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Abstract
Tender coconut fiber, an abundant agro-waste, requires chemical or biological pretreatment to enhance its potential for 
value-added applications due to its complex lignocellulosic composition. Pretreatment of tender coconut fiber with laccase-
producing white rot fungi presents a sustainable strategy for effective delignification and waste management. This study 
investigated the biological pretreatment of tender coconut fiber using the white rot fungus, Pleurotus pulmonarius, for delig-
nification through enhanced laccase production via solid-state fermentation. This research involved exploring the influence 
of different factors on laccase production and understanding the relationships between these factors through response surface 
methodology (RSM) to obtain the maximum laccase production. A central composite design was employed to optimize the 
process parameters, including pH, temperature, incubation time, and concentration of corn steep liquor (CSL). The opti-
mized process parameters were a pH of 5.6, a temperature of 27 °C, an incubation time of 21 days, and a CSL concentration 
of 3%. This optimization resulted in a remarkable increase in enzyme activity, reaching 663.76 ± 10.67 IU/ml, indicating 
a substantial 13.16-fold increase after the optimization process. Scanning electron microscopy (SEM) and FTIR analysis 
were performed to observe the changes in the surface structures of the raw and delignified fiber. The enhanced laccase 
activity suggests the potential for tender coconut fiber to be used to produce laccase enzymes, which has not been explored 
before. This approach offers a solution for managing tender coconut fiber and unlocks the potential for valorization due to 
the enhanced properties of the modified fiber.

Keywords  Laccase · Tender coconut fiber · Corn steep liquor · Pleurotus pulmonarius · Response surface methodology · 
Central composite design (CCD) · Lignocellulose

1  Introduction

Laccases (benzenediol: oxygen reductases; EC 1.10.3.2) are 
versatile enzymes that have garnered significant attention in 
various fields of biotechnology with their remarkable ability 
to catalyze the oxidation of a wide range of organic com-
pounds. Laccases are multi-copper oxidases classified based 
on their copper centers: Type 1 (T1) is responsible for the 
enzyme’s blue color and accepts electrons, Type 2 (T2) is 
involved in electron transfer but lacks color, and Type 3 (T3) 

consists of two copper atoms that reduce oxygen to water. 
Together, these copper centers allow laccases to oxidize a 
wide range of substrates, making them potential biocatalysts 
in various biotechnological applications [1]. Laccases have 
found applications in diverse areas including biopulping, 
pulp bleaching [2–4], wastewater treatment [5], fuel cells 
[6], and bioremediation [1] due to their eco-friendly nature 
and ability to work under mild conditions.

Laccase enzymes can be synthesized by a diverse array 
of microorganisms, including both bacteria and fungi. How-
ever, white rot fungi are particularly emphasized because of 
their remarkable capacity to generate laccases in substantial 
quantities, rendering them highly promising for scaling up 
the production process [7]. Phanerochaete chrysosporium, 
Trametes versicolor, and Pleurotus mushrooms are some of 
the well-studied white rot fungi for their lignin-degrading 
ability [8]. Recently, there has been mounting interest in 
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researching lignin-modifying enzymes with a wider range 
of WRF, driven by scientific and practical applications. The 
genus Pleuorotus, commonly known as oyster mushrooms, 
comprises a group of white rot fungi with excellent biotech-
nological applications. Their remarkable adaptability makes 
them suitable for cultivation on a wide range of substrates. 
Tender coconut fiber is a widely available lignocellulosic 
waste material that is a major contributor to municipal 
solid waste in India. Coconuts are cultivated in more than 
90 tropical Asian countries. The records of the Coconut 
Development Board of India state that India has 2178.74 ha 
of coconut cultivation that produces 21,384.33 million tons 
of nuts with a productivity of 9815 nuts per hectare [9]. 
The underutilization of this natural fiber can be attributed 
to several factors, including its low cellulose content and 
high lignin content. Notably, while coconut fibers possess 
physical and chemical properties with significant potential 
for various applications, they are presently discarded in land-
fills. In response to societal and environmental concerns, 
there is ongoing research on potential ways to utilize this 
waste more effectively [10].

