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Abstract

The breakdown of cellulose, the most prevalent carbon resource on Earth, by cellulase is very important for acquiring soluble
sugars. Solid-state fermentation (SSF) stands out as a proficient approach for generating economically valuable compounds,
facilitating cost reduction in production. The fermentation factors were optimized to enhance cellulolytic enzyme production.
Of the various inexpensive and readily accessible lignocellulosic residues, sorghum straw emerged as the utmost appropri-
ate substrate. The maximal cellulase productivity of 14.12 +0.06 U/g DS was obtained after 72 h of fermentation using
sorghum straw with 10% v/v moisture content at pH 7, 37 °C, and an inoculum volume of 1.5% v/v. The crude cellulase was
purified using various methods. The employment of the aqueous two-phase system (ATPS) utilizing a polyethylene glycol
8000/MnSO, combination demonstrated optimal purification, resulting in a 26.02-fold enhancement in activity, a yield of
48.7%, and a partition coefficient of 1.27. The molecular size of cellulase was approximated to be 84 kDa using sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). The optimum pH and temperature for enzyme activity
were identified as 7.0 and 50 °C, respectively. The cellulolytic activity exhibited the highest stimulation in the presence of
Mn?**. Upon enzymatic saccharification of alkali-treated sorghum feedstock, the highest reducing sugar (30.51+0.13 mg/
mL) was obtained after an incubation period of 72 h, with a substrate loading of 4% w/v, enzyme concentration 30 U/g DS,
pH 5, and the presence of Tween-80 as a surfactant. These findings may pave the way for a cost-effective and competent
process within the framework of the biorefinery concept.
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1 Introduction

Microbes growing on cellulosic materials release a group of
enzymes called cellulase. In nature, cellulose is present in
abundance. During crop production and harvesting, a large
amount of lignocellulosic waste is generated, which can be
utilized as a sustainable and economically viable alterna-
tive for the production of energy and better-quality products.
About 120x 10° tons of lignocellulosic biomass (LCB) is
produced worldwide each year [1]. A large proportion of
LCB is subjected to open agricultural burning, especially
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in developing nations such as India, causing environmen-
tal pollution and serious effects on human well-being [2].
Cellulase converts the cellulosic portion of waste biomass
to sugars via enzymatic saccharification. Numerous value-
added goods, involving ethanol, are obtained from the con-
version of these sugars. Cellulases are important in several
industrial sectors like food, fuel, textile, animal feed, paper
and pulp, and detergents. Other applications include proto-
plast production, waste management, genetic engineering,
and the pharmaceutical industry [3].

Fungal cellulases produced chiefly from Aspergillus and
Trichoderma using solid-state fermentation (SSF) are used
for industrial purposes. SSF requires minimal moisture.
The substrate can be colonized by filamentous fungi (like
Aspergillus and Trichoderma) even in water-deficient envi-
ronments. Crop residues such as sorghum straw can act as a
solid substrate for the growth of microbes. SSF is a widely

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-024-06122-y&domain=pdf
http://orcid.org/0000-0002-9652-5279
http://orcid.org/0000-0003-3389-4023

Biomass Conversion and Biorefinery

used approach for enzyme production because it recovers
more concentrated crude enzymes than submerged fermen-
tation, thus reducing the cost of downstream processing.
Additionally, SSF is economical and needs low operative
costs and less investment [4, 5].

The most important factor limiting enzyme production
is the production cost. The solution to this problem is the
optimization of the fermentation medium and physiochemi-
cal factors to achieve maximum yield. Optimization of the
medium reduces production costs and opens research pros-
pects for many industrial applications. Extracellular enzyme
production is impacted by numerous factors, including pH,
temperature, inoculum size, and components of the medium
(carbon sources, nitrogen sources, and trace elements) [6].

Enzyme purification is a multistep process that involves
the removal of unwanted proteins from a protein cocktail
and the enrichment of the desired target protein. This leads
to an increase in performance parameters [7]. Applications
in the industrial sector require cellulase with high stability
that can endure extreme temperatures as well as pH levels.
The search for tolerant cellulases from microorganisms is
conducted to meet this requirement [8]. For cellulases to be
industrially suitable, they must be characterized under dif-
ferent conditions. Cellulolytic activity across an extensive
array of pH and temperature levels, as well as the occur-
rence of chemical solvents, has important commercial and
biotechnological applications.

