowering hydrolysis
efficiency?#5>\. Residual enzyme activities in the supernatant first
rose, then declined with increasing concentration. At lower levels,
more enzymes were released as substrates degraded; at higher
levels, excessive adsorption to non-degradable components (e.g.,
cellulose and lignin) reduced detectable activity?8l. The differing
peak residual activities between the two enzymes reflect variations
in substrate composition—xylan vs ferulic acid side chains—affect-
ing their specific and nonspecific adsorption.

RSM

Based on the results of a single-factor experiment, three factors—
temperature, time, and enzyme concentration—were chosen to
design a Box-Behnken methodology with three levels at the central
point, encompassing a total of 15 groups for RSM (Table 3). The
highest yield for TFApCA was achieved under the conditions corre-
sponding to the central value levels of the factors.

By conducting multivariate regression analysis on the 15 sets of
experimental data and fitting the regression equation, the impact of
each factor on the response value can be mathematically repre-
sented by the following function:

Table 3. The BBD and the responses of the dependent variables for the
enzymatic hydrolysis conditions.

Enzyme
Test Temperature (°C) Time (h) concentration Yield of
No. (U/mL) TFAPCA (%)
A CodeA B  CodeB C CodeC

1 40 0 2 -1 1.5 1 46.55+0.12
2 45 1 25 0 0.5 -1 52.87+0.24
3 40 0 25 0 1 0 60.85 +0.87
4 40 0 3 1 1.5 1 49.36 +£0.10
5 45 1 3 1 1 0 53.19+0.53
6 45 1 25 0 1.5 1 56.87 £0.55
7 40 0 25 0 1 0 66.32+0.43
8 40 0 25 0 1 0 60.11 +0.15
9 35 -1 25 0 1.5 1 47.39+0.37
10 35 -1 3 1 1 0 46.33+0.46
1" 45 1 2 -1 1 0 51.30+0.12
12 40 0 2 -1 0.5 -1 42,60 +0.65
13 35 -1 2 1 1 0 44.20 £ 0.26
14 35 -1 25 0 0.5 -1 50.46 +0.60
15 40 0 3 1 0.5 -1 46.19£0.51

Ma et al. Food Innovation and Advances 2026, 5(1): 64—75



Enhanced production of FA and pCA

Y =78.03 +4.0397A + 1.6285B + 1.2590C — 0.0738 AB+
2.2088AC —0.2455BC —4.9683A%—12.1228B>-8.1905C>  (4)

where, Y denotes the predicted response (the yield of TFApCA), and A,
B, and C represent the factors of temperature, time, and enzyme
concentration, respectively.

After analyzing variance, the results showed a pattern with p <
0.05, indicating that the model was statistically significant (Supple-
mentary Table S3). Furthermore, the mismatch term was insignifi-
cant, as evidenced by a pattern with p > 0.05. Additionally, the R?
value for the regression equation was 0.9875, suggesting a high
degree of accuracy for the model. Collectively, these findings indi-
cated that the model can be reliably used to predict the optimal
conditions for maximizing the production of TFApCA.

The significance analysis indicated that the primary factors, A
(temperature) and B (time), had a substantial impact on production.
In contrast, the primary factor C (enzyme concentration) exhibited a
relatively minor effect. The order of significance was determined as
temperature > time > enzyme concentration. Notably, a significant
interaction was observed between temperature and enzyme con-
centration in relation to their influence on the production of
TFApCA. Furthermore, the quadratic terms A2, B2, and C2 were all
found to be significant, suggesting a curved (or surface) relation-
ship between temperature, time, and enzyme concentration and the
production of TFApCA.

Three-dimensional plots derived from the fitted equation clearly
demonstrated that the yield of TFApCA initially increased and then
decreased as both the time and enzyme concentration increased
(Supplementary Fig. S2). In contrast, as the temperature incremen-
tally rose, its impact demonstrated an initial upward trend followed
by a slight decline. From this observation, it can be deduced that,
within the tested spectrum of factor levels, the time and enzyme
concentration were situated roughly around their median values,
whereas the temperature leaned slightly towards the upper limit
of the range. This indicated that the yield of TFApCA followed a
parabolic trend as the temperature, time, or concentration
increased, achieving maximum yield at appropriate levels of these
factors.