Coir fibers have experienced a surge in diverse applications 
such as hydroponics, container gardening, and biocomposite 
materials. This natural material primarily consists of lignin, 
which is a complex and inflexible polymer. When coir fibers are 
subjected to treatment with enzymes that modify lignin, such as 
laccase, they become more flexible and exhibit enhanced proper-
ties which makes coir fiber a suitable choice for a wide range of 
applications. Converting waste materials into valuable resources 
and reducing the environmental impact can play a pivotal role 
in the circular economy [11]. The use of tender coconut fiber 
as a substrate for laccase enzyme production, addressing the 
challenge of solid waste disposal, aligns with the principles of 
sustainable development and is highly commendable.

Solid substrate fermentation (SSF) processes have been 
reported as suitable methods for the production of lignin-mod-
ifying enzymes, particularly by filamentous fungi because they 
replicate the natural environments in which these fungi thrive 
[12]. Laccase production primarily occurs through fermenta-
tion. The effectiveness of this process is influenced by several 
factors that affect the growth and development of the fungus 
responsible for laccase production. Therefore, it is imperative 
to optimize laccase production to expand its potential applica-
tions in biotechnology. Many studies have addressed the opti-
mization of process parameters for laccase production using 
white rot fungi. However, when dealing with a multitude of 
variables, the conventional one-factor-at-a-time approach can 
be both labor-intensive and time-consuming. The applica-
tion of a statistical approach proves valuable for elucidating 
the impact and interactions of various factors. This not only 
enhances product yield but also minimizes process variability 
and shortens development time, all of which hold significant 
importance in laccase production [13].

Response surface methodology (RSM) is a robust and 
sophisticated collection of mathematical and statistical 
techniques tailored for the development, improvement, 
and optimization of production processes. RSM is invalu-
able for enhancing the production of microbial enzymes by 
analyzing the multifactorial influences on enzyme yield. By 
meticulously designing experiments that systematically vary 
input variables such as pH, temperature, incubation time, 
and substrate concentration, RSM enables a comprehensive 
understanding of their interactions and effects on enzyme 
production [14]. The methodology involves fitting polyno-
mial models to the experimental data, which aids in identi-
fying the optimal conditions for maximizing enzyme yield, 
thereby determining the precise combination of variables 
that result in the highest production levels.

Enhanced laccase production using RSM optimization has 
been achieved with various organisms and a variety of agro-
wastes. For instance, Pleurotus floridanus has been used with 
microalgal biomass [15], Hexagonia hirta with coir pith waste 
[16], Trametes versicolor with pineapple waste [17], Trametes 
hirsuta with tea residues [13], and Pleurotus sajor-caju with 
wheat straw [18]. However, optimization studies for laccase pro-
duction using P. pulmonarius utilizing coir fiber as a substrate 
are scarce. It is necessary to explore this underutilized agro-
waste and design strategies for enhanced laccase production to 
achieve increased delignification.

To the best of our knowledge, this is the first attempt to 
optimize the process parameters for laccase production using 
solid-state fermentation (SSF) on tender coconut fibers. The 
objectives of this research were to statistically optimize the 
laccase production process for enhanced production and 
the delignification of tender coconut fiber. This study was 
designed to identify the optimal conditions for the fermenta-
tion process by employing central composite design (CCD), 
to analyze the interactions between various process param-
eters using response surface methodology (RSM), and to 
achieve effective delignification of the biomass. The effect of 
enhanced laccase production on the delignification process 
was studied by analyzing the structural changes that occur 
in the fibers during delignification using scanning electron 
microscopy (SEM) and Fourier transform infrared (FTIR) 
spectroscopy.

2 � Materials and methods

2.1 � Sample collection and preparation

The tender coconut husks were obtained from a local vendor. 
These husks were manually defibered and carefully washed. The 
fibers were soaked in water for 2 h and then repeatedly rinsed 
until the rinse water was clear, ensuring the removal of dirt and 
debris. Subsequently, the fibers were dried in an oven at 60 °C 
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until a consistent weight was achieved. Once dried, the fibers 
were cut into 1–2 cm pieces using a standard laboratory cutter.

2.2 � Fungal strain and culture conditions

The fungus Pleurotus pulmonarius was obtained from the 
Directorate of Mushroom Research, ICAR, and maintained 
by frequent subculture on malt extract medium.