The cellulose found within lignocellulosic material pre-
sents an appealing reservoir of simple sugar, specifically glu-
cose. This glucose can be extracted through the enzymatic
breakdown of cellulose, a procedure termed saccharification
[9]. In recent times, there has been increasing global aware-
ness of enzymatically saccharifying cellulose, primarily
driven by the potential of glucose as a precursor for produc-
ing bioethanol fuel. This offers a promising alternative to
finite fossil fuel energy sources.

Thus, the present study comprises the optimization of
process parameters to achieve maximum cellulase pro-
duction under SSF (using low-cost biomass, i.e., sorghum
straw). The crude enzyme underwent purification utilizing
various approaches, and a relative assessment of the effec-
tiveness of every approach in purification was conducted.
This comparative analysis provides valuable insights into
the efficiency and practicality of different purification tech-
niques. Subsequently, the cellulase was characterized and
analyzed via SDS-PAGE. Characterization adds another
layer of novelty by providing detailed information about
the enzyme’s molecular properties. Additionally, the study
investigated the practical application of cellulase in the sac-
charification process, uniquely demonstrating both its sus-
tainable potential to convert biomass into fermentable sugars
for biofuel production and its practical utility in advancing
eco-friendly and cost-effective energy solutions.
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1.1 Statement of novelty

Although substantial research has been conducted on cel-
lulase production through SSF, there remains a signifi-
cant gap in optimizing process parameters specifically for
sorghum straw, a low-cost and underutilized biomass.
The present study addresses this gap by optimizing these
parameters to achieve maximum cellulase production
under SSF conditions using sorghum straw. Unlike previ-
ous studies that often focus on more conventional sub-
strates, this research explores the potential of sorghum
straw, thus contributing to cost-effective and sustainable
enzyme production. A key innovative aspect of this study
is the use of the novel fungal isolate Aspergillus uvarum.
This strain’s unique properties and its performance in SSF
conditions using sorghum straw present new insights into
microbial enzyme production. The investigation into the
practical application of cellulase in the saccharification
process demonstrates the enzyme’s potential utility in
biofuel production, addressing a crucial step towards the
development of sustainable energy sources. This holistic
approach not only advances the understanding of cel-
lulase production and application but also promotes the
use of sorghum straw as a viable substrate, highlighting
the study’s significance in both scientific and practical
contexts.

2 Materials and methods
2.1 Microorganism

In this study, a pure culture of A. uvarum CBS 121591,
formerly isolated from soil samples collected at Banasthali
Vidyapith, Rajasthan, India (latitude 26.4035° N, longi-
tude 75.8745° E), was utilized. The strain was preserved at
4 °C on PDA slants and plates and was recultivated every
2 weeks [10].

2.1.1 Fungal spore formation and harvesting

After 7 days of cultivation, slants containing A. uvarum
were utilized to harvest spores. An aqueous spore solution
was prepared using sterilized purified water with 0.5% v/v
Tween 80. Slants were rinsed with sterile purified water,
and the fungal filaments were delicately detached with an
inoculating loop to liberate the spores into the suspension.
The resulting solution was then preserved at 4 °C for sub-
sequent seeding into the medium.
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2.2 Enzyme production

SSF was performed using 5 g of wood shavings as the
substrate, moistened with a 30% v/v mineral salt solution
[11]. The composition of the mineral salt solution (MSS)
was made following the process outlined by Kulkarni et al.
[12]. Fungal cells (10% mL~") were introduced into the
flask and nurtured at 28 °C for 4 days. The crude enzyme
was procured by adding 50 mM Na-citrate buffer (pH 4.8)
to the production flasks, followed by a 2-h nurturing period
at 28 °C and 120 rpm. The production medium was then
filtered using muslin cloth and centrifuged at 10,000x g
at 4 °C for 10 min, and the subsequent supernatant was
procured as the enzyme extract.

2.2.1 Cellulase assay

The total cellulase activity was analyzed using the FPase
approach, following the standard procedure [13]. For this,
enzyme extracts (0.5 mL) were added to a Whatman filter
paper strip (1 X6 cm; 50 mg) immersed in 1 mL of 50 mM
Na-citrate buffer at pH 4.8. After conditioning for 1 h at
50 °C, the reducing sugars were evaluated using the Miller
method [14]. Enzyme activity was quantified as one unit,
signifying the amount of enzyme necessary to liberate 1 pM
of product per minute under the defined analysis parameters.
The enzyme units were expressed as units per gram of dry
substrate (U/g DS).

