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Abstract: The swift expansion of the edible oil industry has caused a significant
increase in oily wastewater production, posing serious environmental challenges. This
study explores the immobilization of Candida rugosa lipase (CrL) on polydopamine-
coated sawdust (PD/SD) through covalent bonding, employing Michael addition
reactions or the formation of Schiff base to yield CrL/PD/SD. Both free and
immobilized CrL demonstrated optimal catalytic activity at pH 8 and 40°C; however,
the immobilized enzyme demonstrated enhanced stability across a broader range of pH
and temperature. Notably, immobilized CrL retained 51% of its original activity at
70°C, whereas free CrL dropped to 8% under identical conditions. Kinetic parameters
for both enzyme forms were systematically analyzed. Additionally, the immobilized
CrL exhibited excellent reusability, preserving 43% of its initial activity after sixteen
recurrent catalytic cycles. Both free and immobilized CrL effectively hydrolyzed
various edible oils, displaying comparable activity trends, although the immobilized
form achieved superior hydrolysis yields. Collectively, these findings underscore the
potential of CrL/PD/SD as a sustainable and efficient biocatalyst for the remediation of
oily wastewater.

keywords: Candida rugosa lipase; sawdust; immobilization; edible oils; wastewater treatment;

hydrolysis.
1.Introduction

The growing global output of waste oils,
greases, and fats is causing a number of
problems for the economy, environment, and
public health. It is one of the main causes of
water pollution and a significant contributor to
expensive pipeline maintenance [1]. Edible oils
consist primarily of triacylglycerides of fatty
acids varying in saturation nature and chain
length, and their nature and concentration are
mostly dictated by the respective bio-based
source [2, 3]. The production of edible oils
involves the processing and refining of
oilseeds, which can produce a variety of waste
products in large quantities, such as inorganic
residues, organic solid waste, and wastewater
[4]. The release of untreated wastewater

containing edible oil into the environment
reduces the oxygen content and light
penetration in the water, causing damage of
aquatic life in an irreversible way that can lead
to negative environmental and health impacts if
not properly managed [5]. In general, there are
several methods for treating edible oil industry
wastewater, including physiochemical,
biological, and electrochemical methods [6-9].
However, there aren't enough studies on
electrochemical treatment compared to other
wastewater treatment methods, which calls for
more research [5]. Furthermore, the primary
drawbacks of physicochemical treatments are
their high chemical costs and challenging
sludge management [10]. Hence, the biological
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treatment would be the best choice over other
currently used techniques due to its many
advantages, such as its environmental
friendliness,  simplicity, affordability in
operation and maintenance, and suitability for
carbonaceous  stabilization.  Additionally,
biological processes that break down organic
materials molecularly produce stable end
products [11, 12].

Among the biological techniques, enzymatic
treatment with lipase and esterase enzymes has
been widely used in the bioprocessing of
wastewater rich in oils, fats, and greases [13].
Lipases (EC 3.1.1.3) are known as hydrolases
that cleave the carboxyl ester bonds in
triacylglycerols in aqueous solutions to liberate
free fatty acids and glycerol [14]. Free lipases
are limited in their widespread industrial
application due to their high cost, instability,
sensitivity to variations in pH and temperature
in aqueous solutions, and challenges in reuse
and recycling [15, 16]. Nevertheless, lipase
immobilization has been used to resolve these
problems. Preserving the enzymes' structural,
functional, and biological properties, allowing
them to be separated from the reaction
environment, and lowering process costs by
enhancing their stability and reusability are the
main goals of immobilization [17, 18].

Choosing the appropriate support or matrix
for enzyme immobilization is a crucial step that
requires careful consideration due to its
properties' effect on the immobilized enzyme
system's performance [19, 20]. Various
materials, from costly synthetic compounds to
natural polymers, have been used for enzyme
immobilization [21]. In the available literature,
there are several studies that achieved good
results in oily wastewater treatment using
immobilized lipase on different supports, such
as hybrid sol-gel/calcium alginate matrix [22],
carbon nanotubes [13], chitosan [23], and
others. In this context, sawdust is employed as
an organic support since it is inexpensive,
sustainable, and environmentally friendly [24,
25]. Notable qualities of sawdust include its
large surface area, high porosity, low specific
gravity, coarse surface, good liquid-holding
capacity, and superior mechanical stability [26].
Interestingly, polydopamine (PD) has a high
adhesive ability, and owing to quinone and
catechol groups present on the PD surface, it

can react readily with molecules containing
thiols and amino acids through the Schiff-base
reaction and/or Michael addition, offering a
flexible platform for additional modification

[27, 28].