The fungal pretreatment of the lignocellulosic sub-
strate was performed using 100 ml flasks. Two grams of 
tender coconut fiber (dry basis) cut to a length of 1–2 cm 
was used as a solid substrate for the cultures. Mini-
mal salt media comprising (w/v) 0.1% KH2PO4, 0.1% 
MgSO4.7H2O, and 0.1% peptone was used as fermenta-
tion media [19]. The medium containing the substrate 
was autoclaved at 121 °C for 20 min. Following sterili-
zation, the medium was allowed to cool and inoculated 
with 2 ml of mycelial suspension in an aseptic manner.

Corn steep liquor (CSL) was demonstrated to be an effi-
cient laccase inducer [20], and its effect was analyzed dur-
ing preliminary studies (one factor at a time) to select fac-
tors and levels. Corn steep liquor was introduced into the 
medium at varying levels based on the design of experiments 
(DoE) provided by Stat-Ease software, and the trials were 
conducted accordingly.

2.3 � Laccase enzyme assay

After the incubation period, the enzyme was extracted 
by adding 30 ml of 0.1 M sodium citrate buffer (pH 5) 
to the culture. The crude enzyme solution was then fil-
tered using Whatman No. 1 filter paper, and the culture 
supernatant was obtained by centrifugation at 8000 rpm 
for 10 min.

Laccase activity was assessed spectrophotometrically 
by employing ABTS (2,2-azino-bis- 3-ethylbenzothiazo-
line-6-sulfonic acid) as the substrate [21]. The oxidation of 
ABTS was measured at a wavelength of 420 nm, (ε420 of 
ABTS 36,000 M − 1 cm − 1) using a UV–visible spectro-
photometer (Labtronics, India). One unit of laccase activ-
ity (IU/ml) was defined as the quantity of laccase needed 
to oxidize 1 µmol of substrate per minute. Three parallel 
replicate setups were conducted in the study, and the aver-
age of the results was calculated.

2.4 � Optimization of culture conditions for laccase 
production

2.4.1 � Experimental design and statistical analysis

The most influential physiological factors affecting lac-
case production were identified through preliminary 

studies conducted using the one-factor-at-a-time (OFAT) 
approach. These factors, including incubation tempera-
ture (20–40 °C), pH (4–7), incubation time (7–21 days), 
and the influence of corn steep liquor (CSL) at con-
centrations ranging from 1 to 3% per dry weight of the 
substrate, were selected for further optimization using 
response surface methodology (RSM) (Table 1). This 
optimization process was carried out by applying a cen-
tral composite design (CCD) within the design of the 
experiment framework. A quadratic model was employed 
for the design, and 30 experimental runs were conducted 
(Table 2).

The laccase activity (IU/ml), denoted as the measured 
response Y, was modeled using a second-order polynomial 
equation:

A, B, C, and D represent the coded values for pH, tem-
perature, incubation time, and corn steep liquor concen-
tration, respectively. β0 is the intercept; β1, β2, β3, and β4 
are the linear coefficients; β5, β6, β7, β8, β9, and β10 are the 
interaction coefficients; and β11, β12, β13, and β14 are the 
quadratic coefficients.

The design of the experiment was created and ana-
lyzed using Design-Expert 13.0 software (Stat-Ease, 
Minneapolis, USA). The trials, as per the design of 
experiments, were conducted, and the response (laccase 
activity) was recorded for analysis. Statistical analysis 
of the data and the creation of response surface plots 
were both carried out using the same software. The sig-
nificance of the model terms was examined statistically 
using analysis of variance. To assess the significance of 
the model, Fisher’s F test was employed, along with its 
corresponding probability p-value. The model’s accu-
racy was statistically predicted using the coefficients of 
determination, R2 and adjusted R2. The response data 
were used to derive the optimal conditions for laccase 
production and to investigate the interactions among the 
individual factors.

y = β0 + β1A + β2B + β3C + β4D + β5AB + β6AC

+ β7AD + β8BC + β9BD + β10CD

+ β11A2 + β12B2 + β13C2 + β14D2

Table 1   Experimental range and levels of the independent factors 
studied

Factor Name Low High

Coded Uncoded Coded Uncoded

A pH  − 1 4.00  + 1 7.00
B Temperature (°C)  − 1 20 °C  + 1 40 °C
C Incubation time (days)  − 1 7 days  + 1 21 days
D CSL (%)  − 1 1%  + 1 3%
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2.4.2 � Validation of the optimum

The adequacy of the model was experimentally verified 
by conducting a fermentation process under the optimized 
factor levels in triplicate. Laccase activity was assessed 
using the method described in Sect. 2.3

2.5 � Biomass delignification and analysis

The solid substrate fermentation of tender coconut fiber 
was carried out under the optimized conditions obtained 
via statistical optimization. Uninoculated medium served 
as a control. The lignin loss was calculated as a percent-
age of delignification. The functional group variations and 
morphological changes of the delignified and control fiber 

samples were then examined by FTIR analysis and SEM 
analysis, respectively.

