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ABSTRACT: A stepwise pretreatment process for coconut dregs (CD) has been investigated to enhance availability
of hemicellulose. Recently, lignocellulose-rich agricultural waste such as CD has garnered substantial attention as a
sustainable raw material for producing value-added bio-products. To optimize the process variables within the stepwise
pretreatment using Pulsed Electric Field (PEF) and Solid-State Fermentation (SSF), Response Surface Methodology
(RSM) based on Central Composite Design (CCD) was employed. PEF, a non-thermal physical treatment, offers
advantages such as low energy consumption and reduced processing times, while SSF utilizes Pleurotus ostreatus to
promote biodegradation. A statistical model was constructed using a three-factor CCD that included five center points
and axial points, with variables including PEF treatment duration (30, 60, and 90 s), substrate particle size (20, 40, and
60 mesh), and incubation time (10, 20, and 30 days). Changes in lignocellulose composition were analyzed to evaluate
their effects on the process. The optimal parameters identified were a particle size of 40 mesh, a PEF treatment duration
of 61 s, and an incubation period of 12.5 days. Under these conditions, the process yielded an impressive increase in
hemicellulose availability by 106.53%, a minimization of cellulose loss to 6.28%, and a successful delignification resulting
in a 21.78% removal of lignin.
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1 Introduction
Hemicellulose is a heterogeneous and branched polysaccharide that envelops cellulose, forming a

crucial link between cellulose and lignin. It consists of a complex mixture of D-glucose, D-galactose, D-
mannose, D-xylose, L-arabinose, glucuronic acid, and 4-O-methyl-glucuronic acid [1] including polymers
such as arabans, xylans, and galactans [2]. The presence of substantial substitutions with acetic acid endows
hemicellulose with an amorphous and flexible structure, significantly contributing to cell wall stability
through its interaction with cellulose [1]. Although hemicellulose is insoluble in water, it readily dissolves in
weak acids, bases, and enzymatic solutions. Its comparatively lower mechanical strength relative to cellulose
renders it more amenable to chemical treatments, facilitating its conversion into biofuels, bioethanol, biochar,
fermentable sugars, and other valuable products [2].

Coconut dregs (CD) are a lignocellulosic biomass characterized by a composition of cellulose (47.18%),
hemicellulose (12.10%), and lignin (10.58%) [3]. Numerous studies have explored the potential of CD as a
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raw material for the production of second-and third-generation bioethanol [4]. Pretreatment methods have
been shown to enhance its lignocellulosic content to 14.8% cellulose, 27.7% hemicellulose, and 12.4% lignin.
Research indicates that hydrothermal pretreatment combined with acid hydrolysis can significantly reduce
the lignocellulose composition of CD to 3.32% cellulose, 1.50% hemicellulose, and 1.73% lignin [5]. Due to
its lignocellulosic content, CD holds considerable promise as a feed-stock for generating valuable bio-based
products [4,6].

The rigid structure of lignocellulose contributes to biomass recalcitrance, complicating its direct
conversion into bio-products [7]. Lignin strong association with cellulose and hemicellulose further enhance
the biomass’s resilience against degradation [8]. To overcome this challenge, pretreatment is essential for
disrupting the lignocellulosic matrix and improving enzyme accessibility [6,9]. The synergy of various
pretreatment methods has shown significant potential for enhancing hemicellulose availability [4], thus
enabling the hydrolysis of hemicellulose into monosaccharides for subsequent conversion [1,10].

Effective pretreatment is paramount in processing lignocellulosic biomass, as it facilitates hydrolysis [11].
A combinatorial approach utilizing different pretreatment methods often yields better results compared to a
singular approach, given that biomass types possess distinct physicochemical characteristics that influence
treatment outcomes. Stepwise pretreatment methods have proven to be particularly effective in breaking
down lignocellulosic biomass [12].

Chemical pretreatments, particularly acid and alkali treatments, are known for their efficiency in
disrupting lignocellulose structures [13,14]. Alkali treatment, for instance, enhances biomass porosity,
thereby improving enzymatic hydrolysis yields [15]. Physical methods, such as microwaves treatment, serve
to reduce crystallinity and augment enzyme accessibility, leading to increased sugar yields [16,17]. Ultrasonic
cavitation represents another technique capable of dismantling complex biomass structures [18]. A summary
of related studies can be found in Table 1. While existing methods demonstrate efficiency, further innovation
is required to develop pretreatments that effectively balance low energy consumption, cost-effectiveness, and
environmental sustainability, thereby facilitating greater hemicellulose availability. One promising physical
pretreatment technique is the pulsed electric field (PEF) method.