In this work, PD was used to coat sawdust
(SD) producing (PD/SD) to allow the covalent
immobilization of Candida rugosa lipase (CrL)
enzyme via covalent bonds, forming
(CrL/PD/SD) for its application as a biocatalyst
in the hydrolysis of oil. The surface alteration
of the SD and the immobilization of CrL were
clarified using ATR-FTIR. The characteristics
of free and immobilized CrL activity were
thoroughly examined under various operational
circumstances.  Additionally, the Kinetic
behavior of both free and immobilized lipase
was characterized using Michaelis-Menten
parameters. Furthermore, the reusability of
immobilized CrL and its capacity to hydrolyze
edible oils were investigated as well.

2. Materials and methods
2.1. Materials

Candida rugosa lipase, p-nitrophenol, p-
nitrophenyl palmitate, isopropanol, Arabic
gum,  Triton X-100, and  dopamine
hydrochloride were bought from Sigma-Aldrich
Co. Sawdust particles were sourced from waste
generated by woodworking operations. Olive,
soybean, corn, and sunflower oils were
obtained from local markets. All buffer
solutions were made with salts of analytical
quality.

2.2. Sawdust activation

Sawdust particles (SD) were initially dried
in an oven after being carefully cleaned with
distilled water. Subsequently, at room
temperature with constant stirring, 2 g of SD
were incubated in about 25 mL of a dopamine
solution, which was created by dissolving 100
mg of dopamine in 25 mL of 0.01 M Tris-HCI
buffer (pH 8.6). After 24 hours, the sawdust
particles coated with polydopamine (PD/SD)
They were rinsed three times with distilled
water before being dried for future usage at 50
°C in an oven.

2.3. Covalent immobilization of CrL

Candida rugosa lipase (CrL) was covalently
immobilized onto polydopamine-coated
sawdust (PD/SD) particles through Michael

Mans J Chem. Vol 68(3)2025

25



addition and Schiff base formation. Here, 4 mL
of CrL solution (15 U/mL), made in 0.05 M
Tris-HCI buffer (pH 8), was incubated with 0.4
g of PD/SD particles for 18 hours. The
immobilized enzyme (CrL/PD/SD) was then
washed with the buffer solution to take out any
unbound CrL and subsequently stored at 4 °C
for further analysis. The following formula was
used to determine the immobilization
efficiency:

Immobilization efficiency % = (The specific
activity of CrL/PD/SD / the initial specific
activity of free CrL utilized in the
immobilization) * 100

2.4. ATR-FTIR Analysis

Using Attenuated Total Reflectance Fourier
Transform Infrared (ATR-FTIR) spectroscopy,
the chemical structure and surface functional
groups of SD, PD/SD, and CrL/PD/SD were
investigated. The samples were analyzed at a
resolution of 4 cm™ throughout a wavenumber
range of 4004000 cm™'.

2.5. Lipase activity assay

Using p-nitrophenyl palmitate (p-NPP) as a
substrate, the activity of free CrL and
CrL/PD/SD was assessed, following the
method described by Winkler and Stuckmann
(1979) [29] with slight alterations. The
substrate solution's preparation was made by
mixing solution A (0.015 g of p-NPP dissolved
in 5 mL of isopropanol) with the solution B
(0.05 g of Arabic gum and 0.2 mL of Triton X-
100 dissolved in 45 mL of 0.05 M Tris-HCI
buffer, pH 8) under continuous stirring until
complete dissolution. The reaction mixture (1
mL) was composed of an appropriate amount of
free CrL or CrL/PD/SD, 0.05 M Tris-HCI
buffer (pH 8), and 0.9 mL of the prepared
substrate solution, followed by incubation at
37°C for 15 minutes. The enzymatic reaction
was terminated by adding 0.15 mL of 0.1 M
Na>COs, and absorbance was measured at 410
nm using a spectrophotometer. Enzyme activity
was determined based on a standard curve of p-
nitrophenol (p-NP), with one unit of enzyme
activity defined as the amount of enzyme
needed under the test conditions to generate 1
pumol of p-NP per minute per milliliter [30].

