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Abstract. Enzyme immobilization is a powerful strategy to enhance stability, reusability, and industrial 
applicability of biocatalysts. In the present study, lipase from Aspergillus carbonarius NRL369 was 
immobilized on polyethylene terephthalate (PET) beads and evaluated for its efficiency in transesterification 
reactions. This study introduces a new approach by demonstrating that transesterification can proceed 
efficiently under atypical conditions for lipase, including a heterogeneous reaction medium, and in exploring 
the enzyme's potential for ester synthesis. The influence of reaction time, acyl acceptor type and 
concentration, solvent medium, and operational stability was investigated. Iso-amyl alcohol and ethyl 
acetate emerged as the most effective acyl acceptors at 0.8 mmol/L, whereas methanol completely inhibited 
catalytic activity. Optimal activity was achieved after 90 minutes, particularly in hydrophobic solvents such 
as hexane and diethyl ether, while dimethylformamide and tert-butanol led to enzyme deactivation. The 
immobilized lipase demonstrated strong reusability, maintaining 85–89% of its initial activity after five 
cycles. These results highlight the potential of A. carbonarius NRL369 lipase as a high-performance and 
efficient biocatalyst for industrial transesterification processes, including biodiesel production and 
functional ester synthesis, where stability and solvent tolerance are critical for sustainable and scalable 
biocatalysis. The aim of this study was to optimize key reaction parameters affecting lipase-catalyzed 
transesterification using polyethylene terephthalate (PET) as an immobilization support.

1  Introduction 

Lipases (EC 3.1.1.3) are one of the most important 
industrial biocatalysts which catalyze a wide range of 
reactions such as hydrolysis, esterification, and 
transesterification involving acylglycerols, fatty acids, 
and alcohols. Their pronounced chemo-, regio-, and 
enantioselectivity, combined with the capacity to 
operate in organic solvents, makes them highly suitable 
for biocatalytic reactions in both aqueous and non-
aqueous media [1]. 
Due to their favorable chemical properties, lipases have 
found widespread application as biocatalysts in the food 
industry, pharmaceuticals, cosmetics, fine chemicals, 
and sustainable biodiesel production [2]. 
Transesterification is a process of increasing scientific 
and industrial interests, as it enables the conversion of 
renewable lipid-based feedstocks into high-value esters, 
including biofuels and chiral intermediates. Lipases 
have been proved to be biocatalyst for the kinetic 
resolution of racemic mixtures and the selective 
synthesis of pharmacologically important compounds 
such as diltiazem hydrochloride, epothilone A, and 
nikkomycin [3]. 
 Moreover, their use as degreasing agents in leather 
processing and as catalysts in flavor and fragrance 
synthesis highlights their versatility. 
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To fully exploit their potential at the industrial level, 
lipases often require improved stability and reusability. 
Immobilization is a powerful strategy to enhance 
enzyme thermal stability, solvent tolerance, and 
operational lifespan, enabling heterogeneous catalysis 
and cost-effective reuse in continuous processes. Since 
free lipases are expensive and vulnerable to deactivation 
under industrial conditions, the lipase immobilization 
process is a solution that extends the reuse of enzymes, 
their recovery, and reduces the overall cost of a catalytic 
cycle [4]. 

Different techniques for the preparation of efficient 
support and robust biocatalysts have been reviewed [5]. 
Polyethylene terephthalate (PET) is a polymer 
considered to be appropriate for lipase immobilization, 
typically by physical adsorption due to its hydrophobic 
nature. Lipases often bind strongly to hydrophobic 
surfaces, leading to interfacial activation, which can be 
beneficial for some enzymatic reactions [6]. 
In this context, the present study aims to optimize key 
process parameters affecting the transesterification 
reaction catalyzed by immobilized lipase from 
Aspergillus carbonarius onto polyethylene 
terephthalate (PET) beads. The influence of acyl 
acceptor type and concentration, reaction time, organic 
solvent selection, and operational stability is evaluated 
to identify conditions that ensure efficient, stable and 
economically relevant catalysis. 
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2 Materials and methods  

All chemicals were of analytical grade and purchased 
from Sigma–Aldrich (Germany), unless otherwise 
stated. 

2.1 Determination of transesterification lipase 
activity  

Lipase activity in an organic medium was determined 
using the method described by Fu et al. (2014). The 
transesterification reaction mixture contained 13 mM of 
the substrate p-nitrophenyl palmitate (4-NPP) and 0.6 
mmol butanol in 1 mL of hexane. 
The reaction was initiated by the addition of 1 g of 
immobilized lipase and was carried out at 25 °C with 
continuous stirring for 6 hours. Following the reaction, 
100 µL of the mixture was diluted with 2.9 mL of 
ethanol, and the absorbance was measured at 310 nm 
using a spectrophotometer. 
The enzymatic activity was calculated based on the 
release of p-nitrophenol, as indicated by the increase in 
absorbance [7].  