2.3 Optimization of fermentation parameter using
the one-factor-at-a-time approach (OFAT)

Several production factors were optimized to achieve the
utmost enzyme productivity [15]. For screening fermen-
tation time, flasks containing 5 g of wood shavings were
seeded with spore inoculum and nurtured for a duration of
168 h (7 days). Individual flasks were sampled every 24 h.
Different substrates, including wood shavings, coconut
coir, sorghum straw, sawdust, and mixed biomass, were
screened. Each 5-g substrate was hydrated with a MSS to
attain a moisture level of 30% v/v to determine the opti-
mum substrate. For optimization of moisture content, 5 g of
sorghum straw was hydrated with a mineral salt solution at
different concentrations (0, 10, 30, 50, 70, 90% v/v). Next,
the fermentation medium was exposed to different pH levels
(ranging from pH 3 to 9) to determine the optimum pH. The
pH of the media was adjusted with 1 N HCl and 1 N NaOH,
while the pH of the substrate was maintained via a mineral
salt solution. For temperature optimization, the flasks were
nurtured at diverse temperatures (28 °C, 37 °C, 44 °C, and
50 °C). Additionally, the production medium was optimized
for inoculum volume by inoculating it with various concen-
trations (0.5-2.5% v/v) of freshly prepared spore suspension.

Throughout the optimization process, enzyme extraction was
conducted following the procedure outlined in Section 2.2,
and crude enzyme extracts were analyzed for cellulolytic
potential. All tests in this study were carried out in triplicate.

2.4 Enzyme purification

The enzyme was subjected to ion-separation chromatog-
raphy employing DEAE-cellulose (Sigma Aldrich), which
was pre-equilibrated with 10 mM phosphate buffer (pH 7.5).
The targeted enzyme was allowed to adhere to the matrix
at 4 °C for 2 h. The bound fractions were then eluted using
a gradient of 0.1-0.5 M NaCl. The elutes were procured
at a flow rate of 1 mL/5 min, with 2-mL fractions being
collected. Protein content and enzyme potential were meas-
ured for each fraction [16]. DEAE-cellulose functions as a
mild anion exchange resin, allowing the desired protein to
remain in the eluate while other proteins bind to the resin.
The active fractions were combined and further purified
using gel permeation chromatography on a Sephadex G-100
column, which was pre-equilibrated with 10 mM phosphate
buffer (pH 7.5). The flow rate was set to 5—6 mL h~!, and
I-mL fractions were harvested individually. Cellulolytic
potential and protein concentration were assessed for every
fraction. Protein concentration was assessed following the
Lowry approach with BSA (bovine serum albumin) as the
standard [17].

2.4.1 Aqueous two-phase separation (ATPS)

The ATPS was conducted using the methodology suggested
by Lin et al. [18]. Stock solutions of (30% w/w) polymer
(PEG4000, 6000, and 8000 MW) and 40% of diverse salt
stock solutions (MnSO,, MgSO,) were used to prepare the
polymeric phase setup. The setups were arranged in a gradu-
ated centrifuge tube. Partition was done at room tempera-
ture (22 +2 °C) by adding cell extract (up to 2 mL) to the
biphasic solution, mixed completely in an orbital shaker at
200 rpm for about 30—40 min, and then allowed to settle
undisturbed for 50 min.

Evaluation of relative value, volume ratio, partition coeffi-
cient, and yield of cellulase The relative value of cellulase
activity or cell content was calculated as the enzyme activity
ratio (U/mL) or the cell content in the test mixture, com-
pared to the reference phase (lacking ATP components) [19].
Additionally, the volume ratio (VR) refers to the proportion
of the top phase volume (VT) to the bottom phase volume
(VB), as described in Eq. 1:

_vr

VR= 2 ey
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The cellulase partition coefficient (K) was calculated by
the ratio of cellulase potential or content of the cell in the top
phase (CT) to the bottom phase (CB), as described in Eq. 2:

CcT
K=—
CB (2)

The yield (%) of cellulase in the top phase was assessed
as described in Eq. 3:

100
4[] 3)

VR+k]

YT(%) =

2.4.2 Determination of molecular size

SDS-PAGE was conducted following Laemmli’s protocol
[20]. Protein bands were examined using the Coomassie bril-
liant blue R-250 staining technique.