PEF is characterized as non-thermal pretreatment that employs low energy while applying an electric
field for a brief duration [19]. This method promotes the formation of pores in cell membranes, thus
increasing porosity and surface area, which subsequently enhances biomass processing efficiency [19,20].
Observations using field emission scanning electron microscopy (FESEM) have shown that PEF treat-
ment significantly improves pore uniformity and abundance in CD, facilitating structural breakdown [21].
Lignin’s complex structure and water-insolubility pose challenges for subsequent processing [22]. However,
physical pretreatments are advantageous, yielding increased surface area, diminished cellulose crystallinity,
straighforward operation, and minimal environmental impact [8]. These methods are foundational for enzy-
matic saccharification and fermentation, crucial steps in converting biomass into biofuels [23]. Synergistic
approaches that physically disrupt biomass structures serve to complement enzymatic activity, resulting in
enhanced delignification rates and improved sugar yields [24,25].

This study integrates PEF with solid-state fermentation (SSF) utilizing Pleurotus ostreatus [6,26]. Fungi
such as P. ostreatus produce lignin-degrading enzymes, including lignin peroxidase (LiP), manganese
peroxidase (MnP), and laccase, which enhance hemicellulose accessibility [27]. Biological treatments using
fungi are both energy-efficient and environmentally friendly [28]. It is crucial to develop pretreatment
methods that are both cost-effective and sustainable for effective biomass processing. The utilization of agro-
industrial waste, such as CD, as feedstock aligns with ecological goals while simultaneously creating adding
value [29,30]. This study aims to evaluate the effect of a stepwise pretreatment approach using P. ostreatus
focusing on enhancing hemicellulose availability in CD.
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Table 1: Previous research on pretreatment of lignocellulose biomass

No. Pretreatment
method

Substrate Treatment condition Result Ref.

1 Chemical Sugarcane bagasse,
maize straw, and

green coconut shell

FeCl3 conc
(0.025–0.175 mol/L)

Enzymatic digestibility
93%

[31]

2 Chemical Napier grass ChCl/LA are used in
an acidic DES at a
mole ratio of 1:4

A glucose yield of 87.09%,
71% cellulose recovery

and 68% lignin removal

[32]

3 Physical Napier grass Batch and
semi-continuous

studies

The maximum methane
emission 248.2 ± 5.5

NmL CH4/g VS at 175○C

[33]

4 Chemical-
Physical

Arecanut husk Hydrothermal for 1,
1.5, and 2 h at 121○C;

20% w/v NaOH

83.5% hemicellulose yield
in treatment 1.5 h

[34]

5 Biological Corn stover Achieved a
saccharification ratio of

66.4%

[35]

6 Physical WCLB 180○C (SLFSC180)
and 210○C

(SLFSC210)

Neutral sugar of 49.78% [36]

7 Chemical Pine sawdust A cellulose-rich fraction
of 53.09%, hemicellulose

of 14.64%

[37]

8 Chemical-
Physical

Miscanthus Ultrasonication for 1
h after treatment

with 0.2 M NaOH

6.7% increase in total
bio-sugar production

[38]

9 Physicochemical Napier grass Steam explosion
with 3% H2SO4 for a

30-min retention
time at 190○C

0.26 g ethanol/g biomass [39]

10 Chemical Sugar cane bagasse At 90○C for 6 h, a 50
g 50% [Ch][Lys]

Enzymatic hydrolysis:
80% glucose yield and

84% xylose yield

[40]

11 Physical Sugarcane, African
palm and green

algae

Cylindrical and
spherical samples
with 30% and 65%

humidity

Evaluation coefficient
ranged from 0.3 to 10.0

[41]

12 Chemical Barley straw, aspen
wood, and pine

wood

Two-step
pretreatment

A total sugar of
(12 g/100 g pine wood);

(43 g/100 g other)

[42]

(Continued)
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Table 1 (continued)

No. Pretreatment
method

Substrate Treatment condition Result Ref.

13 Physicochemical Sugarcane bagasse
and elephant grass

Combined severity
factor from −1.17 to

−0.04

A xylan-to-xylose
conversion yielded (59.2
wt% sugarcane bagasse);

(46.4 wt% elephant grass)

[43]

14 Combined
biological and

Chemical

Lignocellulose
biomass

A review Increase biofuel [44]

15 Physicochemical Agropyron
elongatum

Acid-alkali 25% of the cellulose was
converted to glucose by

acid treatment

[19]

16 Physical Sida
hermaphrodita (L.)

Rusby

Energy input
ranging (25 to

550 kJ/kg)

Biogas increased 157%;
biomass solubility
increased 21.9%

[45]

17 Physical Chicken manure PEF Boosted methane
biochemical potential

(BMP)

[46]

18 Physical Corn straw High-temperature
steam at 180○C or
190○C for 3–9 min

The 35.6 g/L xylitol
concentration, with a

xylose yield of 0.71 g/g

[47]

19 Chemical Oat husk Oxalic acid with
50% aqueous

ethanol

Yield of 4.62 g/L [48]

20 Chemical Coconut husks and
shells

For 45–90 min at
150○C or 15–60 min

at 170○C,
[DMBA][HSO4]

Removed 77 wt% lignin
(husks); 82 wt% lignin

(shells)

[16]