2.2 Lipase immobilization onto PET beads 

Immobilization of the lipase was achieved by physical 
adsorption onto polyethylene terephthalate (PET) beads. 
One gram of PET beads was immersed in a lipase 
solution at 25 °C and agitated at 255 rpm. After 
immobilization, the enzyme-loaded PET beads were 
removed and air-dried at room temperature for 24 hours. 
The amount of immobilized enzyme was calculated 
based on the activity difference between the initial and 
final lipase solutions. 
All experiments were performed in triplicate. The 
immobilization efficiency (IE, %) was calculated using 
the equation: 

 
IE(%) =(I/A−B)×100 (1) 

 
Where: 
A = total units of added enzyme, 
B = units of unbound enzyme, 
I = units of immobilized enzyme. 

2.3  Optimization of the conditions for the 
transesterification reaction catalyzed by the 
immobilized lipase 

2.3.1  Effect of reaction time on transesterification 
activity 

The influence of reaction time on enzymatic activity was 
studied by incubating 1 g of immobilized PET beads in 
1 mL of reaction medium (13 mM 4-NPP in hexane, 0.6 
mmol butanol) at 25 °C. Reactions were carried out for 
various durations ranging from 10 minutes to 2 hours. 

2.3.2 Effect of acyl acceptor concentration on 
transesterification activity 

To evaluate the effect of acyl acceptor concentration, 1 
g of immobilized lipase was added to 1 mL of reaction 
medium containing 13 mM 4-NPP in hexane and 
varying concentrations of butanol (0.5–1.0 mmol). The 
reactions were incubated at 25 °C for 90 minutes. 

2.3.3 Effect of acyl acceptor type on 
transesterification activity 

The influence of different alcohols on transesterification 
activity was assessed using methanol, butanol, 2-
propanol, isoamyl alcohol, and butyl acetate as acyl 
acceptors. Each reaction mixture contained 1 g of 
immobilized beads, 13 mM 4-NPP in hexane, and 0.8 
mmol of the respective alcohol. Reactions were 
performed at 25 °C for 90 minutes. 

2.3.4  Effect of organic solvent on 
transesterification activity 

The effect of various organic solvents on enzyme 
activity was evaluated by using hexane, diethyl ether, 
toluene, petroleum ether, and tert-butanol as a reaction 
media. Each reaction mixture contained 1 g of 
immobilized enzyme, 13 mM 4-NPP and 0.8 mmol 
butanol Reactions were carried out at 25 °C for 90 
minutes. 

2.4 Operational Stability of Immobilized Lipase 

The operational stability was assessed by conducting 
successive transesterification reactions in hexane. After 
each cycle, the immobilized enzyme was recovered, 
washed with distilled water, and reused with a fresh 
substrate solution containing 13 mM 4-NPP and 0.8 
mmol butanol. Enzymatic activity was measured 
spectrophotometrically after each cycle to evaluate 
activity retention. 

3  Results and discussion 

3.1 Optimization of the conditions for the 
transesterification reaction catalyzed by the 
immobilized lipase 

3.1.1 Effect of reaction time on transesterification 
activity 

Figure 1 illustrates the effect of reaction time on the 
transesterification activity of immobilized lipase from 
Aspergillus carbonarius, expressed as a percentage of 
the maximum recorded activity. A clear increase in 
activity is observed between 60 and 90 minutes, with the 
peak value reaching (100%) at 90 minutes, followed by 
a steady decline in enzymatic performance.  
Under the initial conditions, the enzyme shows high 
catalytic performance. As the reaction proceeds, 
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however, the conversion of the main substrates 
gradually decreases, while the accumulating products 
(e.g., esters, p-nitrophenol) begin to slow the reaction or 
shift the equilibrium. Prolonged exposure to the organic 
solvent leads to a decrease in enzyme dynamics and 
active site polarity. 
 

 

Figure 1. Effect of reaction time on transesterification 
activity. Values represent mean ± SD (n = 3). 

Typically, reaction rates decrease with time because 
reactant concentrations decrease as reactants are 
converted to products. This behaviour is consistent with 
earlier reports describing a time-dependent reduction in 
lipase activity during transesterification [8]. 

It was found that 90 minutes was the optimal reaction 
time under the applied conditions. 