2.5.1 � Quantification of delignification

After the delignification process, the solid residue was washed 
and dried to estimate the percentage of delignification [22]. 
Klason lignin was quantified by hydrolyzing the biomass with 
72% sulfuric acid, followed by dilution to 3% and subsequent 
heating. The resulting residue was then filtered, dried, and 
weighed to determine the acid-insoluble lignin content. The 
percentage of delignification was calculated using the formula:

%Delignification =
Initial lignin − Final lignin

Initial lignin
× 100

× solid recovery fraction

Table 2   Design of experiment 
using CCD, indicating four 
independent variables for 
laccase production by Pleurotus 
pulmonarius under SSF

Runs A: pH B: temperature 
(°C)

C: incubation 
period (days)

D: CSL (%) Laccase activity (IU/ml)

Observed Predicted

1 4 40 7 3 138.46 91.38
2 5.5 30 14 2 550.48 561.68
3 5.5 50 14 2 49.47 41.82
4 5.4 30 14 2 585.14 561.68
5 7 40 21 3 375.14 359.27
6 5.5 30 14 2 578.21 561.68
7 7 40 21 1 247.49 274.08
8 4 20 7 3 194.37 192.46
9 4 40 7 1 146.14 160.07
10 7 20 21 1 298.47 318.85
11 5.5 30 14 2 580.00 561.68
12 5.5 30 7 2 324.79 380.19
13 7 20 21 3 495 500.87
14 5.5 30 28 2 598 594.13
15 4 20 21 3 458.45 454.6
16 5.5 10 14 2 178 187.67
17 5.5 30 14 2 539.1 561.68
18 5.5 30 14 2 587 561.68
19 7 20 0 3 1.78  − 8.83
20 4 40 21 3 315.37 337.86
21 7 40 7 1 53.48 30.63
22 8.5 30 14 2 52 24.92
23 7 20 7 1 57.53 59.73
24 5.5 30 14 0 483.17 483.93
25 2.5 30 14 2 79 108.1
26 4 40 21 1 446.83 436.05
27 5.5 30 14 4 596 597.26
28 4 20 7 1 175.14 164.31
29 4 20 21 1 478.14 455.96
30 7 40 7 3 98.46 145.32
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2.5.2 � Scanning electron microscopy (SEM) analysis

The alterations in the microstructure of both untreated and 
laccase-producing Pleurotus pulmonarius-delignified coir 
fiber samples were assessed through scanning electron 
microscopy (Zeiss EVO 18; Carl Zeiss AG, Oberkochen, 
Germany). After being thoroughly cleaned and dried, the 
samples were coated with a layer of gold palladium. The 
images were examined at different magnifications [23].

2.5.3 � FTIR analysis

FTIR PerkinElmer Spectrum IR version 10.7.2 (Perki-
nElmer Inc., Waltham, MA, USA) was utilized to inves-
tigate the functional group variations during the del-
ignification process in both untreated and biologically 
pretreated coir fibers. Samples were prepared for the 
FTIR analysis using the attenuated total reflection (ATR) 
technique with a diamond crystal accessory. The sam-
ple spectrum was obtained within a scanning range of 
450–4000 cm−1.

3 � Results and discussion

3.1 � Design of experiments

This study aimed to optimize laccase production using Pleu-
rotus pulmonarius and tender coconut fiber as the substrate. 

We investigated the influence of various factors on laccase 
production and examined the interactions between these fac-
tors. The physiological parameters that were found to be sig-
nificant for laccase production were pH, temperature, incu-
bation time, and the addition of corn steep liquor (Table 2).

The quadratic equation describing the correlation between 
enzyme activity and individual factors is as follows:

where A, B, C, and D are the coded values of pH, tem-
perature, incubation time, and concentration of CSL, respec-
tively. The equation enables predictions about the response 
for given levels of each factor.

3.2 � Analysis of variance (ANOVA)

The analysis of variance for the quadratic response surface 
model is presented in Table 3. The Model F-value of 88.70 
suggests the significance of the model. The probability of 
obtaining an F-value of this magnitude owing to random 
noise was only 0.01%.

p-values below 0.0500 (p < 0.05) indicate that the model 
terms were statistically significant.