2.5 Characterization of purified enzyme
2.5.1 Influence of temperature

The impact of temperature on cellulase activity was investi-
gated by exposing the reaction mixture to temperatures rang-
ing from 30 to 90 °C in 10 °C increments. Additionally, the
enzyme was kept at 50 °C for 0—120 min to assess its stabil-
ity. The remaining cellulolytic potential was determined by
conducting the process at a temperature of 50 °C and pH 7.
The cellulolytic activity was regarded as 100% under speci-
fied assay parameters [21].

2.5.2 Influence of pH

The influence of pH on cellulase potential was measured
across the pH spectrum of 3-10, using appropriate buffers
(3-5, sodium citrate; 67, sodium phosphate; 8-9, Tris—HCI;
10, glycine—-NaOH) under specified assay parameters. The
enzyme’s pH stability was examined by pre-incubating it at
50 °C for 0-24 h at pH 7. Aliquots of the blend were then
sampled to assess the remaining cellulolytic potential (%)
under the specified assay parameters [21].

2.5.3 Influence of metal ions

The influence of metal ions on the potential of the purified
cellulase was evaluated by exposing the enzyme to various
salts (NaCl, CaCl,, MnSO,, MgSO,, CoSO,, FeSO,4, K,SO,,
and ZnSO,) at a concentration of 1 mM for 2 h. The cellulo-
lytic assay was executed at 50 °C for 60 min and pH 7 [22].

@ Springer

2.6 Application of cellulase in saccharification
of sorghum straw

The pretreatment of sorghum straw was performed using
2% w/v NaOH, as described in our earlier study [23].
Enzymatic saccharification was performed by adding
5 g of pretreated sorghum straw and cellulase enzyme
(20 U/g DS) to a 250-mL Erlenmeyer flask. The flasks
were nurtured at 50 °C for 48 h. Sample fractions of
1 mL were taken for centrifugation, and the supernatants
were assessed for reducing sugars using the DNS method
[14]. The optimization of enzymatic saccharification was
conducted with respect to hydrolysis time, pH, enzyme
loading, substrate concentrations, and the addition of sur-
factant [24]. Individually, the factor was optimized within
a chosen range (hydrolysis time, 24-96 h; substrate load,
2-10% w/v; enzyme concentration, 10-40 U/g DS; pH,
4.0-6.5; and surfactant, Tween 20, Tween 80, PEG 2000,
and Triton X-100).

2.7 Statistical analysis

The standard error (+) of the mean was calculated from
three measurements. The significance of the variables was
assessed using one-way ANOVA, with P <0.05 considered
significant, using IBM-SPSS 21 software.

3 Results and discussion
3.1 Optimization of fermentation factors
3.1.1 Optimization of incubation time

The cellulase activity pattern observed during the fermenta-
tion time screening experiments indicates that the highest
cellulolytic activity of 11.10+0.06 U/g DS was attained
after 72 h of fermentation, as depicted in Fig. la. Cellu-
lases are constituent of the primary metabolic processes,
with their production commencing during the logarithmic
growth phase and declining during the death phase [25]. The
outcomes of this investigation indicated that cellulase pro-
duction was lower during the first 0-24 h, indicating that the
strain was using the medium to sustain its own growth and
development. Cellulase production was lowest at 144—168 h,
which may be attributed to nutrient depletion and the micro-
bial cells entering the death phase. Lodha et al. [4] observed
that the combined cultivation of Trichoderma reesei NCIM
1186 and Penicillium citrinum NCIM 768 resulted in peak
cellulase production, reaching 6.71 FPU/gds by the sixth
day of production.
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Fig. 1 Influence of (a) incubation time, (b) lignocellulosic biomass as
carbon source, (¢) moisture content, (d) pH, (e) temperature, and (f)
inoculum volume, on cellulase production under solid-state fermen-

3.1.2 Optimization of lignocellulosic substrate

Among all the lignocelluloses tested, sorghum straw
exhibited the peak cellulolytic activity (11.25+0.05 U/g
DS), as observed in Fig. 1b. Sorghum straw had the high-
est cellulase activity due to the ease of accessibility of cel-
lulose (37.74%) and the lower lignin content (21.48%) in
the biomass [26], resulting in efficient cellulose conversion
to sugars. Utilization of sorghum husk produced higher
cellulolytic and hemicellulolytic enzymes (0.15 U/mL)
by Enterobacter sp. SUK-bio [27]. Pramanik et al. [28]
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tation. Each value is the mean of triplicates +SD. The mean repre-
sented by a different letter is notably dissimilar (p <0.05)

reported that Bacillus pseudomycoides depicted maximal
cellulase activity (3.5 U/mL) with sugarcane bagasse.