2.6. Determination of optimal pH and
temperature

The optimal pH for the maximum catalytic
activity of free CrL and CrL/PD/SD was
determined by conducting the above-described
enzymatic assay under standard conditions
using 50 mM buffer solutions at varying pH
levels. The buffers utilized included citrate-
phosphate (pH 5.5), sodium phosphate (pH 6),
Tris-HCI (pH 7-8), and glycine-NaOH (pH 9-
9.5), with all reactions carried out at a constant
temperature of 37°C. To assess the optimal
temperature, the catalytic activities of free CrL
and CrL/PD/SD were evaluated at various
temperatures ranging between 20°C and 70°C,
while maintaining the pH at 8. All results were
expressed as relative activity, with the highest
observed activity normalized to 100%.

2.7. Kinetics of free and immobilized CrL

The kinetic parameters of free CrL and
CrL/PD/SD were determined by carrying out
the enzymatic assay under optimized pH and
temperature conditions, using p-nitrophenyl
palmitate (p-NPP) at varying concentrations
(0.16-0.71 mM). A Lineweaver-Burk plot was
generated to calculate the Michaelis-Menten
constant (Km) and the maximum reaction
velocity (Vmax) for both enzyme forms (free
and immobilized CrL), providing insights into
the effect of immobilization on enzyme
kinetics.

2.8. Reusability of immobilized CrL

The reusability of CrL/PD/SD was assessed
over sixteen consecutive reaction cycles using
the enzymatic assay described earlier.
Following every cycle, the immobilized
CrL/PD/SD was recovered and thoroughly
washed with buffer solution to dispose of any
leftover substrate or product. The washed
immobilized enzyme was then reused in the
subsequent reaction cycle utilizing a new
substrate solution, allowing for the evaluation
of enzyme stability and performance over
multiple cycles.

2.9. Hydrolysis of edible oils using free and
immobilized CrL

The ability of free CrL and CrL/PDA/SD to
hydrolyze edible oils was evaluated using
titration analysis to quantify the fatty acids
released after treatment of olive, corn, soybean,
and sunflower oils. The reaction mixture
consisted of 10% (w/v) edible oil emulsified
with 10% (w/v) Triton X-100 in 0.05 M Tris-
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HCI buffer (pH 8). 10 mL of this emulsion was
mixed with free CrL or CrL/PD/SD, and it was
then incubated for an hour at 40°C and 130 rpm
in a shaker incubator. The enzymatic reaction
was stopped by the addition of 1 mL of an
acetone:ethanol (1:1) solution along with a few
drops of the indicator phenolphthalein. The
fatty acids released during the reaction were
quantified by titration with 0.05 M NaOH. The
amount of free fatty acids produced was
expressed as micromoles (umol) per milliliter
of lipase enzyme solution in the reaction
medium [18, 31].

3. Results and discussion

3.1. Sawdust modification and covalent
immobilization of CrL

ATR-FTIR spectroscopy of unmodified
sawdust revealed the characteristic bands of its
primary components, as illustrated in Fig. 1.
Specifically, the spectrum showed a wide band
with O—H stretching vibrations at 3200-3500
cm™! and a band with C—H stretching vibrations
of cellulose at 2860 cm™. Furthermore, the
C=0 stretching of hemicellulose acetyl ester
and lignin aldehyde was represented by the
band at 1731 cm™', whereas the C=C stretching
vibrations and aromatic rings of lignin were
detected at 1660 cm™ and 1510 cm™!,
respectively. The band at 1041 cm™ was
associated with the C-O groups [32-35].
Unmodified sawdust is not appropriate for the
direct covalent immobilization of CrL, even
though it has a lot of hydroxyl groups on its
surface. In order to resolve this limitation, a
layer of polydopamine was applied to the
sawdust surface. Polydopamine, known for its
strong adhesion properties, provides an active
surface for the covalent immobilization of CrL.
This modification was accomplished by
immersing the sawdust in an aqueous dopamine
solution at pH 6.8, allowing for the self-
polymerization of dopamine into
polydopamine[36]. The successful adhesion of
polydopamine onto the sawdust was indicated
by the dark brown color of the coated sawdust
(PD/SD). ATR-FTIR analysis further validated
the alteration, as seen in Fig. 1, with an
enhanced intensity of the band at 3100-3500
cm™! corresponding to the O-H and N-H
stretching vibrations of polydopamine. Wide
bands appeared at 1500 cm™ to 1600 cm™,