21 Chemical-
Physical

Wheat straw 20% NH3, 160○C Maximum hydrolysis
ability of 71%

[49]

22 Biological Catalpa sawdust Bio-degradation
time

44.3% energy conversion [50]

23 Biological Corn husk Xylose vs. glucose
medium based

PHA yields (50% in
xylose 45.7% in glucose)

[51]

24 Biological Sugarcane bagasse
and sugar beet

molasses

A review Economic benefits for
biofuel production

[52]

25 Biological Agricultural wastes Incubated for 21
days at 25○C

Enhanced hydrolysis,
facilitating bioethanol

production

[53]
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2 Method

2.1 Materials and Tools
The primary resources used in this investigation used CD obtained from extraction of coconut milk

at pressing kiosks located in Padang, West Sumatra-Indonesia alongside pure culture of P. ostreatus. The
principle equipment necessary for this research was the pulsed electric field (PEF) system.

2.2 Research Design
Pretreatment of the combination of PEF and SSF using P. ostreatus, using response surface methodology

(RSM) experimental design with central composite design (CCD). CCD is a fractional factorial design
equipped with a center point and a group of axial points. In this study, three independent variables (X) were
considered: Substrate size (CD particle size) with options 20, 40 and 60 mesh, PEF contact duration define
as the length of time the CD is exposed to the electric field, with durations of 60, 90 and 120 s, and incubation
time, set at 10, 20 and 30 days. The response variables (Y) consisted of cellulose, hemicellulose, and lignin
content. Tests were conducted based on the recommendation generated by the CCD variables with three
replications for each variable.

2.3 Sample Preparation
CD was dried in a cabinet dryer until the maximum moisture content of 12%. Following this, the CD

was resized to the specific particle size 20, 40 and 60 mesh.

2.4 PEF Installation
The PEF treatment chamber was constructed from acrylic, with a separation distance of 10 cm between

the positive and negative electrodes within the chamber. High-voltage pulses are generated by several circuits
in the PEF generator. The control panel is equipped with a timer (OMRON type H5CX-AN), an input voltage
regulator, a high voltage activation button, a power button, and a speed control button.

2.5 Pretreatment of PEF
The CD, which had been reduced by treatment, was put into PP placed in PEF voltage was set to produce

an electric field strength with frequency of 7.9 kV, pulse width of 27 and pretreatment time was added into
30, 60, 90 s.

2.6 Inoculum Development of Pleurotus ostreatus
P. ostreatus culture obtained from white oyster mushroom farmers in Malang City, Indonesia, was

rejuvenated on CD media at 30○C for 72 h.

2.7 Pretreatment of SSF
10% P. ostreatus culture was inoculated into 30 g of CD medium, which had been supplemented with

bran, lime and sterile molasses. The moisture content of the medium was maintained at 70%, followed by
incubation according to the specified treatment conditions. The process was subsequently terminated by
drying the CD medium in a cabinet dryer until the moisture content was reduced to a maximum of 12%.
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2.8 Stages of Response Analysis
Analysis of variance (ANOVA) was conducted in R studio to examine the response variable (Y) that was

acquired. Following data processing, a linear model was generated, which was then evaluated for significance
using the p-value and for the adequacy of the regression model by evaluating the lack of fit. The model
demonstrated a good to the data, as the anticipated lack of fit in this instance was minimal.

2.9 Data Analysis
Data analysis was executed by multiple regression analysis to obtain an optimization model represented

by the formula:

Y = βo + β1X1 + β2X2 + β3X3 + β11X21 + β22X22 + β33X33 + β123X1X2X3 + ε

Y as estimated response, β0 as constant, β1, β2 and β3 linear parameters, β11, β22 and β33 as quadratic
variable parameters, β123 as interaction and ε as random error. The stationary point is the optimum response
surface, and the contour and surface plots display the optimum response value, which is shown in a
3D graphic.

2.10 Lignocellulose Content Test with Chesson Method
One gram of dried CD (value “a”) was combined with 150 mL of water. To ensure thorough mixing of

the raw material with the water, the mixture was refluxed in a water bath maintained at 100○C for one hour.
Following the reflux process, the mixture was filtered using distilled water to wash the residue until the pH
was neutral. Subsequently, the residue was dried in an oven at 105○C until a constant weight was achieved,
which was referred to as value “b.” The Hot Water Soluble (HWS) content was the calculated using Eq. (1),
which quantity the amount of starch that dissolves in hot distilled water [26].

HWS (%) = a − b
a
× 100% (1)

2.10.1 Calculation of Hemicellulose Content
After being treated with 1 N H2SO4, the residue was refluxed for one hour at 100○C in a water bath.

Following reflux, the mixture was filtered and thoroughly washed until the pH reached neutral. Subsequently,
the residue was dried in an oven at 105○C until a constant weight was achieved, refer to as value “c.” The
results were calculated using Eq. (2).