3.1.3 Optimization of moisture content

In SSF, the moisture level significantly influences fermenta-
tion and the release of various enzymes, particularly cellu-
lases. Maximum cellulolytic activity (12.41 +0.06 U/g DS)
was detected with a minimal moisture content of 10% v/v
(Fig. 1c). Excessively high moisture levels in solid media
reduce substrate porosity and restrict oxygen diffusion
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within the substrate. Conversely, extremely less water con-
tent in the substrate results in inadequate microbial prolif-
eration, limited growth, and restricted access to nutrients
[29]. A moisture ratio of 1:2 (w/v) was found to be optimal
for the production of cellulase under SSF using coir waste
from A. niger [30].

3.1.4 Optimization of pH

A surge in cellulolytic activity was detected as the pH
increased from 3 to 7, reaching a maximum of 12.70 +0.05
U/g DS at pH 7. Further increases in pH from 7 to 9 led
to an insignificant decrease in cellulolytic activity, though
substantial activity was still observed at pH 9 (Fig. 1d).
The lowest cellulolytic activity (3.68 +£0.07 U/g DS) was
detected at pH 3, indicating that more cellulolytic activity
occurred under alkaline conditions compared to acidic pH.
Comparable results were attained by Malik et al. [31], which
showed optimal cellulolytic activity by Bacillus subtilis at
pH 7. El-Hadi et al. [32] observed that Aspergillus hortai
demonstrated peak cellulolytic activity (0.160 U/mL) at pH
7.

3.1.5 Optimization of temperature

The incubation temperature, a crucial factor influencing
microbial growth, significantly impacts the metabolic func-
tions of microorganisms and should be tailored for specific
conditions. The cellulolytic activity profile across various
temperatures revealed that A. uvarum achieved peak enzyme
production at 37 °C, reaching 13.50+0.04 U/g DS (Fig. le).
As the incubation temperature rises, the frequency of col-
lisions increases, leading to a higher reaction rate, a phe-
nomenon detected in numerous chemical processes [33].
The outcomes of this investigation align with the outcomes
of Ali et al. [34], who documented the optimal cellulolytic
yields from the A. ferreus and A. niger 710 strain at 40 °C,
respectively. The decline in cellulolytic potential observed
past 40 °C and 50 °C may be due to heat-induced enzyme
degradation. Bajar et al. [35] observed elevated cellulase
activity from A. heteromorphus at an optimum temperature
of 32.5 °C.

3.1.6 Optimization of inoculum size

An inoculum size of 1.5% v/v was identified as optimal for
achieving the highest cellulase production, reaching approxi-
mately 14.12+0.06 U/g DS, as illustrated in Fig. 1f. An
elevated concentration of inoculum appears advantageous,
likely due to the initial decline being mitigated by a dense
inoculum. However, reduced cellulase productivity with
higher inoculum volumes may be attributed to the strug-
gle for nutrients among microbial colonies and potentially
insufficient nutrients to sustain the vast populace, thereby
limiting fungal development. Therefore, an appropriately
selected inoculum size or dosage is essential to support
robust fungal propagation and enzyme production [36]. A
similar study reported that an optimal inoculum size of 1%
v/v was required for maximum cellulase activity by Halo-
bacillus sp. [37]. Additionally, a fungal inoculum size of
0.625% v/v was required for the maximum cellulase activity
from Aspergillus flavus [2].

3.2 Purification of cellulase

A summary of the cellulase purification process is pro-
vided in Table 1. The sample was exposed to ion-separation
chromatography using a DEAE-cellulose column adjusted
with 10 mM phosphate buffer (pH 7.5). This step achieved
a purification fold of 11.01, a specific activity of 6.72 U/
mg, and a yield of 5.01%. In the next step of purification
using Sephadex G-100 chromatography, the specific activ-
ity, yield, and purification fold were 13 U/mg, 1.07%, and
21.31, respectively. Hamdan and Jasim [38] demonstrated
anion exchange chromatography of partially purified cel-
lulase from Trichoderma longibrachiatum using a DEAE-
cellulose column and reported a purification fold of 7.85,
which is less than the purification fold stated in the present
investigation. Dehghanikhah et al. [39] investigated the puri-
fication of alkalophilic cellulase from Bacillus subtilis using
Q-sepharose ion-exchange chromatography and reported a
specific activity of 10.86 U/mg, a purification fold of 2.72,
and an enzyme yield of 0.2%. Shankar et al. [40] demon-
strated the purification of cellulolytic enzyme from Bacillus
pumilus using a Sephadex G-100 column and found a spe-
cific activity of 1.450 U/mg and a purification fold of 6.62.