corresponding to N-H bending vibrations and
C=C stretching vibrations of polydopamine,
respectively [35, 37]. The strong band at 1020
cm™! was owing to the C—O and C-N stretching
vibrations arising from polydopamine adhered
to the sawdust surface [35, 38]. A new band
was observed at 560 cm™ derived from out-of-
plane bending vibrations of the C-H bonds in
the aromatic structure of polydopamine. The
free amine groups of CrL were covalently
bonded to PD/SD through the formationtion of
a Schiffff base, facilitated by the catechol and
quinone groups present in polydopamine. This
process resulted in  immobilized CrL
(CrL/PD/SD) with an immobilization efficiency
of approximately 68% [39]. The ATR-FTIR
spectra of CrL/PD/SD revealed that detecting
the characteristic bands of immobilized CrL,
including the Schiff base (C=N, 1610 cm™),
amide I (1641 cm™), and amide II (1510 cm™),
was challenging due to their overlap with the
aromatic ring bands of polydopamine and
lignin within the same spectral region.

—SD

—— PD/SD b

—— CrL/PD/SD l,[-\/

T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 1: ATR-FTIR spectra of pure sawdust
(SD), polydopamine-coated sawdust (PD/SD),
and immobilized CrL (CrL/PD/SD).

3.2. Determination of optimal
temperature

Enzyme activity is significantly influenced
by its surrounding microenvironment, with pH
being a critical factor affecting catalytic
performance. Each enzyme exhibits an optimal
pH at which its catalytic activity reaches its
peak [40]. A number of variables affect the
ideal pH of lipases, such as the source of the

pH and
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enzyme, the immobilization technique, the
characteristics of the support material, and the
status of amino acid ionization in its active sites
[41, 42]. The effect of pH on the activity of free
CrL and CrL/PD/SD was investigated across a
pH range of 5.5 to 9.5, maintaining a constant
temperature of 37°C. As depicted in Fig. 2(a),
the maximum catalytic activity for both free
CrL and CrL/PD/SD was noted at pH 8. This
finding aligns with prior reports indicating that
most lipases exhibit optimal activity within a
pH range of 7.0 to 9.0, although some lipases
demonstrate broader ranges, spanning from pH
410 10 [41]. At pH 7, free CrL and CrL/PD/SD
retained 67% and 84% of their initial activities,
respectively. Increasing the pH to 9.0 resulted
in a reduction of initial activity to 34% for free
CrL and 52% for CrL/PD/SD. At pH 9.5, the
catalytic activity declined further, with
immobilized CrL/PD/SD retaining 26% of its
original activity, while free CrL retained just
8%. These findings highlight the enhanced
stability and activity of CrL/PD/SD at broader
pH values compared to free CrL. The results
are consistent with studies by Hombalimath et
al. [43], which reported similar optimal pH
values for lipase immobilized on chitosan
magnetic microparticles. The significant impact
of pH on enzyme activity can be owing to its
influence on the ionization of amino acids,
especially in the enzyme’s binding site. At
acidic pH levels, enzyme stability is reduced,
leading to a loss of catalytic performance [44,
45].

100+
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> 60+
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o]
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O L]
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Fig. 2 (a): Effect of pH on the activity profiles
of free CrL and CrL/PD/SD at a constant
temperature of 37 °C.