Using Design-Expert 11 software, the optimal conditions for maxi-
mizing TFApCA yield were determined. The model predicted a maxi-
mum yield of 61.53% at 43 °C, 2.5 h, and a BpFaeT'32¢-D143C concen-
tration of 1.1 U/mL. Validation experiments under these optimal
conditions (with additional fixed parameters: 90 rpm shaker speed,
pH 5.5, and SrXyn10AR concentration of 1.1 U/mL) yielded 63.42%,
a value close to the prediction, confirming the model's accuracy and
effectiveness. This value closely approximated the current highest
yield of FA extracted from corncob, standing at 67.70%!"9, and
exceeds the yield documented in other research endeavorsi3435
(Table 4). Notably, the time used in this study is significantly shorter,
only one-tenth of that required to achieve the highest previously
reported yield, markedly improving production efficiency. Further-
more, this study investigated the yield of two phenolic acids, specifi-

cally including pCA, further demonstrating the high efficacy of
BpFaeT132C'D143C.

Production of TFApCA from enzymatically
pretreated corncob utilizing various enzymatic
methods

Under optimized conditions, TFApCA yields were assessed from
autohydrolyzed corncob residues treated with BpFaeT'32C-D143C
alone, SrXyn10AR alone, or their combination. As shown in Supple-
mentary Fig. S3, SrXyn10AR alone only moderately increased
TFApCA vyield (42.43% over the untreated sample), indicating its
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Table 4. Summary of representative FA productions from corncob.

Total FA Feruloyl ) .
content esterase Xylar;astg Tzr"]n)e YF'ilg)/o)f Ref.
(mg/qg) concentration €oncentration °
18.8 0.04 U/mL 24 9.63 [35]
4 U/mL 4.31

0.04 U/mL 4U/mL 14.89
10.13 0.8 mg/mL - 1 43.24 [34]
10.78 46 pg/mL 46 pg/mL 24 67.70 [10]
17.85 (FA) and 1.1 U/mL 1.1 U/mL 2.5 63.42 In this
11.29 (pCA) (TFApCA)  study

primary activity toward xylan rather than phenolic acid ester bonds.
In contrast, BpFaeT'32¢D143C glone markedly raised TFApCA yield to
52.51%—a 305.80% increase—demonstrating high specificity and
efficiency in releasing FA and pCA, outperforming its parental
enzyme BpFae on wheat brani®'l, This difference may stem from
substrate composition, pretreatment, and the mutant's catalytic
properties. The enzyme combination, optimized with more
BpFaeT'32C-D143C proved highly effective, achieving a 64.08%
TFApCA vyield (395.20% increase over untreated). This result
exceeded the sum of individual enzyme effects, confirming a syner-
gistic interaction between BpFaeT'32CG-D143C and SrXyn10AR in
enhancing phenolic acid release, consistent with prior reports!>6l.

Sugars composition

Under optimal autohydrolysis and enzymatic hydrolysis condi-
tions, analysis revealed the presence of XOS with varying degrees of
polymerization (DP), along with xylose, arabinose, and glucose
(Supplementary Fig. S4 and Supplementary Table S4). This indicates
that autohydrolysis effectively cleaves hemicellulose and cellulose
to generate diverse XOS while releasing limited monosaccharides,
consistent with previous reports[29371, However, individual XOS (DP
2-6) content remained relatively low (<20 mg/g), with total XOS
yield below 57.96 mg/g. Subsequent dual-enzyme hydrolysis using
SrXyn10AR and BpFaeT'32C-D143C significantly increased XOS yields,
with all types rising over 200%. Xylobiose (32.26 mg/g) and
xylotriose (47.26 mg/g) increased by 561.18% and 628.14%, respec-
tively, bringing the total XOS yield to 303.31 mg/g—5.23 times that
after autohydrolysis. This confirms efficient hydrolysis of autohy-
drolyzed corncob residue by the synergistic action of the two
enzymes. In addition to facilitating substantial TFApCA release, the
process generated considerable XOS. The marked increase in xylo-
biose and xylotriose aligns with the known enzymatic specificity of
SrXyn10AR, which predominantly yields these oligosaccharides
during xylan hydrolysis2259, Furthermore, the potential auxiliary
function of BpFaeT'32C-D143C in this process cannot be overlooked.
Concurrently, modest increases in xylose (28.98%) and arabinose
(19.88%) were observed, consistent with the reported activity of
SrXyn10AR in producing minor amounts of xylosel®”! and the
concomitant degradation of arabinose side chains. In contrast,
glucose levels remained stable, attributable to the substrate selec-
tivity of both enzymes toward non-cellulosic components. Although
autohydrolysis may expose some cellulose, neither enzyme can
degrade cellulose, leaving glucose content unaffected. In conclu-
sion, treating autohydrolyzed corncob with BpFaeT'32CG-D143C and
SrXyn10AR not only enhances the production of FA and pCA but
also enables high XOS yields. While the current conditions may not
be optimal for XOS production alone, further optimization could be
applied to the residue after preferential recovery of phenolic acids.
This stepwise valorization strategy enables full component utiliza-
tion of agricultural waste, maximizing its economic potential.
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Morphological structure of corncob after various
pretreatments