Table 1 Overview of purification stages of cellulase produced from A. uvarum

Purification stages Volume (mL) Total protein ~ Total activity ~ Specific activity ~ Purification fold Yield (%)
(mg) L) (U/mg)

Crude enzyme 10 78.2 48.2 0.61 1 100

Ton-exchange chromatography 2 0.36 2.42 6.72 11.01 5.02

Gel filtration 1 0.04 0.52 13 21.31 1.07

PEG8000/MnSO, 2 0.16 2.54 15.87 26.02 5.26
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Table 2 Partitioning of cellulase produced from A. wvarum in an
aqueous two-phase system with PEG/Salt system

Partition parameters Value
PEG 8000 concentration (% w/w) 30%
MnSO, concentration (% w/w) 40%
Partition coefficient of enzyme (K) 1.27
Phase volume ratio (VR) 0.75
Yield (YT%) 48.78%

A two-phase aqueous system using PEG with molecu-
lar weights of 4000, 6000, and 8000, in blend with diverse
sulphate salts including MnSO, and MgSO,, was tested
for the purification of crude cellulase extract. Among all
tested systems, the combination of PEG 8000 and MnSO,
exhibited maximal purification, with a 26.02-fold increase
and a yield of 5.26% for cellulase produced from A. uvarum
(Table 1). Thus, among several purification approaches, the
ATPS (PEG/MnSO,) system exhibited notable recovery
rates, requiring fewer product recovery phases and employ-
ing cost-effective phase-forming resources (Table 1). The
enzyme’s partition coefficient (K) was 1.27 (Table 2), indi-
cating the system’s potential as an economic and practical
substitute method for cellulase purification. Kumar et al.
[41] reported that among numerous purification approaches,
the ATPS (PEG/MnSO,) system for cellulase from Schizo-
phyllum commune showed a high recovery of 79.5% with
a 10.4-fold rise in activity. According to Liu et al. [18],
the cellulase derived from Bacillus velezensis achieved
its highest enzyme retrieval rate (67.8%) and purification
degree (1.14) under conditions of PEG 4000 (20.75% w/w),
K,HPO, (8.5% w/w), and pH 8.5 within an ATPS.

The purified cellulase from A. uvarum exhibited a mono-
meric band with a molecular size of about 84 kDa (Fig. 2).
The cellulase produced by Aspergillus flavus exhibited a sole
band of the enzyme at around 55 kDa, a molecular weight
lower than that indicated in this investigation [42]. Yas-
min et al. [43] stated a cellulase molecular mass of 87 kDa
obtained from Trichoderma viride, indicating a notably high
molecular mass and highlighting the capability of fungi to
produce enzymes with substantial molecular weights.

3.3 Characterization of purified cellulase

3.3.1 Influence of temperature on enzyme activity
and stability

The influence of temperature on purified cellulase activ-
ity was studied over an extensive array of temperatures
(30-70 °C). The optimum potential was observed at 50 °C
and decreased subsequently, as shown in Fig. 3a. Regard-
ing temperature stability, the enzyme remained more than
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Fig.2 Molecular weight determination by SDS-PAGE. Lane 1,
molecular weight marker. Lane 2, Sephadax G-100 purified Aspergil-
lus uvarum cellulase (84 kDa)