Temperature also plays a pivotal role in
enzymatic hydrolysis of esters catalyzed by
lipases. Investigating  the  temperature
dependence of lipase activity not only identifies
its optimal operating conditions but also
assesses the enzyme's thermal tolerance range
[46]. The temperature effect on free CrL and
CrL/PD/SD was analyzed within a range of
20°C to 70°C. As shown in Fig. 2(b), both free
CrL and CrL/PD/SD exhibited minimal activity
at 20°C, retaining 37% and 48% of their initial
activity, respectively. Maximum catalytic
activity for both forms was observed at 40°C.
Elevating the temperature beyond the optimum
resulted in reduced activity. At 70°C,
CrL/PD/SD retained 51% of its initial activity,
while free CrL retained only 8%. This
observation can be explained by the
denaturation effect, where deviations from the
optimal  temperature led to enzyme
conformational changes, resulting in activity
loss and reduced product formation [47]. The
immobilized CrL/PD/SD exhibited greater
thermal tolerance than free CrL, likely because
of CrL's covalent binding to the support. This
enhances the structural stability of CrL, reduces
conformational  flexibility, and mitigates
diffusion limitations imposed by the carrier
material [48]. These findings are consistent
with reports by Atiroglu and Hombalimath et
al. [43, 49], which demonstrated that the
optimal catalytic activities for both free and
immobilized lipases were achieved at 40°C.

100 1
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== Free CrL
40+ —e— CrL/PD/SD

Relative activity (%)

201

20 30 40 50 60 70
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Fig. 2 (b): Temperature effect on the activity
profiles of free CrL and CrL/PD/SD at an
optimal pH of 8.

3.3. Kinetics of free and immobilized CrL

Kinetic studies were conducted to assess the
substrate affinity and kinetic parameters of free
CrL and CrL/PD/SD. The determined kinetic
parameters of free CrL and CrL/PD/SD
revealed Km of 0.15+0.01 and 0.21+0.03 mM,
respectively. Their Vmax values were 769.2
8.63 and 714.3 £ 6.58 pmol/min/mg protein,
respectively (Fig. 3). The slight variation in the
apparent Km and Vmax values can be ascribed
to conformational changes induced during the
immobilization process [43] and possible steric
obstruction of the active site of the enzyme due
to the carrier substance [49, 50]. These findings
align with earlier studies, such as those by Gao
et al. [51], who immobilized lipase on
dopamine-functionalized mesoporous onion-
like silica, and Isik et al. [18], who immobilized
lipase on eggshell membrane.

3.4. Reusability of immobilized CrL

One of immobilized enzymes' many
significant benfits is their recyclability and
stability, which are essential for industrial
applications and cost reduction in operational
processes. The reusability of CrL/PD/SD was
evaluated over sixteen successive cycles, as
illustrated in Fig. 4. The immobilized enzyme
kept approximately 86% of its original activity
after ten reuse cycles. This enhanced stability
can be attributed to the strong covalent bonding
between lipase and PD/SD, which minimizes
the denaturation and leakage of lipase
molecules during repeated use [51]. Beyond ten
cycles, the activity of CrL/PD/SD declined
gradually, reaching 43% of its original activity
after sixteen cycles. This progressive decrease
in activity is likely due to factors such as
accumulation of products of the reaction on the
support surface and desorption of physically
adsorbed lipase molecules. These factors
collectively reduce the ability of molecules of
the substrate to reach the active sites of the
enzyme [30]. The observed reusability of
CrL/PD/SD is comparable with results from
other immobilization studies, as summarized in
Table 1.

Table 1: Comparison of reusability
performance of immobilized lipase compared
with previously reported immobilized systems.

Support carrier Lipase gﬁ;ﬁi f:cs:ldv?; Ref.
Dopamine- .
ﬁl?llztionafized Candida sp.
99-125 6 71% [50]
mesoporous | o
onion-like silica
Candida
Polyether sulfone | rugosa 12 20 % [51]
lipase
Chitosan Asperaill
magnetic Sperguius 6 55% [42]
microparticles niger lipase
Lysinibacill
Ca-alginate gel us
beads macroides 6 46 % (521
FS1 lipase
Glutaraldehyde- Candida
activated chitosan | rugosa 7 50 % [53]
beads lipase
. Candida
lﬁiﬁld"s’;‘s;m rugosa 12 | 327% | [30]
lipase
flexible Candida
nanoporous MIL- | antarctica li 6 <10 % [47]
53(Fe) pase
Polydopamine/ Candida 6 91.5% This
saw dust rugosa 16 | 432% | work
lipase

0.0035 4

0.003 A

0.0025 4

0.002 o

0.0015 4

® Free CrL
e CrL/PD/SD

1/ Specific activity (umol/min /mg protein)!