Laccase (IU∕ml) = −2463.61 + 553.495 × A + 71.2987 × B + 57.5828 × C

+ −31.2977 × D + −0.414267 × AB + −0.77438 × AC

+ 30.5633 × AD + −0.055968 × BC

+ −2.42087 × BD + −1.05368 × CD

+ −55.0195 × A
2 + −1.11735 × B

2

+ −1.12429 × C
2 + −5.27261 × D

2

Table 3   ANOVA for the 
response surface quadratic 
model for the production of 
laccase

Source Sum of squares df Mean square F-value p-value

Model 1.254E + 06 14 89,587.45 88.70  < 0.0001 Significant
A-pH 10,202.90 1 10,202.90 10.10 0.0062
B-temperature 31,373.23 1 31,373.23 31.06  < 0.0001
C-incubation time 3.571E + 05 1 3.571E + 05 353.55  < 0.0001
D-CSL 18,943.14 1 18,943.14 18.75 0.0006
AB 602.44 1 602.44 0.5965 0.4519
AC 1128.62 1 1128.62 1.12 0.3072
AD 32,791.12 1 32,791.12 32.47  < 0.0001
BC 262.02 1 262.02 0.2594 0.6179
BD 9143.60 1 9143.60 9.05 0.0088
CD 928.69 1 928.69 0.9195 0.3528
A2 4.280E + 05 1 4.280E + 05 423.75  < 0.0001
B2 3.487E + 05 1 3.487E + 05 345.22  < 0.0001
C2 67,350.30 1 67,350.30 66.68  < 0.0001
D2 776.43 1 776.43 0.7687 0.3944
Residual 15,150.61 15 1010.04
Lack of fit 13,126.39 10 1312.64 3.24 0.1031 Not significant
Pure error 2024.23 5 404.85
Cor total 1.269E + 06 29
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In this model, the terms A, B, C, D, AD, BD, A2, B2, and 
C2 were found to be significant. Conversely, values exceed-
ing 0.1000 indicate that the model terms lack significance.

The lack of fit F-value of 3.24 indicates that the lack of 
fit is not statistically significant compared to the pure error. 
This lack of significance implies that the quadratic model 
employed in this study is valid.

The model demonstrated its highest significance with a 
correlation coefficient of R2 = 0.9881. The predicted R2, 
which is 0.9451, aligns reasonably well with the adjusted 
R2, which is 0.9769. In other words, the difference between 
these values is less than 0.2. This suggested a strong correla-
tion between the predicted and evaluated values, indicating 
a high level of agreement.

3.3 � Response surface plots and interactions 
between variables

The perturbation plot illustrates how the response changes 
when each factor is adjusted from the selected reference 
point while keeping all other factors constant at their 

reference values. Figure 1 shows that laccase activity was 
most strongly influenced by pH, followed by temperature 
and incubation time. An increase in pH and temperature 
up to their optimal coded values resulted in an enhance-
ment in laccase yield. However, further increases beyond 
the optimal values (pH 5.5 and temperature 30 °C) led to a 
decline in laccase production, indicating diminishing returns 
at higher levels. Corn steep liquor concentration, while hav-
ing a smaller influence on laccase activity, showed a slight 
inhibitory effect at higher concentrations. Overall, the inter-
action between pH and corn steep liquor also contributed to 
the variability in laccase production.

Exploring the interactions among two variables pro-
vides a more profound understanding of the overall 
process analysis. A factor can have complex intercon-
nections with any or all of the other factors, potentially 
leading to a multitude of interactions. To delve into these 
interactions and determine the optimal concentration 
of individual factors for achieving the highest laccase 
activity, three-dimensional response surface plots were 
created.

Fig. 1   Perturbation plot comparing the effect of each factor from the reference point



Biomass Conversion and Biorefinery	

Analysis of variance revealed that the interactions 
between AD and BD were significant, while the interactions 
between other individual factors were deemed insignificant 
(p > 0.05). The peak laccase activity was observed when the 
pH was set at 5.5, and the corn steep liquor (CSL) concen-
tration was 2–3%, as depicted in Fig. 2A. A temperature 
of 27–33 °C combined with a CSL concentration of 2–3% 
yielded higher laccase activity, as shown in Fig. 2B. Follow-
ing the analysis of the interactions between the influencing 
factors at the level suggested by the software, the optimum 

laccase production was identified at a pH of 5.6, temperature 
of 27 °C, incubation time of 21 days, and corn steep liquor 
(CSL) concentration of 3%.