70% stable at an optimum temperature of 50 °C for 60 min,
and it retained more than 50% of its relative activity when
incubated for 120 min, indicating the thermostable nature
of the enzyme (Fig. 3b). The cellulase exhibited activity
across a wide temperature spectrum spanning from 30 to
70 °C, showing maximum activity at 50 °C. Even at 70 °C,
more than 85% of activity was retained, showing high ther-
mostability. The decline in activity detected beyond the
optimal temperature could be attributed to the breakdown
of transient interactions, like hydrogen and Van der Waals
bonds, which support the enzyme’s three-dimensional struc-
ture. Strong heat resistance is an alluring and advantageous
feature of an enzyme for numerous biotechnological appli-
cations. Cellulase from Acinetobacter junii showed optimal
activity and stability at 50 °C [44]. The purified enzyme
potential from A. niger was optimum at a temperature of
40 °C [33].
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Fig.3 Impact of temperature on activity and stability of purified cel-
lulase (a) optimum temperature and (b) stability at 50 °C for different
intervals of time (min). Impact of pH on activity and stability of puri-

3.3.2 Influence of pH on enzyme activity and stability

The purified cellulase’s pH activity was assessed by
determining cellulolytic activity across a series of pH
values from 3 to 10, utilizing various appropriate buffers
(Fig. 3c). The highest cellulolytic potential was detected
at pH 7.0. Regarding stability, at the optimal pH of 7, the
enzyme retained more than 90% of its activity after 4 h of
incubation, and it preserved more than 50% of its activ-
ity after 20 h, indicating the enzyme’s alkaline stability
(Fig. 3d). Lately, numerous studies have focused on isolat-
ing thermostable alkaline enzymes from microbes because
of their significant commercial prospect. The high pH and
temperature stability exhibited by the purified cellulases
could be valuable for rigorous commercial applications.
Gad et al. [45] observed maximum cellulase activity from
Geotrichum candidum at pH 7. Steiner and Margesin [46]
reported that the cellulase from Bacillus mycoides was
active over a pH range of 4-6, with optimal potential at
pH 5. Bano et al. [42] stated that A. flavus exhibited low
cellulolytic activity at pH 5-9, but showed a sharp increase
at pH 10, displaying its profound alkaline tolerance.
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3.3.3 Influence of metal ions on enzyme activity

The impact of metal ions on the purified cellulase displayed
that different metal ions at a 1-mM concentration and pre-
incubation for 2 h had varying effects on cellulolytic activity.
Specifically, Mn**, Fe?*, and Mg?* increased cellulolytic
activity, while other metal ions inhibited the enzyme to a
certain extent. The maximum relative activity was detected
with Mn?* (136.35%), followed by Mg?* (125.28%) and Fe**
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(118.78%) (Fig. 4). In contrast, the minimum relative activ-
ity was detected with Ca>* (53.02%). Stimulatory actions of
Mn** and Co** have been reported [47]. The influence of
metal ions on purified cellulase derived from Acinetobac-
ter junii revealed that at a concentration of 1 mM, Mn?t,
Co**, and Mg?* enhanced cellulolytic potential, whereas
Ni2* and Hg?* significantly suppressed enzyme potential
[44]. Okonkwo [22] investigated the influence of numerous
metal ions (Cu>*, Pb*, Hg*, Ba>*, Mn**, Ca®*, Fe**, Mg?*,
Co?*, and Zn>*) on the cellulolytic potential from Aspergil-
Ius flavus and found that Fe?* had a pronounced stimulat-
ing impact on the enzyme activity across all substrates at a
concentration of 1 mM.

3.4 Enzymatic hydrolysis of pretreated LCB and its
optimization

SPSS 21 (statistical Package for the Social Sciences) was uti-
lized to analyze the effects of hydrolysis time, substrate load,
enzyme concentration, pH, and surfactant on the production
of reducing sugars from the pretreated substrate. ANOVA
(analysis of variance) was used to examine the variances in
reducing sugar yields attained with individual optimal sac-
charification factors. As indicated in Table 3, the pretreated
biomass yielded a maximum of 30.51 +0.13 mg/mL reduc-
ing sugars after 72 h of incubation, with a 4% w/v substrate
load, 30 U/g DS enzyme concentration, 5 pH, and in the
presence of Tween-80 as the surfactant. Further increases
in hydrolysis time, substrate load, enzyme concentration,
and pH resulted in a decline in reducing sugar production.
The reduction in hydrolysis rate beyond a certain threshold
may be attributed to substrate inhibition due to excessive
substrate addition or enzyme suppression resulting from
elevated pH levels [48]. Low pH, near 3, has been shown to
reduce fermentation rate [49]. Hari Krishna and Chowdary
[50] discovered that pH greatly influences the hydrolysing
activity of cellulases. The hydrolysis process occurs only

after the formation of enzyme-substrate complexes, and the
impacts of pH on both surface binding and breakdown are
comparable, typically occurring at approximately pH 4.8.
Phuengjayaem et al. [51] reported that pH 5 is optimal for
the saccharification of sweet sorghum straw employing cel-
lulase from Coriolus versicolor.