8 7 65 43 210123456 78
1/[p-NPP] (mM)*
Fig. 3: Lineweaver-Burk plots for determining

the Kinetic parameters (Kn, and Vmax) Of free
CrL and CrL/PD/SD.
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Fig. 4: Reusability of immobilized lipase
(CrL/PD/SD).

3.5. Edible oils removal using free and
immobilized CrL

As depicted in Fig. 5, free CrL and
CrL/PD/SD have successfully hydrolyzed all
edible oils under this study. Both free and
immobilized lipase showed the same behavior
during hydrolysis and both demonstrated the
highest hydrolyzing activity against olive oil.
The hydrolysis activity of free CrL and
CrL/PD/SD was shown in the following order:
olive oil > corn oil > sunflower oil > soybean
oil. It was reported that the variations in
hydrolysis yield for the different oils were due
to the physical structure of the oil, oil
impurities, oil viscosity, and the dissolving
effect [55, 56]. Oleic and linoleic acids were
identified as the predominant fatty acids in the
oils examined. Notably, olive oil exhibited a
high hydrolysis yield due to its high
concentration of oleic acid (64%) and a low
concentration of linoleic acid (16%) [57, 58]. In
contrast, the other three oils tested contained
elevated levels of linoleic acid (60-64%) [57].
Taking these observations into account, both
CrL and CrL/PD/SD exhibit a strong affinity
and specificity for hydrolyzing oils rich in oleic
acid, and our findings align with those reported
by Isik. et al., 2021[18]. In more detail, the
amount of oleic acid (26.7%) in corn oil is
slightly higher than that in sunflower and
soybean oils, but the content of oleic acid in
sunflower (21.4%) and soybean (20.2%) oils is
almost equal [57, 59]. This similarity accounts
for the nearly equivalent quantities of free fatty
acids released due to the hydrolyzing activity of
CrL in both sunflower and soybean (52 + 1.02
and 50 £ 1.0 pmol/ml for free CrL and 59 +
0.95 and 57 = 0.85 pmol/ml for immobilized
CrL, respectively). Additionally, as illustrated

in Fig. 5, CrL/PD/SD demonstrated superior
hydrolysis efficiency with the oils examined
compared to the free variant. Our results align
with the research conducted by Yigitoglu and
Temocin (2010)[56]. It is thus feasible to
employ both free CrL and CrL/PD/SD in the
hydrolysis of different types of edible oils.
Notably, CrL/PD/SD exhibits significant
potential for the remediation of wastewater that
contains edible oils with elevated levels of oleic
acid.

80 4
751 =& Free CrL
~ =@ CrL/PD/SD
E 70 4 x
3
£ 651
2
35 60
Q
IS
255+
©
L
50 4
45 4
40 L] L] L] L]
Olive oil Corn oil Sunflower Soybean

Fig. 5: Edible oil hydrolysis using free CrL and
CrL/PD/SD.

4. Conclusion

This study highlights the covalent
immobilization of Candida rugosa lipase (CrL)
utilizing polydopamine-activated sawdust as a
support through either a Schiff base or Michael
addition mechanism. This process yields the
formation of a robust biocatalyst capable of
hydrolyzing and eliminating edible oils. The
immobilization  efficiency achieved was
approximately 68%. The immobilized CrL
demonstrated  enhanced  stability = when
subjected to elevated pH and temperature
conditions compared to its free counterpart. In
particular, at a pH of 9.5, the immobilized
CrL/PD/SD retained 26% of its original
activity, whereas the free CrL's catalytic
activity diminished to 8%. Furthermore, after
raising the temperature to 70°C, the remaining
activity of CrL/PD/SD was 51%, in contrast to
the free CrL, which maintained only 8% of its
initial activity. Additionally, CrL/PD/SD was
successfully reused and easily recovered over
sixteen cycles, preserving approximately 43%
of its original activity. The application of
CrL/PD/SD for the hydrolysis of various

Mans J Chem. Vol 68(3)2025

30



vegetable oils was also demonstrated.
Consequently,  the  modified  sawdust-
immobilized lipase presents itself as a cost-

effective, environmentally  friendly, and
efficient  biocatalyst with potential for
widespread use in  diverse industrial

applications, particularly in the treatment of
oily wastewater with high oleic acid
concentrations.
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