3.1.2 Effect of acyl acceptor concentration on 
transesterification activity 

The concentration of the acyl acceptor is a significant 
parameter as it determines both the catalytic rate and the 
final yield of the transesterification reaction. Its 
optimization allows for maximum enzyme productivity 
and could enhance the efficiency of industrial processes 
such as biodiesel production and synthesis of functional 
esters. 

 

Figure 2. Effect of acyl acceptor concentration on 
transesterification activity. Values represent mean ± SD of 

three independent experiments (n = 3) 

The results presented in Figure 2 show that lipase 
activity increases with rising butanol concentration, 
reaching its maximum at 0.8 mmol. Beyond this 
concentration there was a gradual decreasing in lipase 
activity. Excess butanol may induce partial disruption of 
the enzyme’s structure, which can interfere with 
enzyme–substrate interactions, affect reactant 
solubility, and alter the microenvironment of the active 
site. Such inhibitory effects at higher alcohol 
concentrations are commonly attributed to solvent-
induced stress, partial disruption of the hydration layer, 
and reduced flexibility of the catalytic site. These effects 
can limit substrate access or disturb the catalytic 
conformation of the immobilized lipase. 

3.1.3 Effect of acyl acceptor type on  
transesterification activity 

The type of acyl acceptor plays a crucial role in 
transesterification reactions, significantly influencing 
reaction kinetics, equilibrium dynamics, and product 
selectivity. Structural differences between acyl 
acceptors affect both their nucleophilicity and steric 
hindrance. Several studies have shown that primary 
alcohols (e.g., ethanol, methanol) generally promote 
higher reaction rates due to lower steric constraints, 
while secondary (e.g., 2-propanol) and tertiary alcohols 
(e.g., tert-butanol) tend to exhibit lower reactivity, likely 
because of increased steric hindrance that impedes 
nucleophilic attack on the carbonyl group [9, 10]. 

 

Figure 3. Effect of the type of acyl acceptor on 
transesterification activity. Values represent mean ± SD of 

three independent experiments (n = 3) 

As shown in Figure 3, significantly higher 
transesterification activity was observed when ethyl 
acetate and iso-amyl alcohol were used as acyl 
acceptors, compared to short-chain alcohols. These 
findings suggest that еster acyl acceptors are more 
favorable for certain lipase transesterification reactions 
because they can improve the stability and efficiency 
and hence the yield of the enzymes.Similar results were 
reported by Shafiee Alavijeh et al. (2015), who 
demonstrated that the use of ethyl acetate in enzymatic 
biodiesel synthesis from Chlorella vulgaris oil 
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maintained lipase activity, unlike methanol and ethanol, 
which were shown to inactivate the enzyme [11]. Short-
chain alcohols such as methanol are known to inactivate 
lipases by stripping essential water molecules from the 
enzyme surface, whereas ester-based acyl acceptors 
exert a milder effect on enzyme conformation. 

3.1.4 Effect of organic solvent on 
transesterification activity 

Organic solvents are known to significantly influence 
the catalytic performance of lipases in non-aqueous 
media. Enzymatic reactions occurring in a 
heterogeneous medium in the presence of an organic 
solvent have numerous advantages, such as increased 
solubility of non-polar substrates, reversal of the 
thermodynamic equilibrium of the hydrolysis reaction, 
controlled substrate specificity and enantioselectivity, 
and avoidance of microbial contamination. 
On the other hand, the choice of solvent is crucial, as it 
can cause conformational changes, loss of enzyme-
bound water, competitive inhibition, and other effects, 
creating obstacles to improving enzyme performance. 
[12]. The aim of this experiment was to evaluate the 
effect of five organic solvents, observing the influence 
of five organic solvents with different polarity and 
hydrophobicity: diethyl ether, on the transesterification 
activity. 

 

Figure 4. Effect of the organic solvent on transesterification 
activity. Values represent mean ± SD of three independent 

experiments (n = 3) 

As shown in Figure 4, the highest relative activities were 
recorded in diethyl ether (100%), followed by hexane 
(60.0%) and petroleum ether (55.3%), whereas the polar 
aprotic solvents DMSO (20.3%) and DMF (6.8%) led to 
a dramatic reduction in activity. The obtained results 
demonstrate that nonpolar or weakly polar hydrophobic 
solvents tend to preserve the structure and catalytic 
function of lipase, while highly polar aprotic solvents 
can cause partial or complete enzyme inactivation 
[2,13]. Hydrophobic solvents such as diethyl ether and 
hexane have high logP values, indicating low water 
miscibility and minimal interference with the essential 
hydration shell surrounding the enzyme. The hydration 
shell plays a key role in maintaining the conformational 