The incorporation of the surfactant Tween-80 showed a
positive impact (30.51 +0.13 mg/mL) on saccharification.
In contrast, the minimum saccharification was observed
with PEG 2000 as the surfactant (15.41+0.14 mg/mL).
The inclusion of surfactants typically averts the ineffec-
tive enzyme binding to the lignin by altering the external
characteristics of the feedstock. Overall, surfactants posi-
tively influence the saccharification process [52]. Pino et al.
[53] studied the effects of non-ionic detergents (Tween 20,
Tween 80, Span 80, and PEG 400) as possible enhancers
of hydrolysis of hydrothermally pretreated agave bagasse
(AGB) solids. Their findings revealed that non-ionic deter-
gents enhanced the translation efficiency of cellulose to glu-
cose, achieving a 100% yield with PEG 400 as a supplement.
The incorporation of surfactants facilitates the production of
simple sugars, contributing to the advancement of second-
generation green refineries.

Following pretreatment, enzymatic hydrolysis becomes
imperative for optimizing the production of reducing sug-
ars. The advancement of cost-effective enzyme blends with
enhanced efficacy is crucial for the viability of bioethanol
making from LCB. Effective hydrolysis of pretreated bio-
mass necessitates the concerted action of diverse lignocel-
lulolytic enzymes, including endoglucanases, exoglucanases,
and beta-glucosidases. Additionally, exploring enzyme reuse
can contribute to cost reduction. Numerous studies have
demonstrated comparable or superior saccharification effi-
ciency when employing the same batch of enzyme blends
for multiple cycles. For instance, Kumar et al. [54] utilized
bound enzyme cocktails (Celluclast 1.5 L, BGL, and lac-
case) for the hydrolysis of pretreated rice straw, achieving an

Table 3 Relative evaluation (ANOVA test) of total reducing sugars obtained under various saccharification factors

Hydroly- Reducing Substrate Reducing Enzyme concen- Reducing pH Reducing Surfactant Reducing

sis time sugar (mg/ load (% sugar (mg/ tration (U/g DS) sugar (mg/ sugar (mg/ sugar (mg/

(h) mL)* wiv) mL)* mL)* mL)* mL)*

24 20.37*+0.04 2 21.47°+0.06 10 20.52*+0.08 3 19.61*+0.09 Tween 80 30.514+0.13

48 23.17°+0.17 4 21.79+0.09 20 23.95°+0.08 4 25.37°+0.09 Tween 20 23.68°+0.07

72 25.04+0.08 6 26.67°£0.06 30 27.34940.09 5 29.59°+0.12  Triton X-100 17.85°+0.15

96 23.58°+0.21 8 15.38°+0.08 40 21.84°+0.12 6 24.65°+0.13 PEG2000  15.41°+0.14
10 10.61*+0.07

F Calc 523.34 F Calc 18,858.24 F Calc 2902.63 F Calc 3896.24 F Calc 7939.02

F Crit 4.06 F Crit 3.47 F Crit 4.06 FCrit 4.06 F Crit 4.06

Each value is the mean of triplicates + SD

#Mean represented by a similar letter is not notably dissimilar at p <0.05
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84.6% saccharification rate relative to 77.3% with unbound
enzymes. The elevated tolerance of immobilized enzymes to
temperature and pH variations might explain the enhanced
saccharification efficiency. Enhancements in enzyme formu-
lation, reaction biomass feeding strategies, medium enhance-
ment with additives, designing reactors, and employing
methods for stream segregation and decontamination are
potential avenues for optimizing enzymatic hydrolysis under
high solid loading conditions.

4 Conclusion

In conclusion, this research study has delved into the mul-
tifaceted process of optimizing cellulase production under
SSF conditions, followed by meticulous purification using
strategies such as ion-exchange chromatography, gel per-
meation chromatography, and ATPS to obtain high yields
of biologically active enzymes. Furthermore, the compre-
hensive characterization of the enzyme facilitates a deeper
understanding of its catalytic mechanisms, which is instru-
mental in enhancing its industrial applicability. The opti-
mization of saccharification processes was aimed towards
increased efficiency and cost-effectiveness in bioethanol
production.
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