Hemicellulose content = b − c
a
× 100% (2)

2.10.2 Calculation of Cellulose Content
Ten milliliters of 72% H2SO4 were applied to the residue, and it was left to soak for four hours at room

temperature. After adding 150 mL of 1 N H2SO4, the liquid was refluxed for an hour with reverse cooling in
a water bath. The residue was refluxed, filtered, and then rinsed with water until the pH was neutral. After
that, it was oven-dried for an hour at 105○C until its weight remained constant, which was noted as value
“d.” Eq. (3) is used in the computation.

Cellulose content (%) = c − d
a
× 100% (3)
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2.10.3 Calculation of Lignin Content
The material was placed in an electric furnace and heated to 500○C for two hours to facilitate ignition.

After allowing it to cool slightly, the material was transferred to a desiccator for half an hour, or until the
weight stays constant. This weight was recorded as “e.” Eq. (4) was emplyed to calculate the lignin content,
while Eq. (5) was utilized to determine the extent of lignin removal.

Lignin content (%)d − e
a
× 100% (4)

Lignin removal (%) = (1 − l ignin in the residue
native l ignin

× sol id yield) × 100 (5)

3 Result and Discussion
One of the pivotal steps in converting lignocellulosic biomass into high-value products is the pre-

treatment process. Effective pretreatment is essential to break down the compact and resilient structure of
lignocellulosic biomass, ensuring high digestion yields in subsequent processing stages [7,54,55]. Table 2
presents a central composite design (CCD) for post-pretreatment lignocellulosic CD, with treatment ranges
determined by preliminary studies on incubation times and previous research concerning substrate size and
pulsed electric field (PEF) contact duration.

Table 2: Lignocellulose data by CCD after CD pretreatment

Variable process code

Design
point

Substrate
SIZE

(Mesh)

Contact duration
PEF (Second)

Incubation
time (Day)

Cellulose
(%)

Hemi-cellulose
(%)

Lignin
(%)

1 20 30 10 47.01 16.52 9.83
2 60 30 10 46.05 18.78 11.69
3 20 90 10 40.83 20.78 9
4 60 90 10 46.52 20.96 10.09
5 −20 30 30 54.75 11.9 10.3
6 60 30 30 53.8 14.5 8.6
7 20 90 30 47 15.16 10.84
8 60 90 30 51.03 17.3 9.6
9 40 60 20 37.8 26.64 10
10 40 60 20 45.4 24.34 10.92
11 40 60 20 45.23 22.51 10.31
12 5.364 60 20 53.87 17.19 10.34
13 80.359 60 20 43.47 23.19 9.76
14 40 8.462 20 46.22 16.19 11.92
15 40 111.929 20 38.6 23.66 7.62
16 40 60 3.154 44.35 10.6 8.85
17 40 60 36.938 57.65 8.4 9.69
18 40 60 20 48.4 22.43 9.85
19 40 60 20 45.22 23.82 9.78
20 40 60 20 45.1 23 9.8
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Lignocellulose exhibits unique structural changes during pretreatment, with fibers approximately
5 μm in diameter [56]. Studies show that the crystallinity index of lignocellulosic components is affected by
the duration of PEF interaction. For untreated CD biomass, the crystallinity index measures 68.97%. PEF
treatment progressively reduces this index with increasing contact time: 64.57% after 30 s, 61.15% after 60 s,
and 55.77% after 90 s [21]. Similar findings have been observed in studies of brown rice starch, where PEF
treatment reduces crystallinity via electroporation, likely due to pore formation that alters the permeability of
the biomass’s cell membranes [57]. The reduction in biomass crystallinity can be attributed to the formation
of mesopores within the cell walls [58]. Statistical analysis reveals a significant variation in porosity with
respect to PEF contact duration (p < 0.001), demonstrating a linear relationship between contact time and
increase in porosity [21].

Additionally, PEF pretreatment impacts the functional groups within lignocellulosic compounds of
CD, particularly within the crystalline structure of cellulose [21]. Spectroscopic analysis shows structural
changes evidenced by peak shifts in the 700–1500 cm−1 range, indicating modifications to the crystalline
regions of lignocellulose [59]. The PEF treatment weakens these crystalline regions, significantly affecting
both intermolecular and intramolecular bonds within lignocellulosic compounds [56].

The condition of CD cells post PEF treatment, particularly with extended contact times, significantly
improved their accessibility to enzymes produced by P. ostreatus during the SSF pretreatment stage. Notably,
the mycelial growth of P. ostreatus was both faster and more extensive on CD treated with a PEF contact
duration of 90 s, which nearly covering the biomass entirely. In contrast, with a shorter PEF contact time
of 30 s, mycelial coverage was uneven, and the biomass was not fully colonized, particularly at the bottom.
Previous research highlights that P. ostreatus hyphae are partitioned by septa, each containing multiple nuclei
within a shared cytoplasm. The branching hyphae in the mycelial network, some specialized in nutrient
absorption, further contribute to fungal colonization. The rapid mycelial growth observed on CD treated for
90 s suggests that this optimal contact period optimizes the capacity of P. ostreatus to penetrate the biomass
and extract nutrients [60].