3.4 � Validation of the optimum

The trials were conducted in triplicate with the optimized 
factors set at their recommended levels, including a pH of 
5.6, a temperature of 27 °C, an incubation time of 21 days, 
and a corn steep liquor (CSL) concentration of 3%. The 

Fig. 2   Contour plots illustrating 
interactions among independent 
variables. a pH vs CSL and (b) 
temperature vs CSL influencing 
laccase production (IU/ml)
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observed laccase activity reached 663.76 ± 10.67 IU/ml, 
which closely aligns with the predicted value of 658.721 IU/
ml. Remarkably, the enzyme activity demonstrated a sub-
stantial increase, with a remarkable 13.16-fold improvement, 
following statistical optimization using response surface 
methodology.

3.5 � SEM analysis

The alterations in the structure of coir fibers following enzy-
matic delignification under optimal conditions determined 
by response surface methodology (RSM) were evaluated 
through SEM studies. The delignification process induced 
the formation of cracks and pores on the substrate, which 
was attributed to the removal of lignin. This was distinctly 
observed in the SEM images of both untreated and deligni-
fied biomass (Fig. 3).

3.6 � FTIR analysis

FTIR spectra of untreated and delignified samples were 
examined to identify changes in functional groups and 
structural modifications. The peaks associated with lignin, 
cellulose, hemicellulose, and CH2 deformations provide 
crucial information for analyzing lignin degradation in bio-
mass. Specifically, the peaks at 1249 and 1639 cm−1 are 
characteristic of lignin, while the bands between 1050 and 
1150 cm−1 are indicative of cellulose [22] [24]. An analysis 

of the FTIR spectra of the untreated and delignified coco-
nut fibers revealed significant increases in intensity at 3398 
cm−1, 2894 cm−1, 1740 cm−1, 1615 cm−1, 1506 cm−1, 1246 
cm−1, 1257 cm−1, 1111 cm−1, and 1030 cm−1 (Fig. 4). The 
observed increase in intensities for the treated coir, com-
pared to the control, suggests significant degradation of the 
lignin component. The functional groups associated with 
these changes in intensity are listed in Table 4. The FTIR 
spectra analysis and band assignments were studied accord-
ing to [22, 24–29].

The characteristic peaks of lignin in coconut fibers at 
1246 and 1615 cm−1 correspond to aromatic C-O or C–C 
stretching in lignin and C = O stretching vibrations in 
the conjugated carbonyl of lignin, respectively [24]. The 

Fig. 3   SEM analysis of untreated coconut fiber (a) and laccase-producing P. pulmonarius-treated coconut fiber. The treated sample exhibits vis-
ible cracks and pores, attributed to the delignification process

Fig. 4   FTIR spectra of untreated (a) and delignified (b) fibers
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untreated sample exhibits a strong aromatic ring structure, 
and the increased intensity in the treated sample indicates 
the effective removal of lignin. The peaks observed around 
1500–1550 cm−1 correspond to the C = C stretching vibra-
tions of the aromatic rings of lignin, which disappear in 
the spectrum of the treated sample, indicating successful 
delignification. Additionally, the bands in the vicinity of 
1450–1500  cm−1 represent C-H in-plane deformations, 
which diminished in the treated sample.

The peak at 1740 cm−1 is associated with hemicellulose, 
and its reduction in the treated sample suggests the solu-
bilization of hemicellulose. Furthermore, the appearance 
of another peak near 1740 cm−1 after treatment indicates 
the formation of functional groups such as aldehydes and 
ketones, likely due to the action of laccase on the aromatic 
structure of lignin [25]. The peak around 3300–3400 cm−1, 
corresponding to OH bond stretching vibrations of alpha-
cellulose, is lowered in the treated sample, indicating the 
exposure of the hydroxyl groups of cellulose. The increased 
intensity in this region also reflects the OH stretching of 
aromatic hydroxyl groups present in lignin [24].