flexibility. Nonpolar solvents also do not solvate polar 
amino acid residues in or near the active site, thereby 
maintaining substrate binding, catalytic exchange, and 
overall enzyme integrity [14]. 
In contrast, polar solvents such as DMF and DMSO 
exert a competitive inhibitory effect, which unfavorably 
affects substrate diffusion and the acyl transfer process 
of the catalytic triad, altering enzyme kinetics. 
Highly polar aprotic solvents can also cause lipase 
inactivation by interacting with charged side chains and 
displacing bound water molecules through dipole-dipole 
or hydrogen bonds [15]. 
Thе obtained results shows that diethyl ether, being 
moderately hydrophobic, provide a favorable 
environment that maintains enzyme structure while 
promoting substrate accessibility, which explains its 
good catalytic performance. Hexane and petroleum 
ether, may limit the solubility of polar reactants or 
products, slightly reducing activity. In contrast, DMSO 
and DMF probably induce structural alterations or 
denaturation, resulting in minimal residual activity. 
The results follow the trend observed in previous 
studies, demonstrating that the properties of organic 
solvents (such as polarity and hydrophobicity) affect the 
behavior of enzymes in organic media. From the 
perspective of industrial applications, diethyl ether and 
hexane are the most suitable reaction media for lipase-
catalyzed transesterification, with potential for biodiesel 
synthesis, esterification, and green biocatalytic 
processes in non-aqueous media. 

3.2 Operational stability of immobilized Lipase 

The operational stability of immobilized enzymes is a 
key factor determining their reuse, economic 
significance, and potential for industrial applications. 
Operational stability represents the enzyme’s capacity to 
retain catalytic activity over consecutive reaction cycles, 
influencing both cost-effectiveness and long-term 
process sustainability. 

 

Figure 5. Operational stability of immobilized lipase. Values 
represent mean ± SD of three independent             

experiments (n = 3) 

0

20

40

60

80

100

R
el

at
iv

e 
ac

ti
vi

ty
, %

Organic solvents

20

40

60

80

100

0 1 2 3 4 5 6

R
el

at
iv

e 
ac

ti
vi

ty
, 

%

Cycle, No

 

, 02015 (2026)BIO Web of Conferences https://doi.org/10.1051/bioconf/202623602015236
FoSET  2025

4



This is a desirable characteristic in biodiesel production, 
where enzymatic transesterification provides more 
selective alternative to conventional chemical catalysts. 
In the pharmaceutical and food industries, where lipases 
are used for the synthesis of stereospecific esters, 
structured lipids, and other high-quality products, high 
operational stability is required to ensure consistent 
productivity. 
As shown in Figure 5, the immobilized A. carbonarius 
lipase exhibited excellent operational stability, 
maintaining 89% of its initial activity after five 
consecutive transesterification cycles, which highlights 
its potential for repeated use without significant activity 
loss. 
Тhe availability of immobilized biocatalysts with high 
operational stability is usually a requirement for the 
implementation of industrial biocatalytic processes, 
where enzyme recyclability is essential to reduce 
operational costs, improve process efficiency, and 
support greener production strategies. 

4 Conclusions 

Optimization of the transesterification reaction 
catalyzed by immobilized lipase on PET beads isolated 
from Aspergillus carnonarius NRRL369 was 
performed. The physicochemical characteristics of the 
medium as solvent polarity, type and concentration of 
the acyl acceptor, and reaction duration, were found to 
be major factors influencing the enzyme activity, 
selectivity, and stability.  
The influence of reaction time was investigated, with 
maximum activity recorded at 90 minutes, followed by 
a gradual decline as a result of substrate depletion and 
potential product inhibition. It was found that isoamyl 
alcohol and ethyl acetate significantly increased the 
efficiency of transesterification, while methanol and 2-
propanol caused strong inhibition. 
The influence of the solvent further enhances the role of 
hydrophobicity in preserving the conformation of the 
enzyme, with the results showing that diethyl ether and 
hexane maintain high catalytic activity, while DMSO, 
DMF and tert-butanol lead to almost complete 
inactivation. 
The results of the reusability show that the immobilized 
enzyme has improved functionality and excellent 
operational stability, indicating that the immobilization 
process limits enzyme desorption and contributes to 
stabilization of the enzyme structure. 
Overall, the catalytic performance of the immobilized 
lipase in transesterification is determined by the precise 
balance between solvent properties, the type and 
concentration of the acyl acceptor, and the selected 
reaction time.  

The immobilized lipase demonstrated good activity 
and stability in heterogeneous media, properties that 
highlight the potential of this biocatalyst for sustainable 
and economically viable transesterification processes in 
the production of biodiesel and fine chemicals. 
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