Furthermore, the ability of P. ostreatus to produce lignocellulolytic enzymes, specifically targeting and
degrading lignocellulosic cell walls, bolsters its effectiveness as a biological pretreatment agent [61]. These
enzymes include manganese peroxidase (MnP), versatile peroxidase (VP), and laccase, which form a highly
efficient ligninolytic system. Genome sequencing of P. ostreatus reveals its ability to adapt this enzymatic
system to various substrates [27]. The ligninolytic activity of these enzymes facilitates the breakdown of both
phenolic and non-phenolic forms of lignin, facilitating the conversion of lignin and cellulose into simple
sugars and other micromolecules that serve as carbon sources for fungal growth [62,63].

Additionally, studies highlighting the fermentation of lignocellulosic substrates, such as cocoa husks and
wheat straw, demonstrate that the enzymatic degradation of lignin by P. ostreatus increases the availability
of fermentable sugars. This process improves the digestibility of both hemicellulose and cellulose [64,65].
Pretreatment with P. ostreatus has been shown to improve the susceptibility of lignocellulosic substrates
to enzymatic hydrolysis by partially degrading lignin, which in turn increasing the cell surface area.
Moreover, P. ostreatus produces hydrolytic enzymes such as cellulase, xylanase, and pectinase, which work
synergistically with its ligninolytic enzymes to achieve more effective biomass degradation and maximize
sugar release [66,67].
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3.1 Central Composite Designs (CCD) Respone Data on Cellulose, Hemicellulose and Lignin
3.1.1 Cellulose

The reduction in cellulose content during pretreatment is attributed to the disruption of the lignocel-
lulose cell wall, which enhances the accessibility of cellulose and hemicellulose for subsequent release [68].
In this study, the stepwise pretreatment utilizing PEF and SSF effectively decompose the lignocellulosic
structure of CD (Figs. 1–3). Among the lignocellulosic components, cellulose is particularly susceptible to
microbial degradation [69]. Table 3 for ANOVA model resulting:

Figure 1: 3D graphs of the effect of PEF duration with substrate size on cellulose content

Figure 2: 3D graphs of the effect of incubation time with substrate size on cellulose content
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Figure 3: 3D graphs of the effect of incubation time with PEF duration on cellulose content

Table 3: ANOVA model quadratic cellulose

Source Sum of squares df Mean square F-value p-value
Model 390.28 9 43.36 3.56 0.0302 Significant

A-substrate size 7.44 1 7.44 0.6112 0.4524
B-PEF duration 61.86 1 61.86 5.08 0.0478

C-incubation time 172.95 1 172.95 14.22 0.0037
AB 16.91 1 16.91 1.39 0.2658
AC 0.3403 1 0.3403 0.0280 0.8705
BC 2.89 1 2.89 0.2377 0.6364
A2 39.06 1 39.06 3.21 0.1034
B2 4.13 1 4.13 0.3392 0.5732
C2 87.09 1 87.09 7.16 0.0233

Residual 121.66 10 12.17
Lack of fit 59.35 5 11.87 0.9523 0.5207 Not significant
Pure error 62.32 5 12.46
Cor total 511.94 19

P. ostreatus produces various cellulolytic enzymes, including endoglucanase, exoglucanase, and cellobio-
hydrolase, each of which targets cellulose in distinct ways. Endoglucanase hydrolyzes the amorphous regions
of cellulose randomly, generating new chain ends and oligosaccharides of varying lengths. Conversely,
exoglucanase acts on both the reducing and non-reducing ends of the cellulose polysaccharide chain,
releasing glucose through its glucanohydrolase activity or producing cellobiose through cellobiohydrolase
activity [60]. Statistical analysis process yielded the following Eq. (6) was obtained:
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Y = 44.525 − 0.728809x1 − 2.10202x2 + 3.51473x3 + 1.45375x1x2 − 0.20625x1x3 − 0.60125x2x3

+ 1.57476x1
2 − 0.511905x2

2 + 2.35143x3
2 (6)

The enzymatic degradation of lignocellulose by P. ostreatus initiates with the breakdown of lignin, reach-
ing its peak around the 15th day of incubation. This initial lignin degradation enhances access to cellulose
and hemicellulose, rendering these components more susceptible to further enzymatic action [22,68,70].
Following the lignin breakdown, P. ostreatus synthesize cellulase enzymes targeting cellulose, with this
activity typically peaking around the 30th day of incubation [71,72]. Research by [70] corroborates these
findings, indicating that laccase activity, crucial for lignin degradation, also peaks on the 15th day of
incubation. On the same day, both cellulase and xylanase activities commence gradually intensifying to
reach their maximum levels around day 30. Interestingly, cellulase activity surpasses xylanase activity at this
stage, indicating a stronger enzymatic affinity for cellulose degradation. This sequence of enzymatic activity
highlights the efficiency of P. ostreatus in decomposing lignocellulosic biomass.