To understand the variations in the chemical components 
of the fiber after delignification, relative intensity variations 
of key chemical compounds were analyzed (Table 5). Char-
acteristic bands associated with cellulose and hemicellulose 
at 1420, 1158, 1030, and 895 cm−1 were observed, while the 
1510 cm−1 band, characteristic of lignin, was selected as 

the reference. The ratio I1510/I1420, which indicates aro-
matic skeletal vibrations linked to lignin, shows a significant 
reduction in the treated sample (0.406) compared to the con-
trol (0.651). This pronounced decrease suggests substantial 
lignin degradation following treatment, serving as a critical 
marker of effective delignification. Additionally, the I1510/
I895 ratio, indicative of changes in cellulose crystallinity, 
also declines from 0.387 in the control to 0.220 in the treated 
sample. This suggests that the treatment may have altered the 
cellulose structure, potentially improving its accessibility. 
The ratios I1510/I1158 and I1510/I1030, which reflect poly-
saccharide degradation, exhibit smaller variations, with the 
control showing values of 0.423 and 0.156, respectively, and 
the treated sample showing 0.294 and 0.161. These minimal 
changes indicate that polysaccharide integrity was largely 
preserved during the treatment process. The FTIR spectra 
clearly illustrate the delignification effect of the biological 
pretreatment facilitated by enhanced laccase production 
from P. pulmonarius, demonstrating its potential to effec-
tively pretreat recalcitrant biomass.

4 � Discussion

Laccases are widely recognized for their extensive industrial 
applications, including pulp and paper bleaching, wastewa-
ter treatment, the food industry, and the textile sector. In 
the food industry, laccases are utilized for processes such 
as brewing and color enhancement. In the pulp and paper 
industry, they play a crucial role in pulp bleaching and delig-
nification. Additionally, in the textile industry, laccases have 
proven particularly effective in bleaching indigo-stained 
denim, where they have found significant application [1].

The optimization of culture conditions is an integral 
aspect of enhancing enzyme production. Studies utilizing 

Table 4   FTIR spectral analysis of lignocellulose biomass

Wavenumber (cm−1) Functional group Lignocellulose component 
corresponding to functional 
group

665 Aromatic C–H bending Lignin
1030 C–O, C = C, and C–C–O stretching Cellulose, hemicellulose
1111 C–C-O stretch Cellulose, hemicellulose
1246 Syringyl ring breathing and aromatic C-O or C–C stretching in lignin Lignin
1257 Syringyl ring breathing and aromatic C-O or C–C stretching in lignin Lignin
1430 Aromatic skeletal vibrations combined with C-H in-plane deformation Lignin
1506 C = C stretching vibrations of aromatic rings of lignin Lignin
1615 C = O stretching vibration in conjugated carbonyl of lignin Lignin
1740 C = O stretching of unconjugated ketone and carboxyl groups Hemicellulose
2894 C-H stretch Lignin
3398 O–H stretch Lignin

Table 5   Lignin/carbohydrate band intensity ratio obtained from FTIR 
spectral analysis

Sample I1510/I1420 I1510/I1158 I1510/I1030 I1510/I895

Control 0.651 0.423 0.156 0.387
Treated 0.406 0.294 0.161 0.220
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response surface methodology (RSM) and central composite 
design (CCD) have proven highly effective in optimizing 
laccase production [25]. Optimizing the physical parameters 
is crucial for increasing laccase production during solid sub-
strate fermentation of agro-waste, especially when using a 
minimal medium composition.

Corn steep liquor has been shown to be a highly effective 
nutrient for laccase enzyme production, primarily because it 
acts as both a nitrogen source and a laccase inducer. CSL is a 
nutrient-rich substance, enriched with essential minerals and 
cofactors that support cell growth. [20] reported that Tram-
etes versicolor increased laccase production when corn steep 
liquor (CSL) was utilized as an inducer. Our studies with 
Pleurotus pulmonarius yielded similar results. The addi-
tion of corn steep liquor (CSL) effectively boosted laccase 
production and contributed to reducing the time required to 
attain enhanced laccase production.

The optimal pH for laccase production by white rot fungi 
varies within the range of pH 4 to 8. For Pleurotus sajor-
caju and Pleurotus ostreatus, previous studies indicated an 
optimal pH of 5 [30, 31] [32]. However, in the current study, 
the highest laccase activity was achieved at pH 5.5. The find-
ings of this study indicated that the optimal temperature for 
laccase production was 27 °C. Studies involving Pleurotus 
nebrodensis and Pleurotus pulmonarius reported an optimum 
temperature of 30 °C [33] [34]. Within the temperature range 
of 25–30 °C, no significant change in laccase enzyme produc-
tion was observed. However, beyond this temperature range, 

a noticeable decline in enzyme production was observed 
(Fig. 5). A study focusing on laccase production by Pleuro-
tus pulmonarius on wheat bran yielded similar findings [34]. 
The insufficient fungal growth at temperatures exceeding 35 
°C may have contributed to the limited laccase production.