SEM analyzed structural changes in untreated, autohydrolyzed,
and enzymatically hydrolyzed corncob (Fig. 3). The untreated
sample showed a smooth, compact surface with no fractures, indi-
cating a dense lignocellulosic structure that hinders enzymatic
action (Fig. 3a). After autohydrolysis, the surface became rough and
porous, with visible cracks and holes, reflecting breakdown of the
rigid framework and cleavage of lignin-carbohydrate linkages,
which enabled hemicellulose degradation into XOS and monosac-
charides (Fig. 3b). This porous structure improved enzyme accessi-
bility. Subsequent enzymatic hydrolysis further disrupted the
morphology, resulting in extensive fragmentation and a rougher
surface, indicating hemicellulose conversion into FA, pCA, and
sugars, leaving fragmented cellulose (Fig. 3c). These pronounced
structural changes confirm the efficacy of the dual-enzyme treat-
ment, consistent with previous studies(2838/58],

FTIR spectroscopy analysis

FTIR analysis compared untreated corncob, autohydrolyzed corn-
cob, and enzymatically hydrolyzed corncob. Although specific
bands differed, overall spectral profiles were similar (Fig. 4). A broad
band around 3,340 cm~! in all samples, assigned to O-H stretching
in cellulose and hemicellulose, showed reduced intensity after auto-
hydrolysis and enzymatic hydrolysis, indicating partial disruption of
hydrogen bonding289, The peak near 2,930 cm~', attributed to
C-H stretching in lignin and polysaccharides, decreased after
autohydrolysis and further weakened with a blue shift after enzy-
matic hydrolysis, suggesting degradation of these components[28:59,
The band around 1,710 cm-!, associated with C=0 stretching in
acetyl and ester groups (hemicellulose and lignin), decreased and

Enhanced production of FA and pCA

redshifted following treatments, confirming breakage of ester
linkages!28>9601. Bands at 1,603 cm~' (lignin acetyl vibration) and
1,515 cm~! (lignin aromatic vibration) changed with treatments:
1,603 cm™! increased slightly after autohydrolysis, likely due to
exposed acetyl groups, while 1,515 cm~ rose after autohydrolysis
but dropped after enzymatic hydrolysis, indicating lignin alteration
and degradation(285960, Minor bands between 1,453-1,250 cm~',
representing C-O, C=0, and C-H vibrations in hemicellulose and
lignin, also decreased after treatments, suggesting hemicellulose
damagel?83859, The peak at 898 cm', indicating B-glycosidic bonds
in cellulose/hemicellulose, declined post-treatment, confirming
polysaccharide degradation®. In summary, both autohydrolysis
and enzymatic hydrolysis successfully disrupted the major compo-
nents of corncob. The pronounced attenuation of specific peaks,
especially those related to ester bonds, post-enzymatic hydrolysis
correlates with the release of FA, pCA, and XOS into the hydrolysate.

Conclusions

In summary, this study achieved a significant breakthrough by
optimizing the process conditions for treating corncob through
autohydrolysis in conjunction with the synergistic action of FAE
BpFaeT'32¢-D143C and xylanase SrXyn10AR. The optimized conditions
included a heat treatment at 165 °C for 34 min, a solid-to-liquid ratio
of 1:90.8, and the use of corncob particles with a size between 40-60
mesh. Following this, a dual-enzyme hydrolysis process was carried
out at 43 °C and pH 5.5 for 2.5 h, with a shaker speed maintained at
90 rpm and both enzymes added at a concentration of 1.1 U/mL.
Under these refined conditions, the yield of TFApCA was notably
elevated, achieving a 2.4-fold increase compared to the unopti-
mized conditions, reaching a total yield of 63.42%. Furthermore,

Fig. 3 SEM of (a) corncob, (b) corncob after autohydrolysis treatment, and (c) corncob after autohydrolysis and enzymatic hydrolysis treatments. Scale

bars: 500 pm (500 X), 10 um (1,000 x), 5 um (5,000 x), 1 um (10,000 x).
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Fig. 4 FTIR spectra of corncob (untreated), corncob after autohydrolysis treatment (AH), and corncob after autohydrolysis and enzymatic hydrolysis
treatments (AH+EH). AH, autohydrolysis only treatment, no enzymatic hydrolysis treatment; AH+EH, autohydrolysis plus enzymatic hydrolysis treatment.

the residual activities of the enzymes post-hydrolysis were assessed,
and XOS production quantified under the optimal treatment condi-
tions. The comprehensive analysis of the results underscores that the
integration of autohydrolysis with SrXyn10AR and BpFaeT!32C-D143C
not only markedly enhances the economic potential of corncob but
also offers a viable and environmentally friendly approach for the
efficient production of high-value-added compounds such as FA,
pCA, and XOS.
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