This study demonstrates a slightly accelerated degradation pattern due to variations in PEF (pulsed
electric field) contact duration during pretreatment. The substrate is more accessible after PEF contact,
which enhances the electroporation effect on the lignocellulosic biomass. PEF pretreatment involves applying
high-voltage electric pulses to biological materials, including cell membrane materials of lignocellulosic
biomass, to induce electroporation [19,56,59]. When subjected to high-voltage PEF, electroporation enhances
membranes permeability, allowing normally impermeable molecules to penetrate [21,56,57,73]. High-voltage
pulses must be applied to biomass to effectively disrupt cell membranes and enhance access to the internal
components [74].

The electroporation mechanism in lignocellulosic biomass, upon exposure to high voltage PEF, elevates
the transmembrane potential and generates pores in the cell membrane [19,75]. These pores facilitate the
breakdown of cell walls and the extraction of cellular components by allowing air molecules and other
substances to enter the cell [76]. Furthermore, electroporation promotes the breakdown and conversion
of lignocellulosic biomass by altering cellular structure and increasing membrane permeability [77,78].
Substrate size also directly influences the reaction process by affecting surface area, which is crucial for
reaction kinetics and mass transfer rates in applied systems [79]. In this case, substrate size affects the
porosity produced by different PEF contact times, thereby improving the effectiveness of electroporation
and pretreatment.

3.1.2 Hemicellulose
The complicated structure of lignocellulose breaks down during pretreatment, greatly facilitating the

release of hemicellulose [39]. To further investigate this effect, these results were applied to a second-order
quadratic model of coded units (Table 4), and a statistical analysis process yielded the following Eq. (7).

Y = 23.79 + 1.26x1 + 1.82x2 − 1.57x3 − 0.38x1x2 + 0.29x1x3 − 0.05x2x3 − 1.11x1
2 − 1.20x2

2 − 4.68x3
2 (7)
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Table 4: ANOVA for quadratic model hemicellulose

Source Sum of squares df Mean square F-value p-value
Model 458.50 9 50.94 19.34 <0.0001 Significant

A-
substrate

size

22.06 1 22.06 8.37 0.0160

B-PEF
duration

46.22 1 46.22 17.54 0.0019

C-
incubation

time

34.54 1 34.54 13.11 0.0047

AB 0.8064 1 0.8064 0.3061 0.5922
AC 0.6612 1 0.6612 0.2510 0.6272
BC 0.0180 1 0.0180 0.0069 0.9357
A2 19.56 1 19.56 7.42 0.0214
B2 22.79 1 22.79 8.65 0.0148
C2 344.64 1 344.64 130.80 <0.0001

Residual 26.35 10 2.63
Lack of fit 13.81 5 2.76 1.10 0.4591 Not

significant
Pure error 12.54 5 2.51
Cor total 484.84 19

PEF pretreatment enhances the permeability of the CD cell membrane, thereby increasing the avail-
ability of hemicellulose through several mechanisms: enzymes produced by P. ostreatus can more readily
penetrate biomass cells and access hemicellulose that is tethered to cellulose and obstructed by lignin may
be liberated as a result of changes in membrane permeability; and dissolved hemicellulose can diffuse more
easily owing to cell wall rupture induced by PEF [19,29,79].

Electroporation induced by PEF occurs when biomass is subjected to high-voltage pulses, resulting in an
increase in transmembrane potential that leads to the formation of pores in the cell membrane [19,75]. These
pores facilitate the entry of molecules into the cell, facilitating the disintegration of cell wall and extraction of
cellular components [76]. Additionally, electroporation can alter cellular structure and enhance membrane
permeability, which supports the breakdown and conversion of lignocellulosic biomass [77,78]. Fig. 4
illustrates that the PEF contact time and substrate size exhibits a direct proportionality in their effects
until optimal conditions are achieved. The test results indicate a consistent trend corresponding to the
hemicellulose content produced.

SSF, serving a secondary pretreatment step following PEF, employs P. ostreatus, which effectively
disrupts the lignin-hemicellulose matrix through its lignin-degrading activity. Enzymes such as LiP and
MnP produced by P. ostreatus generate reactive free radicals that contribute to the degradation of lignin’s
structure. These lignin bonds, both aryl and aliphatic, are further cleaved into simpler molecules, such as
phenols and organic acids, by LiP and laccase, produced by P. ostreatus, thereby enhancing hemicellulose
accessibility [27,63,80].
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Figure 4: 3D graphs of hemicellulose content due to PEF duration with substrate size

Figs. 5 and 6 reveal a fluctuating pattern of hemicellulose content, with decreases observed over
ptolonged incubation periods. As incubation progresses, the metabolic activity of P. ostreatus increases,
elevating its carbon demand. Sugars like glucose and xylose become essential carbon sources for the growth
of P. ostreatus. Research by [81] highlights that P. ostreatus naturally synthesizes enzymes that decompose
lignin and cellulose. Reference [70] added that the laccase activity from P. ostreatus transforms lignocellulosic
components into low molecular weight, soluble molecules, which are then utilized for cell growth and the
formation of fruiting bodies.