The incubation time also plays a crucial role in laccase 
enzyme production, particularly when the fungus is cultivated 
on complex lignocellulose materials. Previous findings indi-
cate that P. ostreatus exhibited its peak laccase production on 
the 25th day of cultivation, whereas other species (P. florida, 
P. flabellatus, P. sajor-caju, and P. pulmonarius) reached their 
optimal laccase activity on the 26th day [35]. Asha Singh et al. 
[36] reported that Pleurotus ostreatus cultured on paddy straw 
produced maximum laccase activity (45,968.9 ± 347.2 U/g) on 
the 28th day, while on sugarcane bagasse, it produced maxi-
mum laccase activity (10,146 ± 92.4 U/g) on the 21st day. In 
contrast, another study documented that Pleurotus sajor-caju 
achieved its highest laccase production (14 IU/ml) on the 8th 
day of cultivation when grown on a basal media supplemented 
with inducers [31]. Furthermore, a study on laccase produc-
tion by Phanerocheate chrysosporium, utilizing coir waste as 
a substrate, reported the highest enzyme activity (5.1 IU/ml) on 
the 35th day [37]. It is worth noting that the choice of substrate 
significantly influences laccase production. Coir fiber, due to its 
elevated lignin content and rigid nature, may pose challenges 
for fungal assimilation. However, in the current study, through 
the optimization of parameters using RSM, it was possible to 
achieve the maximum laccase production on the 21st day.

Fig. 5   Graph illustrating the desirability and behavior of laccase activity in the proximity of optimal levels of individual factors
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The optimized process parameters were validated and 
applied to the delignification of tender coconut fiber. It was 
observed that enhanced laccase production led to increased 
delignification of the coir fiber, as evidenced by SEM and 
FTIR analyses. Similar studies, such as those by Hafid et al. 
[29]. and Karp et al. [38], have demonstrated that enhanced 
laccase production can significantly improve the delignifica-
tion of OPEFB and sugarcane bagasse biomass. The process 
of delignification is complex, involving the coordinated action 
of both laccases and peroxidases. While laccases play a direct 
role in lignin degradation by oxidizing phenolic structures, 
their production levels do not always correlate directly with 
the rate of delignification [38]. Lignin breakdown can con-
tinue even in the later stages of fermentation, despite peak 
enzymatic activity occurring earlier. In the case of Pleurotus 
pulmonarius, which demonstrated high laccase production on 
tender coconut fiber during 21 days of solid-state fermentation, 
a significant delignification efficiency was observed, highlight-
ing the fungus’ potential for effective lignin degradation. The 
statistical optimization significantly increased laccase produc-
tion (Table 6) by P. pulmonarius through solid-state fermen-
tation of tender coconut fiber, facilitating its effective use in 
substrate delignification. Validation of these optimal process 
parameters offers valuable insights for large-scale bioprocess 
applications, potentially reducing the cost and time.

5 � Conclusion

This study focused on optimizing laccase production via 
solid-state fermentation using Pleurotus pulmonarius 
on tender coconut fiber. This was achieved through the 

refinement of physical process parameters employing 
a central composite design. The peak laccase activity, 
observed at a pH of 5.5 with a 3% CSL inducer, a temper-
ature of 27 °C, and an incubation period of 21 days, pro-
vided insights into the individual contributions of factors 
and their interactions. By utilizing a minimal medium 
and reducing additional components, this study empha-
sized the importance of optimizing physical parameters 
to enhance laccase production, thereby significantly 
reducing both time and costs. Enhancing laccase pro-
duction can significantly improve the delignification of 
biomass during biological pretreatment, as demonstrated 
by SEM and FTIR analyses. This study, marking the ini-
tial exploration of using agro-waste tender coconut fiber 
as substrate, yielded a remarkable 13.16-fold increase 
in laccase production. Such progress holds promise for 
potential applications in treating the fiber, rendering it 
adaptable for various uses.
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