Figure 5: 3D graph of hemicellulose content due to incubation time with PEF duration
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Figure 6: 3D graph of hemicellulose content due to incubation time with substrate size

Research reported by [82], describes lignin degradation process in P. ostreatus as occurring in three
phases: the transfer of lignin fragments into hyphal cells, subsequent metabolism for ATP synthesis, and
depolymerization facilitated by extracellular enzymes. Additionally, reference [70] states that P. ostreatus
extensively utilizes xylose as a growth substrate.

Aligning with these findings, the increase in hemicellulose content during the vegetative phase reflects
the fungus’s minimal utilization of carbon from hemicellulose at this stage. As reported by [70] xylanase
activity remains low or is suppressed due to elevated laccase activity during the early vegetative phase.
Reference [83] further explains that day 15 of incubation marks a peak in nutrient absorption, at which point
xylanase activity experiences an increases.

3.1.3 Lignin
Lignin, an integral component plant cell walls, is highly robust and resistant to both biotic and

abiotic degradation. It provides structural support and protection to cellulose and hemicellulose. Within
lignocellulosic compounds, lignin acts as a binding matrix that unites cellulose and hemicellulose into a
cohesive unit, contributing to strength of plant cell walls [70]. Structurally, lignin is a branched polymer
composed of monomers, dimeric, and alkyl-aryl ether-bonded oligomeric phenylpropane units [68,84].
It include various functional groups, including methoxy, hydroxyl, carbonyl, and carboxyl, comprising
approximately 15%–40% of the dry biomass weight in plant cell walls [54].

By generating ligninolytic enzymes, P. ostreatus demonstrates an effective capacity to eliminate aromatic
chemicals and break down both organic and inorganic pollutants. Several key enzymes are involved in lignin
breakdown within lignocellulosic substrates [83]. Following pretreatment with PEF, the increased porosity in
cell membranes of CD enhance the accessibility of extracellular ligninolytic enzymes produced by P. ostreatus,
thus facilitating lignin degradation [85]. The enzyme-mediated degradation occurs in several steps: (1) LiP
modifies chemical bonds in lignin alongside oxygen molecules, oxidizing functional groups on lignin’s side
chains to disrupt complex bonds; (2) MnP acts synergistically with LiP to oxidize phenolic compounds,
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accelerating degradation by reducing free radicals generated during the process; (3) laccase oxidazes both
phenolic and non-phenolic lignin compounds by producing free radicals, which aid in breaking down
the complex lignin linkages [22,68,85]. Notably, laccase enzymes, primarily produced by fungi such as P.
ostreatus, are pivotal for lignin degradation and precede the hydrolysis of cellulose and hemicellulose [70].

The degradation of lignin occurs in two distinct phases: (I) non-specific extracellular depolymer-
ization into aryl and bi-aryl compounds, and (II) mineralization by specific catabolic enzymes. Aerobic
Basidiomycota fungi, including P. ostreatus, can fully mineralize lignin into CO2 and H2O [68,85]. P.
ostreatus strains demonstrate efficient lignin degradation, with significant activity observed by the 15th days
of incubation [85]. The pretreatment method employed in this study effectively reduced lignin content,
asconfirmed by statistical analysis and Eq. (8), with ANOVA 2FI model (Table 5).

Y = 9.9395 − 0.0710421x1 − 0.595558x2 + 0.0132088x3 − 0.03875x1x2 − 0.73625x1x3 + 0.49625x2x3 (8)

Table 5: ANOVA lignin content with 2FI model

Source Sum of squares df Mean square F-value p-value
Model 11.36 6 1.89 3.34 0.0325 Significant

A-substrate size 0.0707 1 0.0707 0.1246 0.7298
B-PEF duration 4.97 1 4.97 8.75 0.0111

C-incubation time 0.0024 1 0.0024 0.0043 0.9487
AB 0.0120 1 0.0120 0.0212 0.8865
AC 4.34 1 4.34 7.64 0.0161
BC 1.97 1 1.97 3.47 0.0851

Residual 7.37 13 0.5672
Lack of fit 6.39 8 0.7992 4.07 0.0692 Not significant
Pure error 0.9808 5 0.1962
Cor total 18.73 19

This indicates a successful delignification process, facilitating the release of hemicellulose and cellu-
lose from CD. Due to their robust hydrolytic and oxidative enzyme systems, white-rot fungi such as P.
ostreatus are well-known for their effective lignin breakdown, making them highly valuable for biorefinery
applications [86]. Key enzymes driving this process include LiP, MnP, versatile peroxidase (VP), and
laccase. These enzymes become most active during the vegetative phase, initiating the initial steps of lignin
degradation [26].

The LiP enzyme also oxidizes non-phenolic aromatic compounds, while VPs, a hybrid of LiP and
MnP oxidizes both non-phenolic and phenolic substances [60]. These oxidative enzymes generally exhibit
peak effectiveness after 10th days of incubation, aligning with the vegetative phase preceding fruiting body
formation. In studies using sawdust without PEF pretreatment, P. ostreatus maintains laccase activity for up to
35th days post-incubation [70] MnP oxidizes Mn2+ to Mn3+ using H2O2, while laccase, a copper-containing
polyphenol oxidase, catalyzes the transformation of phenolic substrates into phenoxy radicals. In addition,
to producing extracellular lignocellulolytic enzymes, P. ostreatus also generates enzymes that produce H2O2,
including glyoxal oxidase, and phenol oxidase [60].

Figs. 7–9 illustrate interaction graphs of incubation time with substrate size and PEF contact time,
demonstrate a significant effect in reducing lignin content. Smaller CD substrate sizes lead to increased pore
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formation due to the impact PEF’s, as smaller particles with larger surface areas are more susceptible to
electroporation effects [79]. This enables even distribution of electrical energy applied to the CD, creating
uniform pores and enhancing delignification by white-rot fungi [87,88].

Figure 7: 3D graph of lignin content influenced by PEF duration with substrate size

Figure 8: 3D graph of lignin content influenced by incubation time with substrate size
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Figure 9: 3D graph of lignin content influenced by incubation time with PEF duration

Extended incubation further amplifies lignin reduction, studies on corn stalk degradation by white-rot
fungi indicate a continuous decrease in lignin content up to 30 days of incubation, coresponding with high
production of ligninolytic enzyme (laccase, MnP, and LiP) during the vegetative phase (13). In this study, the
expansion and lignin-degrading activity of P. ostreatus in CD medium were also augmented by prolonged
PEF contact duration.

3.2 Confirmation of Recommendation Results
For CD pretreatment, the Response Surface Methodology (RSM) suggests that the substrate size be

45.20 mesh (around 40 mesh), the PEF contact time be 60.90 s, and the incubation period be 12.5 days. Under
these recommended conditions, experiments yielded a hemicellulose content of 24.997%, cellulose content
of 46.970%, and lignin content of 9.100%, presented in Table 6.

Table 6: Confirmation prediction result vs. observation

Analysis Predicted
mean

Predicted
median

Observed Std dev n SE Pred 95% PI
low

95% PI
high

Hemicellulose 19.2941 19.2941 24.997 1.62319 1 1.75121 20.293 28.0969
Cellulose 47.4888 47.4888 46.970 3.48805 1 3.76314 35.6842 52.4538

Lignin 9.6052 9.6052 9.100 0.753152 1 0.773843 8.24741 11.591

The decrease in lignin concentration indicates that pretreatment process successfully achieved delig-
nification, which in turn allowed for rupture of lignin walls and a reduction in cellulose crystallinity,
thereby enhancing the accessibility of hemicellulose. Delignification disrupts the ester bonds between lignin
and hemicellulose due to ligninolytic enzymes produced by P. ostreatus [89]. Additionally, it has been
demonstrated that this process modifies the chemical structure of hemicellulose by removing acetyl groups,
further improving the availability of the hemicellulose fraction [90,91].
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As previously discussed, the reduction in the size of CD particles utilized in this study significantly
influences the formation of pores, particularly with extended PEF contact time. The electroporation effect is
more pronounced when a larger cell surface area is achieved through a smaller biomass particles size [79].
Reduced particles sizes allow for a more uniform distribution of the applied electrical energy, leading to
more homogeneous pore formation. Consequently, decreasing particle size increase the surface area of the
cells, which facilitates the enzymatic process and the subsequent release of hemicellulose [92]. Describing
the application of physical pretreatment methods, such as mechanical size reduction through ball milling,
has proven efficient in enhancing the hydrolysis of lignocellulosic biomass. In this context, coupling the
conditions of CD with bio-delignification using P. ostreatus improves the efficiency of ligninolytic enzymes
activity in remodeling the lignin structure within CD [87,88]. These optimal conditions demonstrate effective
degradation of lignocellulose component, resulting in increased availability of hemicellulose, which can
subsequently be hydrolyzed to produce fermentable sugars for conversion into products such as biofuels. A
comparison of lignocellulosic content in CD before and after initial treatment is illustrated in Fig. 10.
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Figure 10: Optimized levels of lignocellulose components in CDR vs. after pretreatment

4 Conclusion
The combined pretreatment of PEF and SSF using P. ostreatus on CD has led to a significant enhance-

ment in hemicellulose solubility, with an increase of 106.53%. Furthermore, this method resulted in a 6.28%
reduction in cellulose content and achieved a 21.78% lignin removal through delignification. These results
indicate strong potential for converting hemicellulose and its derivative sugars into high-value products,
particularly those resulting from sugar hydrolysis. The factors optimized through RSM, specifically a PEF
contact time of 61 s, a substrate size of 45 mesh, and an incubation period of 12.5 days—have demonstrated
their efficacy in these applications.
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